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FOREWORD

The purpose of this document is to justify and provide technical criteria for the rules of Part Unfired Heat
Exchanger (UHX) of ASME Section VI1II Division 1, 2013 Edition, devoted to the design of U-tube,
Fixed and Floating head Tubesheet Heat Exchangers. The criteria document applies also to Paragraph
4.18 of Section VIII, Division 2, 2013 Edition, which is entirely based on Part UHX.

Confirmation and documentation of the basis for UHX-rules is important for the members of the ASME
Subgroup on Heat Transfer Equipment to use as a future reference, for confirmation or comparisons of
code requirements, and for code development. It will be a valuable reference for both early career and
experienced engineers who are using the UHX rules and may become involved in code development of
such rules in the future.

The analytical treatment of the fixed tubesheet heat exchangers is based on classical discontinuity analysis
methods to determine the moments and forces that the tubesheet, tubes, shell and channel must resist.

The treatment provides, at any radius of the perforated tubesheet, the deflection, the rotation, the bending
and shear stresses and the axial stress in the tubes. A parametric study permits one to determine the
maximum stresses in the tubesheet and in the tubes which are given in UHX-13. The Floating Tubesheet
and U-tube Tubesheet heat exchangers are treated as simplified cases of fixed tubesheet heat exchangers.
A check of the results obtained is provided by comparing Finite Element Analysis (FEA) results, Tubular
Exchanger Manufacturers Association (TEMA) results, and the French pressure vessel code Code
Francgais de Construction des Appareils a Pression (CODAP). Applying the appropriate simplifications,
the classical formulas for circular plates subjected to pressure, have been obtained.

The author thanks the members of the peer review committee who sent many valuable comments and
provided helpful consulting in the development of this Criteria Document. In particular Ramsey
Mahadeen for his support and detailed reviews, Urey Miller for his help in stress classification
considerations, Tony Norton for his comments on theoretical issues and performing FEA calculations,
Guido Karcher for his support, Anne Chaudouet who spent so much time for checking the development of
the formulas and Gabriel Aurioles who supplied the raw Excel spreadsheets and graphs for analysis and
was very helpful for computer issues.

The author acknowledges Centre Technique des Industries Mécaniques (CETIM) for its support in the
development of the Criteria Document appearing in PART 3, dedicated to fixed tubesheet heat
exchangers. The author further acknowledges, with deep appreciation, the activities of ASME ST-LLC
and ASME staff and volunteers who have provided valuable technical input, advice and assistance with
review and editing of, and commenting on this document.

Established in 1880, the American Society of Mechanical Engineers (ASME) is a professional not-for-
profit organization with more than 130,000 members and volunteers promoting the art, science and
practice of mechanical and multidisciplinary engineering and allied sciences. ASME develops codes and
standards that enhance public safety, and provides lifelong learning and technical exchange opportunities
benefiting the engineering and technology community. Visit www.asme.org for more information.


http://www.asme.org/
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INTRODUCTION
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1 SCOPE

This criteria document covers the development of the tubesheet (TS) design rules for the U-tube, Fixed,
and Floating Head TS Heat Exchangers (HE) configurations contained in Part UHX of Section VIII
Division 1, 2013 Edition. It applies also to Paragraph 4.18 of Section VIII, Division 2 which is entirely
based on Part UHX.

The free body diagram of the HE, the equilibrium and compatibility equations, the solution of resulting
differential equations and all intermediate steps are provided to show the derivation of:
o the deflection and the rotation at any radius of the TS,
the bending and shear stress at any radius of the TS,
the axial stresses in the tubes at any radius of the TS,
the axial stretch force acting in the shell,
the axial displacement of the shell.

The document provides the technical basis of the following items:
e the required loading case combinations,
o the acceptance criteria for each TS configuration, as applicable,
e the TS characteristics including the Effective Elastic Constants,
e the TS extended as a flange.

The following effects are in addition to the above basic items:
o the effect of different shell material or thickness adjacent to the TS,
o the effect of plasticity at TS-shell-channel joint,
o the effect of radial differential thermal expansion between the TS and integral shell and channel,
e the tubesheet calculated as a simply supported TS.
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2 HISTORICAL BACKGROUND

The first rules devoted to tubular HEs were developed by TEMA [CS-1] for the first time in 1941 to
design U-tube and floating TSs. The design formula was based on the formula for circular plates subject

to pressure:
2\S

This semi-empirical formula does not account for the tubes that stiffen the TS, and for the holes that
weaken it. Fixed TS HEs were covered in TEMA 1968 5™ edition, based on Gardner’s work.

Gardner [1][2] in 1948 for floating TSs and in 1952 for fixed TSs was the very first to set-up the basis of
a more rational approach by taking into consideration the support afforded by the tubes and the
weakening effect of the TS holes. This desigh method, which involves 15 parameters instead of 3
previously in TEMA, was adopted by TEMA in 1968 in its 5" edition and by the Stoomwezen [CS-2] in
1973.

Simultaneously, and independently, Miller [3] proposed a similar approach that was published in the
British Code BS 1515 [CS-3] in 1965. These design rules have the drawback of considering the TS as
either simply supported or clamped at its periphery, which compels the designer to make a more or less
arbitrary choice between these two extreme cases.

Galletly [4] in 1959 overcame this issue by taking into account the degree of rotational restraint of the TS
at its periphery by the shell and channel. This method was adopted by the French pressure vessel code
Code Frangais de Construction des Appareils a Pression (CODAP) [CS-4] in 1982 for fixed and floating
HEs. CODAP rules were adopted by the European Pressure Vessel Standard EN 13445 [CS-5] published
in 2002.

Gardner [5] in 1969 improved his method for U-tube and floating HEs by considering the unperforated
solid rim at the periphery of the TS. This design method was adopted by BS 5500 [CS-6], CODAP (for
U-tube) and ISO [CS-7] in the late seventies and by ASME Section VIII (Appendix AA) in 1982,

Despite these improvements, TEMA rules have been extensively used throughout the world during the
last six decades as they have the merit of long satisfactory industrial experience and simplicity. However
due to that simplicity (the strengthening of the tubes is assumed to counterbalance the weakening effect of
the tubesheet holes), they often lead to TS over-thickness if the strengthening effect controls or under-
thickness if the weakening effect controls. Today these disadvantages increase as the chemical and power
industries need larger exchangers operating at higher pressures and temperatures. For more details, see
Osweiller [6].

In 1975 ASME Subcommittee V111 established a “Subgroup on Heat-Transfer Equipment (SG-HTE)”
with the task of developing new rules for the design of TS HEs based on a more rigorous approach than
TEMA. This was achieved by considering the perforated TS, the tubes acting as an elastic foundation, the
unperforated rim and the connection of the TS with the shell and channel. The analytical treatment is
based on Soler’s book [6].

In 1992 ASME and CODAP decided to reconcile their rules (scope, TS configurations, loading cases
notations, ligament efficiencies, effective elastic constants, design formulas), as they were based on the
same approach. For more details, see Osweiller [7]. The 1% ASME draft was issued in 1985.

From 1992 to 2002 the ASME tubesheet rules have been published in non-mandatory Appendix AA of
Section VIII-Div. 1 so that manufacturers can use them as an alternative to TEMA rules.
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In 2003 these rules were upgraded to mandatory status and published in the 2003 Addenda as a new Part
UHX of Section VIII Div. 1, UHX standing for Unfired Heat Exchanger. As of January 1, 2004 a
designer does not have the option of using the TEMA rules if the HE needs to be U-stamped.

UHX design rules cover essentially the design by formula of the heat exchanger pressure containing
components. For other aspects such as fabrication, tube-to-tubesheet joints, inspection, maintenance,
repair, troubleshooting, etc. see Reference [8]. TEMA [CS-1] also covers similar aspects of design such
as minimum component thickness (e.g., baffle plates, pass partitions, etc.), tube vibration, etc.
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3 TYPES OF HEAT EXCHANGERS COVERED

UHX rules apply to the three typical types of tubular HEs:

o U-Tube Heat Exchanger: HE with one stationary TS attached to the shell and channel. The HE
contains a bundle of U-tubes attached to the TS, as shown in Figure 1 sketch (a).

e Fixed Tubesheet Heat Exchanger: HE with two stationary TSs, each attached to the shell and
channel. The HE contains a bundle of straight tubes connecting both TSs, as shown in Figure 1
sketch (b).

e Floating Tubesheet Heat Exchanger: HE with one stationary TS attached to the shell and
channel, and one floating TS that can move axially. The HE contains a bundle of straight tubes
connecting both TSs, as shown in Figure 1 sketch (c).
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(1

(b) Fixed tubesheet heat exchanger

y—

I

(c) Floating head heat exchanger 1
Figure 1 — Three Types of Tubesheet Heat Exchangers

! Configurations of tubesheet — shell — channel connections are detailed in 3-2.
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4

TYPES OF TS CONFIGURATIONS

The TS is attached to the shell and channel either by welding (integral TS) or by bolting (gasketed TS)
according to 6 configurations encountered in the industry (see Figure 2):

configuration a: tubesheet integral with shell and channel;

configuration b: tubesheet integral with shell and gasketed with channel, extended as a flange;
configuration c: tubesheet integral with shell and gasketed with channel, not extended as a flange;
configuration d: tubesheet gasketed with shell and channel, extended as a flange or not
configuration e: tubesheet gasketed with shell and integral with channel, extended as a flange;
configuration f: tubesheet gasketed with shell and integral with channel, not extended as a flange.
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5 LOADING CASES

The normal operating condition of the HE is achieved when the tube side pressure P and shell side
pressure Ps act simultaneously. However, a loss of pressure or a loss of temperature is always possible.
Accordingly, for safety reasons, the designer must always consider the cases where Ps=0 and P=0 for the
normal operating conditions.

He must also consider the start-up conditions, the shutdown conditions and the upset conditions, if any,
which may govern the design.

A TS HE is a statically indeterminate structure for which it is difficult to determine the most severe
condition of coincident pressure and temperature. Thus, it is necessary to evaluate all the anticipated
loading conditions mentioned above to ensure that the worst load combination has been considered in the
design.

For each of these conditions, the following 3 pressure loading cases must be considered.
o Loading Case 1: Tube side pressure P; acting only (Ps = 0).
e Loading Case 2: Shell side pressure Ps acting only (P = 0).
o Loading Case 3: Tube side pressure P; and shell side pressure Ps acting simultaneously.

For fixed TS HEs, the axial differential thermal expansion between tubes and shell has to be considered
and one set of arbitrary thermal loading cases must be added (loading cases 4, 5, 6, 7) as they act
simultaneously with the pressure loading cases.

When vacuum exists, each loading case is considered with and without the vacuum.
These loading cases have been traditionally considered in TEMA, French code CODAP, European
Standard EN 13445, and earlier editions of UHX.

The 2013 UHX Edition replaces these arbitrary thermal loading cases by actual loading cases accounting
for the actual operating pressures and temperatures so that the designer can realistically determine the
controlling conditions for each operating loading case considered, including, but not be limited to, normal
operating, startup, shutdown, cleaning, and upset conditions. The pressure definitions have been changed
to include maximum and minimum design and operating pressures that may be encountered in a particular
design. These new loading cases are detailed in Section 3.3 of Part 3.

As the calculation procedure is iterative, a value h is assumed for the tubesheet thickness to calculate and
check that the maximum stresses in tubesheet, tubes, shell, and channel are within the maximum
permissible stress limits.

Because any increase of tubesheet thickness may lead to over-stress of the tubes, shell, or channel, a final
check must be performed, using in the formulas the nominal thickness of tubesheet, tubes, shell, and
channel, in both corroded and uncorroded conditions.
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6

STRUCTURE OF PART UHX

UHX-1 to UHX-8 provide general considerations (Scope, Material, Fabrication, Terminology,...)
which are common to the three types of HEs.

UHX-9 provides design rules for the TS flange extension

UHX-10 (Conditions of Applicability) specifies under which conditions the rules are applicable
UHX-11 (TS Characteristics) is also common to the three types of HES and provides the design
formula for the ligament efficiency and the effective elastic constants.

UHX-12, UHX-13 and UHX-14 provide the design rules for U-tube, Fixed and Floating TS HEs.

These three chapters are self-supporting and structured in the same way:
(1) Scope
(2) Conditions of Applicability
(3) Notations
(4) Design Considerations
(5) Calculation Procedure

Additional rules are provided to cover more specific calculations:
(1) Effect of different shell material or thickness adjacent to the TS
(2) Effect of plasticity at the tubesheet-shell-channel joint
(3) Effect of radial thermal expansion adjacent to the TS
(4) Calculation of the TS when considered as simply supported
(5) Calculation of the TS flange extension

UHX-15 to UHX-19 provide considerations on Tube-to-Tubesheet Welds, Expansion Bellows,
Pressure Tests and Marking.

ASME PTB-4-2013, ASME Section VIII — Division 1 Example Problem Manual (PTB-4),
provides design examples for each type of HE.

10
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7 STRUCTURE OF THE DOCUMENT

This document is structured in 6 PARTS.

PART 1: Introduction (purpose, background, general issues)

PART 2: Tubesheet Characteristics (ligament efficiencies, effective elastic constants)
PART 3: Analytical treatment of Fixed TS HEs

PART 4: Analytical treatment of Floating TS HEs

PART 5: Analytical treatment of U-tube TS HEs

PART 6: Conclusions

Each PART is independent with basically the same chapters: Scope, Historical Background, Notations,
Configurations covered, Design assumptions, and Analytical treatment.

The order of the analytical treatment is based on the complexity of the HE model. The Fixed TS HE is
treated first, because it is the most complex. The Floating TS HE treated second, since it is a simplified
case of the Fixed TS. The U-Tube TS HE is treated last, since it is a simplified case of the Floating TS.
The detailed structure is given in the Table of Contents.

This document provides the derivation of UHX design rules (UHX-1, UHX-9 to 14, UHX-17 and 20) and

refers explicitly to these as necessary. Other UHX rules (UHX-2, 3 and 4, UHX-15 to 19), which are not
linked to design formulas are not covered.

11
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8 NOTATIONS
Notations are common to the three (3) types of HEs. They are detailed in PART 3, Section 3.2.

12
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1  SCOPE (UHX-11.1)

PART 2 provides the technical basis for the determination of:
e the ligament efficiencies p and p*
e the effective elastic constants E*;

which are given in Section 11 of Part UHX.

These quantities are important as they enable the replacement of the actual perforated tubesheet (TS) by
an equivalent solid plate, which is necessary to develop the analytical treatment.

15
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2 NOTATIONS
Notations are taken from UHX-11.3 and are repeated here for convenience.

AL
Cs
Ct
Do
d
d:
d*
E
=
E*

total area of untubed lanes = Uys L1+ Uz Lz +... limited to 4Dop
tubesheet corrosion allowance on the shell side

tubesheet corrosion allowance on the tube side

equivalent diameter of outer tube limit circle (see Figure 6)

diameter of tube hole

nominal outside diameter of tubes

effective tube hole diameter

modulus of elasticity for tubesheet material at the tubesheet design temperature
modulus of elasticity for tube material at tubesheet design temperature
effective modulus of elasticity of tubesheet in perforated region
tubesheet thickness

tube side pass partition groove depth (see Figure 9)

effective tube side pass partition groove depth

length(s) of untubed lane(s) (see Figure 7)

expanded length of tube in tubesheet (0 < /i« < h) (see Figure 8).

tube pitch

effective tube pitch

radius to outermost tube hole center (see Figure 6)

allowable stress for tubesheet material at tubesheet design temperature
allowable stress for tube material at tubesheet design temperature
nominal tube wall thickness

center-to-center distance between adjacent tube rows of untubed lane(s), limited
to 4p (see Figure 7)

basic ligament efficiency for shear

effective ligament efficiency for bending

effective Poisson’s ratio in perforated region of the tubesheet

tube expansion depth ratio = //h, (0< p<1)

16
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3 DESIGN ASSUMPTIONS (UHX-11.2)
The perforated TS is assumed to be uniformly perforated in a triangular or square pattern.

17
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4 LIGAMENT EFFICIENCIES (UHX-11.5.1)

41 Introduction

The TS treatment necessitates the replacement of the actual perforated TS by an equivalent unperforated
solid plate of same diameter. The ligament efficiency accounts for the fact that the shear load and the
bending moment calculated in this unperforated solid plate must be corrected as they apply only to the
ligament located between two adjacent holes in the actual TS.

The ligament is represented by the hatched area in Figure 3. Its length varies from ao’=p-d to 66’=p.

Its minimum length aa’=p-d leads to a basic ligament efficiency u = p_—d = —9

p p
So to on the safe side, this formula is generally used to calculate the shear stress in the actual TS.
This means that, for the example pattern (p=1.25 and d=1.0) u= 0.2 , the shear stress in the actual TS will
be 5 times the shear stress calculated in the equivalent solid plate.

Among all the ligaments located at radius r of the TS, one can reasonably assume that at least one of
length aa’ is radially oriented as shown in Figure 4. Therefore the radial bending moment M(r)
calculated in the equivalent TS applies only to the ligament between the two holes, which means that the
bending moment in the actual TS must be multiplied by the ratio ®®’/ae’ or divided by the minimum
bending ligament efficiency:

Its mean length Bf’ leads to a higher ligament efficiency value:
42
_pd-zd"/4 _, 7 d_; 7859
pd 4 p p

*

For the example pattern above: u*=0.372 , which means that the calculated bending moment in the actual
TS would be almost half the value of that using the minimum ligament efficiency of 0.2 above. These
two extreme examples show the significant impact of the ligament efficiency on the stresses obtained in
the actual TS.

Y

A

©

Figure 3 — Ligament Area in the Actual Tubesheet
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Figure 4 — Ligament Orientation in the Actual Tubesheet

4.2 Historical Background
Various formulas have been used for the determination of the bending LE in codes and standards.
e BS5500 [CS-1], CODAP [CS-2], EN 13445 [CS-3], ISO [CS-4] and STOOMWEZEN [CS-5]
have used the minimum LE when the tubes are welded only: z#* = p—d

When the tubes are expanded throughout the full depth of the TS, experimental tests have shown
p—(d-t)
p
e TEMA [CS-6] uses the mean LE based on the ratio of the hole area, s;=rd?*/4, to the portion of

that about half of the thickness participates to the TS strength, which leads to: x* =

[IP%2]
S

. S )
TS area “s” pertaining to that hole, as shown in Figure 5: ¢/* =1——=(u* quoted 1 in
S

TEMA).This leads to:

2
For square pattern: S= p2 and ﬂ*zl_giﬂj 1 0.7852
4\ p (p/d)
r d? 0.907

For triangular pattern: S = p?sin(60°) and p*=1-

4p%sin(609)  (p/d)
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8, = 90° 0, = 60°
d
%)/ >
hatched area=s / N\
\ .
o i i 1

a) Square pattern b) Triangular pattern

Figure 5 — Ligament Efficiency Used in TEMA

p-d
p

For shear, these codes and standards, use the minimum ligament efficiency: u =

4.3 LEin Part UHX (UHX-11.5.1)

(a) Equivalent diameter D, of the perforated TS is defined as the equivalent diameter of the outer tube
limit circle, calculated from the radius r, of the outermost tube hole center (see Figure 6):

D, =2r,+d,
QOO °
eJeJoYe’e
OC00OH0

o

oXe) )OO#
obovoo’/
® O

Y

Figure 6 — TS Equivalent Diameter Do

The diameter D, corresponds to the similar concept used in TEMA for the equivalent diameter D
used for the determination of shear stress and D, and D will have about the same values.
(b) Basic ligament efficiency for shear load
Once the shear load has been determined in the equivalent TS, it must be corrected to account for
the holes in the actual TS, by applying the minimum ligament efficiency p:
u=p=d
p

(c) Effective ligament efficiency for bending moment
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Once the bending moment has been determined in the equivalent TS, it must be corrected to account
for the holes in the actual TS, by applying the bending effective ligament efficiency p* defined as
follows:

(d) Effective pitch p*

If the TS is uniformly perforated p*=p

If the TS has an unperforated lane of area A.=U.L. as shown in Figure 7(a), the N; tubes are
2

- . L DS .
redistributed so that the equivalent TS is uniformly perforated over the area 7 —= with an

equivalent pitch p*. This is necessary as the analytical treatment is performed for a uniform array
of tubes.
Assuming that the portion of TS area pertaining to each hole is p?, p* is obtained from the
equation:

A D D
N, p ET:th (”T_AL)

which leads to:

14A‘-

- 2
D]

So as not to deviate too much from the assumption of uniform pattern, the width U, of the
untubed lane in Figure 7(a) is limited to 4p over the diameter D,, i.e. an area 4pD,, which leads
to: Ac<dpD,. This condition of applicability appears explicitly in the definition of A_ in UHX-
11.3. It has been set-up after discussions among ASME and CODAP experts, based on sound
engineering practice, and does not have a theoretical basis.

If there are several untubed lanes of widths U1, Ur2, Us,... and lengths L1, Lo, Lis,... as shown
in Figure 7(b), the limit is still 4pD,. Accordingly, p* becomes:
*_ p

Jl‘ 4MIN[(A),(4pD,)]

2
7D,

If there is no untubed lane, A =0 and p*=p.
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(@) one unperforated lane (b) several unperforated lanes

A=Unln A=Unla+Unln+Usls
Figure 7 — TS with Unperforated Lanes

(e) Effective tube hole diameter d*
e When the tubes are welded only: d*=d;
e When the tubes are expanded into the TS, feedback from HE manufacturers has shown that the
bending strength of the TS is increased by the degree of tube expansion p (see Figure 8).

U

‘

——t

i LN
.

Figure 8 — Tube Expansion Depth Ratio p=lx/h

The degree of increased strength is also dependent on the difference between the TS and tube
material properties. Finally, the effective tube hole diameter is written:

a2 2

where p is the tube expansion ratio: p =1 /h. This formula was proposed for the first time in

the 1980 Edition of ASME Section VIII-Division 2.

o Ifthe tubes are welded only: p=0 and d*=d;

e If the tubes are fully expanded: p=1 and d*=d:-2t; if the TS and tubes are made of the same
materials.

The effective diameter cannot be less than the inside tube diameter d¢-2t;, which leads to:

e e

Values of pu* are generally comprised between 0.25 and 0.4.
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(f)

To illustrate the difference between the TEMA method and the Part UHX method for determining the
bending ligament efficiency, consider a tube (d=1.0, t:=0.0625, p=1.25) that is the same material as
the tubesheet.

e If the tube is expanded throughout the full depth of the tubesheet, then " = 0.304

e If the tube is welded and not expanded at all, then z" = 0.20.

However, the TEMA ligament efficiency is 0.420 and 0.498 for triangular and square pitch layouts
respectively, regardless of whether the tubes are expanded or not.

The ligament efficiency has a direct bearing on the calculated tubesheet stress. A smaller ligament
efficiency results in a larger predicted tubesheet stress and a larger ligament efficiency results in a
smaller predicted tubesheet stress. Thus, as may be seen, if the same basic theory is used to
determine the stress in a plate, then the TEMA ligament efficiency would result in a smaller
calculated stress as compared to the ASME method, even when the full tube wall is considered. This
difference is exacerbated when the tube is not expanded.

Effective tube side pass partition groove

When there is no pass partition groove on tube side of a TS of hominal thickness hy, the TS corroded
thickness hmin is given by: hmin=hn-Cs-Ci=h, as h is the corroded TS thickness obtained by calculation in
Part UHX.

When there is a pass partition groove of depth hg, it is assumed that the bottom of the groove does not
corrode.

Two cases are possible:

o If hg<c (see Figure 9(a)): hmin=hs-Cs-Ci=h

e If hg>c (see Figure 9(b)), a correction for the groove depth in excess of the tube side corrosion is
necessary: hmin=hn-Cs-Ct-(hg-Ct)=h-(hg-Cy)

In both cases hmin can be written: hmin=h-h’y which will be used to calculate the TS bending stress
where:

h, =MAX| (h,~¢,) , (0)]
The same formula is used in TEMA.
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Figure 9 — Pass Partition Groove on Tubeside of the TS
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5 EFFECTIVE ELASTIC CONSTANTS (UHX-11.5.2)

51 Introduction

The analytical treatment of TS HES necessitates the replacement of the actual perforated TS Modulus of

elasticity E and Poisson’s ratio v by an equivalent solid plate of Modulus of elasticity E* and Poisson’s

ratio v*. These EECs E* and v* are determined so that the equivalent TS has the same mechanical

behavior as the actual TS when subjected to the same loading. Due to the weakening effect of the holes,

E* is lower than E and E*/E is always lower than 1. Values of v+ may be higher or lower than v.

The EECs depend on the ligament efficiency, p, ratio h/p and pattern type (triangular or square). They

must be as correctly evaluated as possible:

o If they are underestimated, the calculated TS stresses at the junction with shell and channel will be
lower than reality.

o If they are overestimated, the calculated TS stresses close to the center of the TS will be lower than
reality.

The consequence is that inaccurate estimates of the EECs result in inaccurate stress results.

5.2  Historical Background

During the last decades many authors (about 60 papers) have proposed experimental and theoretical
methods to solve the problem. A detailed review of these works was published in 1989 in a JPVT paper
by Osweiller [1]. A short synthesis is provided below.

a) Between 1948 and 1958 several authors (Gardner, Miller, Horvay, Duncan, Salerno and Mahoney, ...)
proposed various methods for the determination of EECs. These methods had no sound basis and
leading to a great disparity of results, PVRC decided in 1960 to undertake theoretical and
experimental investigations in order to determine more accurate values for the EEC.

b) In 1960 Sampson [2] undertook experimental tests on plastic plates using photo-elastic techniques for
in-plane and bending loadings.

e Forin-plane loading, values of E*/E and v+ are independent of the TS thickness.
o For bending loading, values of E*/E and v vary significantly with the TS thickness when h<2p.

When h>2p this variation is very slow, and as the plates gets thicker, the bending values approach the
plane stress values.

It appears that that h=2p is a transition zone between thin and thick perforated plates. These results
were confirmed by Leven [3] in 1960.

c) In 1962 O’Donnell & Langer [4] made a synthesis of these results and proposed a curve for in-plane
and bending loading that enables the determination of E*/E and v* as a function of the ligament
efficiency for thick plates (h>2p) perforated with triangular pitch. This curve was adopted by ASME
Section Il in 1966 and later by Section VIII-Div. 2.

d) In 1963 and later, new theoretical methods were developed on powerful computers to enable the
determination of EECs for triangular patterns and square patterns. Square patterns were not
previously covered. These methods are based on doubly periodic stress distribution theory induced in
an infinite plate evenly perforated in two directions and loaded by in-plane or bending stress. Two
techniques have been -used:

e The “direct technique” developed by Meijers [5] in 1969 for thin plates loaded in bending or
plane-stress. Grigoljuk and Fil’shtinski [11] obtained the same results using a similar method
(see Annex A, Table 4)

In 1985, Meijers [12] improved his method by proposing for the determination of E*/E and v:
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o An asymptotic solution for thin plates in bending (h/p—0) and for thick plates (h/p—0),
consistent with the 1969 results
o Aninterpolated solution for the intermediate range (0<h/p—0), substantiated by FEA
calculations.
See Table 1 for triangular pitch.
These values were adopted by many pressure vessel codes (BS 5500, CODAP, EN 13445, 1SO,
STOOMWEZEN) for treating thin and thick plates loaded in bending.

Table 1 — Values for E*/E and v* for Triangular Pattern from Meijers [12]

p h/P 0 0.25 0.5 1 2 4 o
; 25{151; 0.348 0.297 0.261 0.230 0.215 0.208 0.205
A 0.032 0.171 0.273 0.359 0.399 0.421 0.427

i (EE 0.452 0.410 0.365 0.340 0.319 0.313 0.310
' 1 v 0.073 0.159 0.250 0.302 0.346 0.357 0.364

e The “indirect technique” developed by Bailey and Hicks [6] in 1960 and Slot & O’Donnell [7]
in 1971 for thick plates.
These two techniques led to very good agreement both for triangular and square patterns with
discrepancies lower than 0.1 % (see Annex A, Table 4). For more details, see Ref. [1].
e) These theoretical results have been corroborated by many experimental investigations undertaken by
Duncan and Upfold [8] in 1963 and O’Donnell [9][10] in 1967 and 1973 and by F.E.M. calculations
from Tran-Huu-Hanh in 1971 and Roberts in 1975.

5.3 The Square Pattern Problem

Contrary to the triangular pattern, the square pattern is characterized by an anisotropic behavior which has
been enlightened both by theoretical and experimental investigations. Values of EECs E* and v are
different in the pitch direction P and diagonal direction D (See Figure 10). Anisotropy is more marked
for low values of ligament efficiency 0.2 < p+< 0.4 than for high values approaching 1(which corresponds
to an unperforated plate), as shown by Slot and O’Donnell [7] (see Table 2).

D)
O O
OOOO

Figure 10 — Pitch and Diagonal Directions for Square Pattern

D
P
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Table 2 — Values of E*/E and v#* for Square Pattern in Pitch and Diagonal
Directions from Slot and O’Donnell [7]

Pitch Diagonal “Isotropic”’
direction direction value

» F . ', B,

E P E . E :
0.2 0.311 0.122 0.123 0.654 0.235 0.337
0.4 0.525 0.216 0.380 0.433 0.459 0.316
0.6 0.734 0.275 0.681 0.328 0.708 0.301
0.8 0.918 0.297 0.914 0.301 0.916 0.299

This anisotropy has been confirmed theoretically by O’Donnell [9] and experimentally by Bayley &
Hicks [6] and O’Donnell [10].

Due to this anisotropy, the equivalent plate cannot be treated with the classical isotropic solution, like in
the triangular case. The anisotropic solution should be used.

When the plate is clamped or simply supported, the anisotropic circular plate deflection is given by
formulaswhich can be compared to the classical isotropic formulae. From that comparison, equivalent
“isotropic” values for E*square aNd v#square have been determined by O’Donnell [10], which enables the
application of the classical isotropic equations to the equivalent solid plate.

1-0] 4
Esquare = Ep 1 Squ*are U:quare = 310 1 * -1
—Up p Y

1+v, 1+uy,

These formulas have been used for the square pattern to calculate the “isotropic” EECS E*square aNd V*square
from the anisotropic values proposed by various authors, as shown in Table 2.

5.4 Synthesis of Results

In 1989, Osweiller [1] made a synthesis of all these experimental and theoretical results for triangular and
square patterns which are presented in a graphical form in Figure 55 of Annex A. They give the values of
E*/E and v* as a function of the ligament efficiency p, for various ratios h/p.

This figure shows that experimental values are available for pu ranging from 0.1 to 0.5, whereas theoretical
values cover the full range of p.

5.5 Determination of EECs for the Full Range of p* (0.1su*<1.0)

From this synthesis of results, three ranges of TS thickness were set-up for the determination of E*/E and
Vi
o for thin plates (h/p<0.1) values are taken from theoretical values of Meijers [5][12] and
combined with experimental values
o for thick plates (h/p>2.0) values are taken from theoretical values of Slot & O’Donnell [7] and
combined with experimental values.
e for the intermediate range (0.1<h/p<2.0) values are taken from theoretical values of Meijers
[5][12] and combined with experimental values of Sampson [2] and O’Donnell [10].
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Numerical values and resulting curves are given respectively in Sections 3 and 2 of Annex B. These
curves were initially used in CODAP in 1985 and in Nonmandatory Appendix AA of Section VI1II-Div. 1,
which later became Part UHX.

Note: Experimental and theoretical values of EECs have been obtained from perforated plates for which
the ligament efficiency is u=(p-d)/p. For TSs, the stiffening effect of the tubes mentioned in Section 4.3(e)
IV-3c may also be accounted for in the determination of the EECs. Accordingly, the EECs are
determined using the bending ligament efficiency u*=(p*-d*)/p*.

In 1991 Woody Caldwell, as a member of the ASME SG-HTE, provided polynomial approximations for
the entire range of these curves (0<p*<1) by using polynomials of degree 4 for E*/E and of degree 7 for
v* (see Section 4 of Annex B).

Section VIII Div.2 has retained these curves for the range 0.05<u*<1.0 for the stress analysis of
perforated plates (Annex 5.E of 2013 edition).

5.6 Determination of EECs for the UHX Rules (UHX-11.5.2)

Numerical values obtained from the polynomials developed for Appendix AA polynomials were not
accurate enough for curve h/p=2.0 for low values of pu*. The discrepancy was about 6% on E*/E for p*=
0.15 and could reach 15% for u*=0.1. This caused significant effects on calculated tubesheet stresses.
Accordingly, the precision for these polynomials was improved by Osweiller [13] in 1994 by:

e using more points (35 instead of 21)

o exploring several polynomials degrees (degrees 3, 4 and 5 were tested)

e reducing the range of p* from 0.1 to 0.6 (0.1<u*<0.6), based on the fact that the ligament

efficiency of HEs is always between these two limits.

The precision targeted for these polynomials was 1%, which corresponds to the reading error of the
curves. Polynomials of degree 4 were finally retained, both for E*/E and for v*, which leads to a
discrepancy of about 0.2%, with a maximum of 0.77% for the curve h/p=2.0.

Figure 11 for Triangular patterns and Figure 12 for Square patterns provide the curves and
polynomials for calculating the EECs E*/E and v for the reduced ligament efficiency range 0.1<u*<0.6
and for fixed values of the ratio h/p:
o for E*/E: h/p=0.1, 0.25, 0.5, 2.0.
Note: For h/p=0.25 no curve was available for E*/E for triangular pattern, due to lack of results.
This curve has been added by interpolation between the two adjacent curves relative to h/p=0.1
and h/p=0.6.
e for v*: h/p=0.1, 0.15, 0.25, 0.5, 1.0, 2.0.
Numerical values are available in Section 3 of Annex B. Note: The polynomials cannot be used for
ligament efficiencies outside the range 0.1<.*<0.6, as shown by Figure 13. In such a case E*/E and
v*should be determined per Section 5.5 above.

5.7 Conclusion

The perforated tubesheet plate is now replaced by an equivalent solid plate of:
o diameter D, determined from Section 4.3(a),
e equivalent modulus of elasticity E* and Poisson’s ratio v* determined from Section 5.6.

The unperforated TS rim extends from diameter D, to diameter Ds with the basic modulus of elasticity E
and Poisson’s ratio v.
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{a} E*/E (Equilateral Triangular Pattern) {b)v* (Equilateral Triangular Pattern)
(a) Equilateral Triangular Pattern: £5/F = ag + eyp* + agu™? + asp*® + agu™
p a @ o ay oy
0.10 0.0353 1.2502 -0.0491 0.3604 -0.6100
0.25 0.0135 0.9910 1.0080 -~1.0498 0.0184
0.50 0.0054 0.5279 3.0461 -4.3657 1.9435
2.00 -0.0029 0.2126 3.9906 -6.1730 3.4307
(b) Equilateral Triangular Pattern: »* = By + Buu* + Bop*? + Bop™® + Bau*t
p Bo B B B Ba
0.10 -0.0958 0.6209 -0.8683 2.1099 -1.6831
0.15 0.8897 —9.0855 36,1435 ~59.5425 35.8223
0.25 0.7439 -4.4989 12.5779 -14.2092 5.7822
0.50 0.9100 -4.8901 12.4325 ~12.7039 4.4298
1.00 0.9923 -4.8759 12.3572 -13.7214 5.7629
2.0 0.9966 —4.1978 9.0478 -7.9955 2.2398

GENERAL NOTES:

{a} The polynomial equations given in the tabular part of this Figure can be used in lieu of the curves.

(b} For both parts () and (b) in the tabular part of this Figure, these coefficients are only valid for 0.1 <
©* S 0.6,

{c) For hoth parts (a) and {b) in the tabular part of this Figure: for values of A/ lower than 0.1, use i
= (.1; for values of A/ higher than 2.0, use ip = 2.0.

Figure 11 — Curves and Tables for the Determination of E*/E and v* (Triangular
Pattern)
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{a) £*/E (Square Pattern) {b) v* {Squate Pattern)
{a) Square Pattern: E%/E = ap + au® + age*? + mau*® + agu*t
74 ag m oz a3 ag
0.10 0.0676 1.5756 -1.2119 1.7715 -1.2628
0.25 0.0250 1.9251 -3.5230 6,9830 ~5.0017
Q.50 0.0394 1.3024 -1.1041 2.8714 -2.3994
2.00 0.0372 1.0314 -0.6402 2.6201 -2.1929
{b) Square Pattern: +* = By + Bip* + Bau*? +Bsu*® + Bap™*
hp B B B B Bs
0.10 ~0.0791 0.6008 —0.3468 0.4858 -0.3606
0.15 0.3345 —2.8420 10.9709 -15.8994 8.3516
0.25 0.4296 —2.6350 B.6864 -11.5227 5.8544
0.50 0.3636 ~0.8057 2.0463 -2.2902 1.1862
1.00 0.3527 -0.2842 0.4354 —0.0901 -0.1590
2.00 0.3341 0.1260 -0.6920 0.6877 -0.0600

GENERAL NOTES:

{a) The polynomial equations given in the tabular part of this Figure can be used in lieu of the curves.

(b) For both parts (a) and (b) in the tabular part of this Figure, these coefficients are only valid for 0.1 <
2 % 0.6.

{c) For both parts (a) and (b} in the tabular part of this Flgure: for values of A4 tower than 0.1, use fip
= 0.1; for values of //p higher than 2.0, use Ajp = 2.0.

Figure 12 — Curves and Tables for the Determination of E*/E and v* (Square
Pattern)
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Figure 13 — Curves E*/E for Square Pattern Obtained from Polynomial
Approximation Given in Figure 12

(Only valid for 0.1<p*<0.6) from [13]

31



Copyright © 2014 by the American Society of Mechanical Engineers.
No reproduction may be made of this material without written consent of ASME. (&%

PTB-7-2014: Criteria for Shell-and-Tube Heat Exchangers According to Part UHX of ASME Section VIII
Division 1

REFERENCES—PART 2

Technical Papers

[1] OSWEILLER (1989) “Evolution and synthesis of the effective elastic constants concept for the
design of tubesheets” Journal of Pressure Vessel Technology — August 1989 — Vol. 111 — p. 209-
217

[2] SAMPSON (1960) “Photoelastic Analysis in perforated materials subjected to tension and
bending”, Bettis Technical Review, WAPD BT 18, April 1960

[3] LEVEN (1960) “Photoelastic determination of stresses in TS and comparison with calculated
values”, Bettis Technical Review, WAPD BT 18, April 1960

[4] O’DONNEL and LANGER 1962 “Design of perforated plates” ASME Journal of Engineering
for Industry, 1962

[5] MEIJERS (1969) “Plates with doubly periodic pattern of circular holes loaded in plane stress or
in bending”, 1 ICPVT Delft, 1969

[6] BAILEY and HICKS (1960) “Behavior of perforated plates under plane stress”, Journal of
Mechanical Engineering Science, Vol. 2, 1960

[7] SLOT and O’DONNELL (1971) “Effective elastic constants for thick perforated plates with
square and triangular penetration patterns”, ASME Journal of Engineering for Industry, Vol. 93,
May 1971

[8] DUNCAN and UPFOLD (1963) “Effective elastic properties of perforated bars and plates*,
Journal of Mechanical Engineering Science, Vol. 5, 1963

[9] O’DONNEL (1967) “A study of perforated plates with square penetration pattern, Welding
Research Council Bulletin, N° 124, Sept. 1967

[10] O’DONNELL (1973) “Effective elastic constants for the bending of thin perforated plates with
triangular and square penetration patterns”, ASME Journal of Engineering for Industry, Vol. 95,
Feb. 1973

[11] GRIGOLJUK and FIL’SHTINSKI (1965) “A method for the solution of doubly periodic pattern
in the theory of Elasticity” Prikladnja mechanika , Vol. 1, 1965

[12] MEIJERS (1985) “Refined theory for bending and torsion of perforated plates” , Proceedings of
the 1985 ASME PVP conference, New Orleans, PVP-Vol. 98-2, June 1985

[13] OSWEILLER (1994) “Courbes et équations relatives aux CEE E*/E et v* ”. Rapport Final
CETIM N° 179763 - Novembre 1994

Codes & Standards (CS)

[CS-1] BS 5500: Unfired Fusion Welded Pressure Vessels — Chapter 3.9 “Flat HE TSs”

[CS-2] CODAP: French Code for Unfired Pressure Vessels — Chapter C7 “Design rules for HE TSs”

[CS-3] EN 13445: European Standard for Unfired Pressure Vessels — Chapter 13 “HE TSs”

[CS-4] ISO DIS 2694: Pressure Vessels — Chapter 30 “ Flat HE TSs”

[CS-5] STOOMWEZEN: Dutch Code for Pressure Vessels — Chapters D0403 “Wall thickness
calculation of TSs”

[CS-6] TEMA: Standards of Tubular Exchangers Manufacturers Association — Chapter R7 “TS”

32



Copyright © 2014 by the American Society of Mechanical Engineers.
No reproduction may be made of this material without written consent of ASME. (&%

PTB-7-2014: Criteria for Shell-and-Tube Heat Exchangers According to Part UHX of ASME Section VIII
Division 1

PART 3
ANALYICAL TREATMENT OF
FIXED TUBESHEET HEAT
EXCHANGERS
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1 SCOPE (UHX-13.1)

PART 3, devoted to Fixed TS HEs (Figure 14), provides the technical basis for the determination of
o the displacement and loads acting on the TS, tubes, shell and channel,
o the stresses in these four components and their relationships with the design rules of UHX-13
) 2)

Figure 14 — Fixed Tubesheet Heat Exchanger

2 see TS configurations in Figure 15
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2 HISTORICAL BACKGROUND

In the past decades many authors have proposed theoretical methods for the design of fixed TS HEs. The
most important contributions are provided below. A more detailed list of technical papers can be found in
Ref. [1] .

Gardner [2] in 1952 was the very first to develop an analytical approach by taking into consideration the
support afforded by the tubes and the weakening effect of the TS holes. The TS is considered as either
simply supported or clamped at its periphery to simulate the rotational restraint afforded by the shell and
the channel, which compels the designer to make a more or less arbitrary choice between these two
extreme cases.

TEMA adopted this method in its 5th edition published in 1968. K.A.G. Miller [3] at the same time,
proposed a similar approach that was published in the British Code BS 1515 in 1965.

Galletly [4] in 1959 improved these design methods by accounting for the degree of rotational restraint of
the TS at its periphery by the shell and the channel. This method was adopted by the French Pressure
Vessel Code CODAP in 1982 and by the European Pressure Vessel Standard EN13445 in 2002.

Other authors (Yi Yan Yu [5] [6] , Boon and Walsh [7] , Hayashi [8] ) have developed more refined
methods accounting for the membrane loads acting at mid-surface of the TS, the unperforated rim, the
TS-shell-channel connection, and the bending effect of the tubes which reinforces the strength of the TS.
Since a solution using these methods requires the use of a computer they were not adopted by Codes.
Soler [9] in 1984 developed a similar method accounting for the unperforated rim and the TS-shell-
channel connection. Thanks to a parametric study, it does not need the use of a computer.

The method was adopted by the SG-HTE in the 80’s, put into a code format, and published for the first
time in 1995 in Nonmandatory Appendix AA of Section VIII Division 1. In 2003 it was published in a
new Part UHX of Section VIII Division 1 “Rules for Shell and Tubes Heat Exchangers” which became
mandatory in 2004.

This criteria document provides the technical basis of Part UHX-13 of Section VIII Div. 1, 2007 Edition

[10], including the 2008 and 2009 Addenda. A few items (analysis of cylindrical and spherical shells,
allowable stress limits) are taken from Appendix 4 of Section VIII Div. 2, 2004 Edition [11] .
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3 GENERAL

3.1 TS Configurations (UHX-13.1)

The TS is attached to the shell and the channel by welding (integral TS) or by bolting (gasketed TS) in

accordance with the following 4 configurations (see Figure 15):
e configuration a: tubesheet integral with shell and channel;

configuration b: tubesheet integral with shell and gasketed with channel, extended as a flange;
configuration c: tubesheet integral with shell and gasketed with channel, not extended as a flange;
configuration d: tubesheet gasketed with shell and channel, extended as a flange or not extended.

An expansion joint can be set-up on the shell as shown on Figure 15 configuration a.

l ' [
™ 1 J
e A
D, =
P=3 =7, D Dy
= s
~ f—nh
— —Ur
(a) Configuration a: (b) Configuration b:
Tubesheet integral with shell and channel Tubesheet integral with shell and
gasketed with channel extended as a flange

1

(c) Configuration c: Configuration d:
Tubesheet integral with shell and gasketed with channel, Tubesheet gasketed with shell and channel
not extended as a flange

Figure 15 — Tubesheet Configurations
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3.2 Notations (UHX-13.3)

(a) Data for the design of the HE are as follows.
Symbols Do, E*, h'y, u, u* and v* are defined in Section 2 of PART 2.

A
dc

Se
Ss
St
Syc

Sy
Sps
SPS,C
SPS,s

Ta

Ts
Tt
Tsm
Tt, m
tc
ts

outside diameter of tubesheet

radial channel dimension

equivalent radius of outer tube limit circle

radial shell dimension

bolt circle diameter

inside channel diameter

inside diameter of the expansion joint at its convolution height
inside shell diameter

nominal outside diameter of tubes

modulus of elasticity for tubesheet material at T

modulus of elasticity for channel material at T,

modulus of elasticity for shell material at T

modulus of elasticity for tube material at T

diameter of channel gasket load reaction

diameter of shell gasket load reaction

midpoint of contact between flange and tubesheet

tubesheet thickness

axial rigidity of expansion joint, total force/elongation

tube length between outer tubesheet faces

number of tubes

effective pressure acting on tubesheet

shell side design or operating pressure, as applicable. For shell side vacuum use
a negative value for Ps,

tube side design or operating pressure, as applicable. For tube side vacuum use
a negative value for P..

Notation P, instead of Py, is used throughout the analytical development so as
to maintain the symmetry of the equations involving the shell (subscript s) and
the channel (subscript c).

allowable stress for tubesheet material at T

allowable stress for channel material at Tc

allowable stress for shell material at Ts

allowable stress for tube material at T

yield strength for channel material at T

yield strength for shell material at Ts

yield strength for tube material at T

allowable primary plus secondary stress for tubesheet material at T
allowable primary plus secondary stress for channel material at T
allowable primary plus secondary stress for shell material at Ts
tubesheet design temperature

ambient temperature, 70°F (20°C)

channel design temperature

shell design temperature

tube design temperature

mean shell metal temperature along shell length

mean tube metal temperature along tube length

channel thickness

shell thickness
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te nominal tube wall thickness

W ,\We shell or channel flange design bolt load for the gasket seating condition
\\//valls’ shell or channel flange design bolt load for the operating condition
mlc
Whax = MAX[(Wc), (W5)]
W* =  tubesheet effective bolt load determined in accordance with UHX-8
Osm = mean coefficient of thermal expansion of shell material at Tsm
Otm = mean coefficient of thermal expansion of tube material at Tm

Y axial differential thermal expansion between tubes and shell
Poisson’s ratio of tubesheet material

\Y; =

Ve =  Poisson’s ratio of channel material
Vs =  Poisson’s ratio of shell material

Vi = Poisson’s ratio of tube material

(b) Design coefficients (UHX-13.5.1to 4)
The following coefficients, specific to each component of the HE, will be used in the analytical

treatment.
1) Perforated TS

Equivalent diameter of outer tube limit circle (see Section 4.3(a) of PART 2): D, =21 +d,
Equivalent radius of outer tube limit circle: a, = %

TS coefficients:

2 2
d d
e Shell side: =1-N,| — . 1-x =N | —-
2 2
Tubesid =1 N d, —2t, R
e Tube side: =1- B ; - X = B
‘| 2a o 24,
2 . 2
° Xt_Xs:Nt dt (dt Ztt) _ Nt'st _ Nt'kt . I — Nt'Kt . L [|||_2_b1]
4 a? ra’ E, rza E, ~ra?
* _ d*
e Ligament efficiency: u*= P >
Effective tube hole diameter d* and effective pitch p* are defined in Section 4.3(d) and (c)
of PART 2.

o Effective elastic constants E* and v* are given in Section 5.6 of PART 2 as a function of
L* and h/p (triangular or square pitch).

E*.h?

¢ Bending stiffness: D*Zm

o Effective tube side pass partition groove depth given in Section 4.3(f) of PART 2: h'g

o Effective pressure acting on tubesheet: Pe
2) Tube Bundle
Tube cross-sectional area:
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T
st=%[df—(dt _ztt)z]:mt (d,—t)="2

Axial stiffness K; of one tube: K, = EtLSt = 7t (dtL_ t‘) E,

S, :Zﬂtt(dt—tt)Et
L

Axial stiffness k: of one half tube of length I=L/2: k, = Etl =2K,

Effective elastic foundation modulus equivalent to the half tube bundle:
N,-k, 2N,-K, 2N -E-t(d -t) 2E E
= t ot t t ¢ t t( t t = t(Xt_XS)ZI_t(X'[_XS)

k
ﬁaj ﬂaj La§ L

W

=i ke O<r<a, o Osxs<ka, ka=X,

D*
Axial stiffness ratio tubes/TS:

1) a2 4
X. =ka :4k_Wa0:|:24(1_V*2) NtEttt (dt tt) ao:|

T T\ D* E* LN
3) Shell
Y
a

0
Integral configurations (a, band ¢): as=Ds/2
Gasketed configuration (d): as =G/ 2
D, +t,

Radial shell dimension: as o5 =

Mean shell radius: a'S =

Shell cross-sectional area: S, =7 { (DS + ts)

Axial stiffness Ks of the shell of length L: k _Es _7t(D+L)E

Axial stiffness k’s of the half shell of length I=L/2: k= 2K

I L s
o _ K t (D, +t)E

Axial stiffness ratio shell and tube bundle: Ks’t = =
N,-K, N,-t (dt—tt)Et

{12 (1-v2)
4/(Ds+ts) t
E,-t
6(1-v?)

Shell coefficient: B =

Bending stiffness: ks =B

4) Channel
. . - aC
Radial channel dimension: a. o, = a—
0
Integral configuration (a): ac=Dc/2
Gasketed configurations (b, c and d): ac = G¢/ 2
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Mean channel radius: a, = D. +1t
- {12 (1-v2)
Channel coefficient: B, =
(DC + tC ) tc
E -t}
Bending stiffness: kc =p. - c—cz
6(1-v,

5) Axial differential thermal expansion between the tubes and the shell:
V= I:at,m (Tt,m _Ta) _as,m (Ts,m _Ta)] L

6) Expansion joint
D; = inside diameter of the expansion joint at its convolution height
K, = axial rigidity of the expansion joint, total force/elongation

J = ratio of expansion joint to shell axial rigidity (J = 1.0 if no joint): J =

7) Unperforated rim
D, = internal diameter
A = external diameter
Diameter ratio: K =A/D,

3.3 Loading Cases (UHX-13.4)

The normal operating condition of the HE is achieved when the tube side pressure Py, shell side pressure
Ps and axial differential thermal expansion between tubes and shell y act simultaneously. However, a loss
of pressure or a loss of temperature is always possible. Accordingly, for safety reasons, the designer must
always consider the cases where Ps=0 or P=0 with and without thermal expansion for the normal
operating condition(s).

The designer must also consider the startup condition(s), the shutdown condition(s) and the upset
condition(s), if any, which may govern the design.

A fixed TS HE is a statically indeterminate structure for which it is difficult to determine the most severe
condition of coincident pressure, temperature and differential thermal expansion. Thus, it is necessary to
evaluate all the anticipated loading conditions mentioned above to ensure that the worst load combination
has been considered in the design.

For each of these conditions, ASME, TEMA, and CODAP used to consider the following loading cases.
(a) Pressure only loading cases

e Loading Case 1: Tube side pressure P, acting only.

e Loading Case 2: Shell side pressure Ps acting only.

o Loading Case 3: Tube side pressure P; and shell side pressure Ps acting simultaneously.
(b) Pressure and Thermal loading cases

e Loading Case 4: Differential thermal expansion acting only (P: =0, Ps = 0).

e Loading Case 5: Tube side pressure P acting only, with differential thermal expansion.

o Loading Case 6: Shell side pressure Ps acting only, with differential thermal expansion.

e Loading Case 7: Tube side pressure P; and shell side pressure Ps acting simultaneously, with

differential thermal expansion.
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ASME 2013 Edition provides the detail of the pressure “design loading cases” and “operating (thermal)
loading cases” to be considered for each operating condition specified by the user (normal operating
conditions, startup conditions, the shutdown conditions, etc.). For the pressure loading cases, a table
(table UHX-13.4-1) provides the values to be used for the design pressures Ps and P; in the formulas,
accounting for their maximum and minimum values.

For the operating (thermal) loading cases a second table (table UHX-13.4-2) provides the values to be
used for the operating pressures Ps and P; in the formulas for each operating condition considered. So,
this new concept allows the operating pressures (instead of the design pressures to use for operating
(thermal) loadings.)

As the calculation procedure is iterative, a value h is assumed for the tubesheet thickness to calculate and
check that the maximum stresses in tubesheet, tubes, shell, and channel are within the maximum
permissible stress limits.

Because any increase of tubesheet thickness may lead to overstresses in the tubes, shell, or channel, a
final check must be performed, using in the formulas the nominal thickness of tubesheet, tubes, shell, and
channel, in both corroded and uncorroded conditions.

3.4 Design Assumptions (UHX-13.2)

A fixed TS HE is a complex structure and several assumptions are necessary to derive a ‘design by rules’
method. Most of them could be eliminated, but the analytical treatment would lead to ‘design by
analysis’ method requiring the use of a computer.

The design assumptions are as follows.
(a) HE

o The analytical treatment is based on the theory of elasticity applied to the thin shells of

revolution.

e The HE is axi-symmetrical.

e The HE is a symmetrical unit with identical TSs so as to analyze a half-unit.

(b) TSs

e The two tubesheets are circular and identical (same diameter, uniform thickness, material,

temperature and edge conditions)

e The tubesheets are uniformly perforated over a nominally circular area, in either equilateral
triangular or square patterns. This implies that the TSs are fully tubed (no large untubed window)
Radial displacement at the mid-surface of the TS is ignored
Temperature gradient through the TS thickness is ignored
Shear deformation and transverse normal strain in TS are ignored

e The unperforated rim of the TS is treated as a rigid ring without distortion of the cross section
(c) Tubes

e Tubes are assumed identical, straight and at same temperature

e Tubes are uniformly distributed in sufficient density to play the role of an elastic foundation for

the TS

o The effect of the rotational stiffness of the tubes is ignored
(d) Shell and channel

o Shell and channel are cylindrical with uniform diameters and thicknesses

o If the channel head is hemispherical, it must be attached directly to the TS, without any

cylindrical section between the head and the TS.

o Shell and channel centerlines are the same.
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(e) Weights and pressures drops
o \Weights and pressures drops are ignored
e Pressures Psand P are assumed uniform

3.5 Basis of Analytical Treatment

3.5.1 General

The design of a fixed TS HEs is complex as the two TSs are connected to each other both through the
tube bundle and the shell, and subjected to different temperatures which generate an axial differential
thermal expansion. Accordingly the structure is statically indeterminate. Many geometrical, mechanical,
thermal and material properties are involved in the design as shown in Section 3.2(a) which lists the
extensive input data.

The analysis includes the effects of the shell and tube side pressures, the axial stiffening effect of the
tubes, the stiffening effect of the unperforated ring at the tubesheet edge, and the stiffening effect of the
integrally attached channel or shell to the tubesheet. For a tubesheet that is extended as a flange to which
a channel or shell is to be bolted, the bolt load causes an additional moment in the tubesheet which is
included in the total stress in the tubesheet in addition to the moments caused by pressure.

The analysis is based on classical discontinuity analysis methods to determine the moments and forces
that the tubesheet, tubes, shell and channel must resist. These components are treated using the theory of
elasticity applied to the thin shells of revolution.

Because the heat exchanger is assumed to be symmetric about a plane midway between the two
tubesheets, only half of the heat exchanger is treated. The main steps of the analytical treatment are as
follows.

(a) The tubesheet is disconnected from the shell and channel. Shear load V. and moment M, are
applied at the tubesheet edge as shown in Figure 16.

(b) The perforated tubesheet is replaced by an equivalent solid circular plate of diameter D, and
effective elastic constants E* (effective modulus of elasticity) and v* (effective Poisson’s Ratio)
depending on the ligament efficiency p* of the tubesheet. This equivalent solid plate is treated by
the theory of thin circular plates subjected to pressures Ps and P; and relevant applied loads to
determine the maximum stresses.

(c) The unperforated tubesheet rim is treated as a rigid ring whose cross section does not change
under loading.

(d) The tubes are replaced by an equivalent elastic foundation of modulus k.

(e) Connection of the tubesheet with shell and channel accounts for the edge displacements and
rotations of the 3 components.

(f) The shell and channel are treated by the elastic theory of thin shells of revolution subjected to
shell side and tube side pressures Ps and P; and edge loads to determine the maximum stresses.

(9) The maximum stresses in tubesheet, tubes, shell and channel are determined and limited to the
appropriate allowable stress-based classifications of Section VIII Division 2 PART 4.
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Figure 16 — Analytical Model Used in Design Method

3.5.2 Free Body Diagram

Figure 17 shows, for a tubesheet integral both sides (configuration a), the free body diagram of the
component parts (perforated tubesheet, unperforated tubesheet rim, shell, channel). The figure details the
relevant discontinuity forces (Va, Vs, Qs, V¢, Qc) and moments (Ma, Ms, M, MRg) applied on each
component, together with edge displacements.

In this figure, forces (Va, Vs, Qs, Ve, Qc) and moments (M,, Ms, M¢, MR) are per unit of circumferential
length. The following subscripts are used:

e s for shell,
e ¢ for channel,
e R for unperforated rim

No subscript is used for the perforated TS.

Notation P instead of P: (tube side pressure) is used throughout the analytical development so as to
maintain the symmetry of the equations involving the shell (subscript s) and the channel (subscript c).
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Figure 17 — Free Body Diagram of the Analytical Model
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4

4.1

AXIAL DISPLACEMENTS AND FORCES ACTING ON THE TUBES AND ON
THE SHELL

Axial Displacement and Force Acting on the Tubes (Figure 18)

Py
do
Q+ma— . A
PS l\/t I'
l’l ®
— r
_P _ Et1 “
P. ' 0 . o

=~

Figure 18 — Axial Displacement of Tubes

(a) Axial Displacement of the tubes due to axial force Vi(r) acting on the tube row at radius r:
V(r) V.(r)l I
5 ()= AU ()
K, E.ss 7FE (d-t)t
(b) Axial Displacement of the tubes due to temperature 6; of tubes:
5.(6) = 6. O =Tun =T,

(c) Axial Displacement of the tubes due to Poisson’s ratio v of tubes (Annex C):

@(vt):—ki[(l—xt)a—(l—xs)e]vt

W

(d) Total axial displacement of the tube row at radius r:

e (1) = [A)] + [4(8) + 8 (w)]

tube displct. due free displct. [|V.1d]
to axial force of tube
(unknown) (known)

(e) axial force acting on each tube at radius r:
Vi (r) =k, [6t (Vt)] =k, |:5t,TotaI (r) -0, (‘9t) -6, (Vt)]

(f) net effective pressure acting on the TS due to each tube at radius r of TSarea a2/ N, :

-V, (r) Nk 6 (V) Nk _ Nk
== =——Lt15 -5,(6,)-9 K, =
W)= N T ma et Lo (N =8(6) =6 (v)] -

ki
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4.2 Axial Displacement and Force Acting on the Shell

(a) Axial displacement of the shell and expansion joint due to axial force acting on the shell
e due to axial force V; acting on the shell:

5'(V)—VS 27 a, _V527za;| |
K E2rat E
D, +t,

V; is per unit of length

VS
t

S S

a, = mean shell radius =

‘ w(as) =0 Ve

‘= (D ) 1

a's= (Ds + §)/2 Ofs

S —

| =]
7

o) ||

0s. 05 H l

FigureT9— Axial Displacemerﬁ)f the Shell

e due to axial force Vs acting on the expansion joint J:

: V, 27 a,
&(%)Z—E?f—
J

e axial displacement of shell and expansion joint:
(ss<vs)=5;<vs>+5;(vs)=vsZ”as{“ < }:vszfrasz(fs(vs)_ |

ZKJ = axial rigidity of half expansion joint

k. 2K, k. J J JEt, °
=1 ok, 1=t
L1+k /(2K;) Ky +K,

Verification: axial rigidity k: shell and expansion joint: i*zi,+ 1 :i 1+ Ky :L
k. ki 2k, K 2k, J K,

* ' ' oV

ks:‘]ks §(V):V52kiz'aszvszk7'ras: sgs)

S S
S S
(b) Axial displacement of the shell due to temperature 05 of shell:
65 (95 ) = as,m 95 I Os = Tom — T,
(c) Axial displacement of the shell due to Poisson’s ratio v; of shell (Annex C):

S
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55(‘/5):_%(& Dsz)vs

S
(d) Axial displacement of the shell due to pressure Ps acting on bellows joint side walls J (Annex D):

Vs DZ—DS2 /2 2 _ D2
5, (3)=P, (05 - D) _z Db -D P
4x2K, 8 2K,
(e) Total axial displacement of shell:

0. = o,(V +0.(0.)+0o.(v,)+0,.(J
s, Total s( s) s( s) s( s) s( ) [|V.2€]
shell displct. due free displct.
to axial force of shell
(unknown) (known)
(f) Axial force acting on the shell:
I
5(\/) sTotaI 55(05)_55(Vs)_5s(‘]):JE t Vs

V=2 [0 - 8.(0) -6, (%) - 5,(9)]

(g) Axial displacement of tubes at radius r:

Oiront (1) = ra +W(r)=0,(Ve) 4, (6) + 61 (v:) +6,(3) + w(r)

where w(r) is the TS deflection at radius r (see Figure 21)

[IV.1d]: dmm“)zg(v)+5(9)+d(W)
8.(Vo) =6, (Vo) +w(r)+[5,(6,) - 5.(6) |+ [ 8 (v) - 6 (1) ] +[ 6, (3)]

—yl2
(h) TS deflection at radius r:
)=[a(v)-a.(v)] | +[(v)-8,(4)]-[4.(9)]
7//2
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5 DEFLECTION AND LOADS ACTING ON THE TUBESHEET

5.1 Equivalent Plate Resting on an Elastic Foundation

(a) Net effective pressure acting on the TS

| JLJLTH |

O

RRRF G

Figure 20 — Loads Acting on the TS

due to tubes: A (r)=—k, [ 6, (V) +6,(6)+6.(n)=6.(6)-6.(v) ]

Tubes act as an elastic foundation of equivalent modulus given by the axial rigidity of the half-bundle
per unit of TS area:

k — Nt kt
Vi(r)
qt(r):—m:—kW [3.(Ve)+w(r)=8(0)+6,(v,)-6,(v)+3,(R)]

due to pressures Ps and P acting on the equivalent plate (see Annex E):
Op =% R —x B =Ap
net effective pressure:
V(1)
=g, +q,(r)=Ap —— V.14
a(r)=ge+a(r)=ap - —5 1 [V1al

q(r)=g, +q,(r)=4ap" -k, [[55(95)—@(64)]{55 (vo)-6,(v)]+[ 8, (R)]+s. (vs)}—kww(r)
Q
¢« |Q :Ap* +K, |:|:5t (d)_é‘t (‘9t )] +|:5t (Vt)_és (VS):I _[5J (I:)s):l_[5s (VS)H [V.1a7]

In this equation, the displacement 5s(Vs) of the shell subjected to axial force Vs is unknown. Other
quantities are known for a given HE.

e AnnexC: K, 5t(vt):—2vt[l3t (1—Xt)—Ps(l—xS)]
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2v, (D, Y
v
aln)=- () 7
s,t 0
e Annex D:
_ﬂkW 2 2 _72- Ntkt 2 2 _Ntkt D\JZ_DS2
K6 (Ps)_EK_J(Dj -D})P, _EW(DJ -D?)P = IK, D R
q(r)=Q—k, w(r)
(b) deflection of TS (Figure 21)
w(r)
P Deflected tubesheet (mid-surface)
o / ;
P, A 6=-dwidr ).
w(r) A
i unperforated
9 T+ WT"' 9)"' w(ao) rigid ring
0
Qi+ M+ S
r

O r ao al S
S
heII
I

Figure 21 — TS Displacement

The TS is replaced by an equivalent solid plate:
e of equivalent radius a,

e having effective elastic constants E* and v*.

With bending rigidit D’ En
J ith bending rigidity: =
IO 12(1-v7?)
. . . N k,
e resting on an elastic foundation of modulus: K, = 2
T 0

subjected to a net effective pressure q(r)

e subjected at its periphery to edge loads V. and M,
The deflection of such a plate is governed by a differential equation of 4" order:

d'w 2d°w 1d’w 1dw_q(r)_ Q-k, w(r)

dr?* a

+= — + -
rdr® r?2dr® r®dr D D
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Q

whose solution is written (Annex F): W(X) = Aber(x) + B bei(x) + o
w
where:

e X isanew dimensionless integration variable which is introduced to solve the differential

. K,
equationX =K r=4-%r,
D

At the TS periphery (r =ao): X, =K &, 0<r<a, = 0<x<X,
e ber(x) and bei(x) are Kelvin functions of order 0, which will be noted respectively berx and beix

in the following. Accordingly: w(x) = Aberx + B beix + kg
w
e A and B are integration constants to be determined by boundary conditions at TS periphery (x =
Xa)
. k E t (d -t)a i
At the TS periphery (r =ao): | X, =ka, = # /D_W* a, = {24 ( 1—v*2) N, — tE(* tL ht3)
net effective pressure: q(w)=—k, (Aberx+ B beix)
(c) the rotation, using the sign conventions shown in Figure 21 (6>0 clockwise), is written:
dr dx
O(x)=—k [A ber'x + B bei'x]
Note: For x=0 6(0)=0: the rotation at the center of the TS is 0 as expected.
(d) The shear force writes:
1 r
Qr(r)szpq(p)dp 0<p<r x=kr
1 .
== [k, p[ Aber(kp)+Bbei(kp)]dp y=kp 0<y<x
r (o}

1Kk, | A7 T
=i A!yberydy+B!ybelydy
y bery =+ y bei'y +bei'y =+ (y bei'y)y :Iy bery dy =+ y bei'y
y beiy =— yber'y + ber'y =— (y ber'y)v :>jy beiy dy =— y ber'y

Q (r)=—%t—“§[Axbei'x— B x berx |

K . .
r)=——*(Abeix— B berx
Q(r)==2( )
(e) radial bending moment is written:

2 *
r r r
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M, (x)=—D"k? [Aber"x +B bei"x] +V—): [Aber'x +B bei'x]

with: ber’x = — beix — 287X bei'x = + berx — be): X

x 12 o 1-v - 1-v' .
M, (x)=—D"k*| - A| beix + . ber x |+ B | berx — . bei x

I ‘Pl(x) ¥, (x) |

M, (X)==D"k*[- AW, (X)+B¥,(X)]

‘Pl(x):beix+l_v ber 'x ¥, =¥, (X,)
with: .

1-v o
¥, (x)=berx + bei x ¥, =Y¥,(X,)
(f) circumferential bending moment is written:
2
M,=-D" |y 3 W, 1w
dr r dr

The same calculation leads to:
M, (X)==D"K* [~ A¥,(x)+ B, (x) |
with: P, (x)=v" beix — ==Y ber'x ¥,(x)=v" berx + 2= beix

This moment does not generally control the TS design since:
‘Mr (x)‘ > ‘Mg(x)‘

5.2 Determination of Integration Constants A and B
(a) A and B are determined from the boundary conditions at periphery of TS:
Qr (ao):Va MI’ (ao):Ma
where Vv, et M, are the loads applied at periphery of TS (point A in Figure 21).

Qr(Xa)=—k?W[Abei'(Xa)—Bber'(Xa)] = Abei — B ber’ =_k£v

a

* M k2
M, (X,)=-D kz[—A‘Pl(xa)+B‘{’Z(Xa)]:A‘I’l—B‘I’ZzD*—;z:EMa
* 12 M k?
M, (X,)=-D"k [—A‘I’l(xa)JrB‘Pz(Xa)]:>A\I’1—B‘P2:D*Ia(Z:—Ma

ber =ber(X,) bei=bei(X,) ber =ber'(X,) bei=bei(X,) ¥, =¥,(X,)
\PZ:\PZ(Xa)
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(b) Integration constants A and B are obtained from Section 5.2a:
(kber )M, +¥,V,

k
u Ze with: Z, =— ¥, ber + ¥, bei’
k (kbei' )M, +¥,V,

K V4

w a

(c) The 3" boundary condition at the periphery of the unperforated rim, at its connection with the shell of

A=

mean radius a; (point S in Figure 22) is written: W(a;):o

P
_—tubeshest
A B
Ps  1~_0,/
unperforated
. B rigid ring
W(ao) b )
: ‘=S r
do
a's= as+ {/2
ds

Figure 22 —TS Displacement of the Unperforated Ring and Connection to Shell

If the shell is integral, the TS rotation at point A is written:

dw_ aw_ w(a)-wa) wa,)

T odr Ar a-a  a-a

where Aw = W(as) —w(a,) as the unperforated rim is considered as rigid.

w(a,)=6,(a -a)=a, 0{%—@

0

' D
Neglecting shell thickness: d; =d; W(ao) =a, 9a (ps —1) [V.2c] with o, = % = 2as

0 0

G
If the shell is extended as a flange (configuration d): o, =——= &
2a, a,
(d) Substituting the expressions of A and B in V.1b enables one to determine

w(x),q(x),8(x),Q(x), M (x) as functions of x, depending on V4 and M, which are still
unknown.
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53 Deflection

W(X):g_i(kber'Ma+‘P2Va)berx+(kbei'Ma+1P1va)beiX
K, K 2

W w

3 ' - - -
_Q 1* a03 KM, ber ber x + bei be|X+Va W, ber x + 'V, bei X
k, D X, Z, Z,
Q &
w(x):k—— oF (M. Z,(x)+(a,V,) Zy(x) ]| [v.3]
ber  ber x + bei’ bei x v, ber x + P, bei x
z = =72 1
w (X) Xaz Za Zd (X) Xa3 Za

Note: Alan Soler’s formula is incorrect: ZV(X) is used instead of Z,, (X) . However the UHX rule is

correct as it only uses Z,, (Xa ) in its formulas and it can be easily shown (see Annex G) that
Zw(xa): Zv(xa)
5.4  Net Effective Pressure

q(x)=Q —k,, w(x)

9(x)= aélew M, Z, () +a,V, Z,(x)]| V4]

55 Rotation

000 =~ Do W M B[, 2 (0 + (8 V) 2 ()]

dr dx dr  dx
0(x) = ao* M. ber ber x + bei bei x ra V. Y, ber x2+‘Pl bei x
D X, Z, X227,
L Zm(x) Zv(x) ]

o(x)= ;2 (M, Z,(x)+a,V, Z,(x)] V8l

ber ber x + bei beix Y. ber x + ¥, bei x
Zm(x): ZV(X): : 2 !

Xa Za xa Za
Z (x)=0

6(0)=0: the rotation at TS center is 0 as expected.
Z,(x)=0

Note: for x=0: {
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5.6 Shear Force

Q: (x)

: | - ' X
:kber M, +¥,V, beiX_kbel M, +V¥,V, ber'x k="a

a a 0

"bei' — bei' ber W, bei'x — ¥, ber
Q(x):i M ber bei x — bei berxX Lay Yobeix—, er (x)
r a a Z a 0 a Z

Q, Q¥

Q.00=5 [M,0,(0+(2)Q,(] v

_ ber bei x —bei ber x X, Q,(x)= v, bei xZ— w, ber x

a a

Q. (x)

Il
[HEN

Q(X,)
The boundary condition Q, (X, ) =V, is satisfied.

Note: forx =X, {Qa(xa)zo} Qr(xa)ZiaoVa — Q(Xa):Va
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5.7 Bending Moment

D k? kber M, + V¥,V kbei M. +¥,V
(1) 0| [HO M0y 0Ly )

M, (X)=M, bei ¥, (x) —ber ¥, (x) ca v, YW, (X)- W, P, (X)
Z, X, Z,
Qy (¥) Q, ()

M, (x)=M, Q,(x)+a,V, Q,(x)] [V.7]

Q, (x)- bei ‘I’Z(x)z— ber ¥, (x) Q,(x)= Y, (X)W, Wi(X)

a Xa Za
Qn(X,)=1
Q,(X,)=0

Note: for x=Xa { } —  M:(Xs)=Ma: the boundary condition M(Xa)=Ma is satisfied.

5.8 Conclusion

1) CoefficientsZ,, (X), Z4(X) ; Z,,(x), Z,(X) 5 Q. (%), Qs(x) ; Qu(x),Q,(X) are
combinations of Kelvin functions. They are known for a given HE and for a given value of x varying
from 0 at the TS center to X, at the TS periphery. These coefficients are defined in Table UHX-13.1
of UHX-13. Annex G provides their expressions for x=0 and x=X..

2) Quantities W(X) ) q(x) ) H(X) ,Q (X), M, (X) depend on moment M, and force Vv, actingat TS
periphery.

3) Edge loads at TS-shell-connection are still to be determined from the boundary conditions at TS
periphery (see Section 6 hereafter).
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6 TREATMENT OF THE UNPERFORATED RIM

6.1

Edge Loads Applied on Shell and Channel at their Connection to the TS

The following equations are developed for integral shell and channel.

(a) Shell subjected to edge loads Qs and M; at its connection to the rim (see Figure 17)
Radial displacement ws and rotation 0s are detailed in Annex H. Loads are per unit of length of
circumference.

Radial displacement: | W,

Where:

Q

ﬂzks ﬂsks

M 2M
+———+06, P, rotation: |6 :—ﬂsQSks M :

S

is the shell coefficient.

D. v

S S

o, =
4E ¢

D, +t, 2

|

is the bending stiffness coefficient of the shell.

is the coefficient due to pressure acting on the shell.

Note: In UHX, ts has been neglected compared to Dsand the formula is written:

D?
4Et

S S

o, =

Equations for Ms and Qs write: {

A
2

Ms :ks 95 _ﬂs ks W, +ﬂs ks 55 Ps
Qs :_:Bsks 05 +2:Bs2 ks W _Zﬂs ks 55 Ps

Neglecting the radial displacement at mid-surface of the ring, compatibility of displacements of the

ring and the shell is written (see Annex I): w, = — 2 6, and loads Ms and Qs become, using:

t=hg:

M, =+Kk, [1+t§5]«95+ﬂs k, o, P,

Q

[VI.1a] for an integral shell (configurations a, b)

_lBs ks (1+t;)05 _21852 ks 55 Ps

When the shell is not integral with the TS (configuration d), ks=0 and s=0 lead to: M, =0 and

Q,=0.

Note: These formulas are valid for a shell of sufficient length. Annex J provides the minimum length
above which these formulas can be applied.

(b) Channel subjected to edge loads Q. and M at its connection to the rim (see Figure 17).
Note: To ensure the symmetry of the equations, notation P.=P is used.
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c (ch + & + 5(: Pc
. . . ﬂc kc ﬂc kc .
Replacing subscript s by subscript c: 0 oM for an integral channel
6 — C + C . .
c Bk, k. (configuration a)
4 /12 (1-v¢)
ﬁc = channel coefficient.
(D, +1t,)t,
E t o -
k. =8 —<— bending stiffness coefficient of channel
6 (1 —v? )

D? D. v - .
o=—>—|1-—"-—= coefficient due to pressure acting on channel.
4E t, D, +t, 2

Mc:+kc 90 _ﬂc kc Wc+ﬂc kc 50 Pc

Equations for M, and Q. write )
Qc :_ﬂc kc 60 +2ﬂc kc Wc_zﬂc kc 50 Pc

compatibility of displacements: w_ =— g 6, lead to equations for M .and Q., using t. =h g.:

M, =tk |1+ |0+ 4.k, 5, P | .
2 [VI.1b] for an integral channel (configuration a)

Qc :_ﬂc kc (1+tc )ec _Zﬂcz kc 5(: Pc

When the channel is not integral with the TS (configurations b, c, d), kc =0 and 5C =0 Iead to:
M.=0and Q,=0

Note 1: These formulas are valid for a channel of sufficient length. Annex J provides the minimum
length above which these formulas can be applied.

Note 2: These formulas are valid for a cylindrical channel. If the channel is hemispherical, it must
be attached directly to the TS (configurations a, b or c¢), without any cylindrical section between the
head and the TS. Annex K provides the relevant formulas for that case. Only coefficient d. is

affected:
D (1 D, v,
o, = —— =
4E.t. (2 D+t 2
Note 3: In UHX, t; has been neglected compared to D ¢ and the formula is written:

5D (1 v
4E t (2 2
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6.2  Equilibrium of the Unperforated Rim

a,=D,/2 a,=D,/2
(a) due to axial loads : t : t
=a, +—= a,=a, +—
as as 2 C C 2
Channel head
13
P, c
- ac =D¢/2 - | &
Va Pt °
R R R N
A‘:,," ~ “Ring -~
M ls.
B Vs

Figure 23 — Ring Equilibrium of the TS
The axial equilibrium of the ring is written: (see Figure 23):
2raV,+r(a-al)P=2raV,+27a,V,+x(a-a])R [VI2ai]
where:
e V,=axial edge load acting at connection of ring with equivalent plate is still to be
determined
o V= axial force acting in the shell will be obtained from above equation, once V, will
have been determined. Vv, positive when the shell is in tension.
o V.= axial force acting in the ST channel is known.
2

27aV,=ra’P, = a)V, =% P [VI.2a-2]
. a’ asz —a2
Axial equilibrium of the ring is written: |a, V, =a,V, + 2> P, + 5 > P, [VI1.2a-3]

Note: For U-tube and immersed floating head HEs:
2 2
2raV, = ra’P, = aV, :a? P =ayV, :%0(& —P,) V,isknown.
(b) due to applied moments
Equilibrium of moments applied to the ring relative to the axis located at radius a, enables to
determine the moment Mg (see Figure 17).

R = radius at center of ring = At 2,

RM,, =—[a, Ma]{a; v.-a.0, ] }[M (R)-a.V, (2 -a,)]
[V1.2b]

h

2

—[a; M, —a. Q, } +[M (R)-a V. (a ‘ao)]
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a, +a P
M (P.)= moment due to pressure P. acting on the ring = (af - ag)( c ) ° ]?"
P
M (Ps)= moment due to pressure Ps acting on the ring = (61.S —a, )(as 5 % aoj ?S
Replacing terms of equation [V1.2b] by their expressions, one obtains for configuration a (see Annex
L):
a a
R MR == ao Ma + as Va (ps _1) + Ps ZO |:(p52 _1) (ps _1):| - Pc ZO |:(pc _1) (pcz +1) -2 (ps _1):|
2 2 [VI.Zb’]
_{a's K, (1+t; +~°’?j+a'C k. (1+t; +?H 6,+a,[o, P. -, R]

W5 = P ﬁs ks 55(1+hﬁs) a)czpcﬁc kc 5c(1+hﬂc)

[VI.2b"]
Annex L provides the relevant modifications to cover the three other configurations b, ¢ and d.
(c) Rotation of rigid ring

A 12 RMg, .
K :EO L = £ W leads to, with 65 =6, :

3 3
RM, {El; Ln K}@R =[El; Ln K}Ha

Replacing RMRr by its expression [V1.2b’] leads to:
C1

Eh3 t? ot
LnK +a, k, | 1+t +? +a, k, 1+tc+é 0, =—a,M,+a’V, (p, -1

{ (h-1)]-a, a)s}— P {%2[(,% 1) (2 +1)-2(p,-1)| -3, (o}

C2 C3

~ Io“’w

2 2 3
(D +t) k. 1+t;+%]+%(Dc+tc)kc [1+t;+%)+E Ln K :;]—2[/15+2.C+E Ln K]

%

6 C 12 6 Cotl
=—(D,+t)k |1+t +—= A=—([D,+t)k |1+t +-
h3( S s) s( S ZJ (o h3( c c) c( (¢ 2}

Note: if 4 + 4. is high (>3) the TS is considered clamped
if 4 +4.is low (<1) the TS is considered simply supported
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I 52_1 s_l * 2 -1 -1
C2=4a,4a’ (p )4(,0 ) ~w, =8, O, w, =a’ ( )4('05 ) — o,
(P2 +1)(p, 1) 5 1]
C3=a,7a (pc )4(,OC )—’052 1 o, =8, o,
| P pa]|
C 0 4 2 C

(d)

where ws and o are given by [VI1.2b"’].

When the shell and channel are integral with the TS (configuration a), edge loads M, andV, , which
are still unknown, are linked by equation:

3
f—z[ A+i +ELnK]g, =—a, M, +a2V, (p,~1)+a, (o, P -, R)
(Configuration a)
The generic equation covering the 4 configurations a, b, ¢ and d is written, accounting for the
results obtained at Annex L for configurations b, ¢ and d:

h3
12

S

[4 +4 +ELnK]6, =—a, M, +aV, (p,-1)+a, (&) P~ PC)+:—°[WC Voo =W, 7] [VI1.2d]
T

where:

As, Ac and ws, oc are coefficients obtained above. They are known for a given HE.
W, and W, are bolt loads applied on shell and channel when the TS is gasketed (configurations b, c,

d). Coefficients y,, and y,.are defined as follows:

e Configuration a: k giveninVIl.1la k. giveninVIL1lb 7 =0 Ve =0
. . . . Gc _Cc
o Configuration b: k giveninVIlla k., =0 Vs = 0 Yoo = D
0
. _ G, -G,
e Configuration c: k giveninVlla k, =0 Vs = 0 Ve = D
0
. . G, - C, G, -C,
e Configurationd: k,=0 k. =0 Tbs = Toc =
D, D,

UHX-13 covers the usual case where Cs=C.=C, which leads to:

60




Copyright © 2014 by the American Society of Mechanical Engineers.
No reproduction may be made of this material without written consent of ASME. (&%

PTB-7-2014: Criteria for Shell-and-Tube Heat Exchangers According to Part UHX of ASME Section VIII
Division 1

7,=0 for configuration a ,

Yy = GCD_ C for configuration b,

0

G, -G . :
7, = ——= for configuration c,
D
[o]
G.-G . .
7, = ——— for configuration d
D
o]
h? . . a
—[A+A +ELnK]g, =—a, M, +a’V -1)+a, P—-—ao P)+—27[W -W
12[5 (4 ] a 0 a 0 a(ps ) o(ws s wc c) 27Z'yb[ c s]

6.3 Edge Loads Vaand Ma Applied to the Tubesheet

(a) Determination of Ma
Quantities 6,,Va and M, at periphery of TS, linked by relation [V1.2d] above, are still unknown.
Equation [V.5] enables to determine:

aO
O =0, :6}(xa)=F[Ma z,+(a,V,)Z,]
which leads to a 1% relationship between V, and M.:
a‘O

= (M, Z,+(a,V,)Z,|=—3a,M, +aV, (p, -1) +a, (& P —a, PC)

h3
—[A +4 +ELnK]
12
+ 20 W, g -W, 4]
27[ cybc s?/bs

h 1 he 12 (1—v*2)
O=— [A+A+ELnK]=——5—=—[4+ 4 +ELnK]
12 D 12 E h

(L-v%)
(D:?[/15+/10+ELH K] [V|3]

Note: ® denotes the degree of restrain of the TS by the shell and channel
e if @ishigh (>4) the TS can be considered as clamped (4s+ A high)
o ifdislow (<1)the TS can be considered as simply supported (As+ Ac low)

Using coefficient F relative to U-tube HEs used in UHX-12.5.5:
1-v" "
F=?[/15+/1C+ELI’1K] q):(l-l-l) )F

. - 1 .
CD|:Ma Zm +(aova)zv:|:_Ma +aoVa (ps_1)+(a)s I:)s_a)c F,c)+g[wc Ve _Ws Yos. [VL.3a’]
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M, 1+ Z,)=2,V,[(p, —1)—q>zvj+[(a,; P_w pc)+(Wchc2—Wsts)}
v/

ws*Ps_w:Pc +(Wc7/bc_ws ybs\J
Ma=(a0va)(ps_1)_®zv +( FrlM o [V1.3a]
1+0Z 1+0 27,
Q, Q,
Ma:(aova)Q1+Q2
* * 7/bc 7/bs
“1N-dZ (a)s Ps_a)c F)C)+(WC_WS j
Ql _ (ao Va) (ps ) v Q2 _ 272' 272'
1+ 27, 1+d Z

For the usual case (see VI1.2d) covered by UHX-13 (Cs=C.=C and Ws=W.=W*):

(e P.-a) )W 22
Q,= 2z
1+ 7,

Note: In M, formula:
e term (g v,)Q, represents the moment due to the equivalent pressure P, acting on the TS.

e term Q, isthe sum of the moments acting on the TS, due to pressures Ps, Pc and bolt load W.
(b) 2" relationship between V, and M,

A 2" relationship between V, and M, is obtained from boundary condition [V.2c]:

W,=a, ga (ps _1)

Replacing w, and 6, by their expressions [V.3] and [V.5], [V.2c] is written:

Q_a G

D M Znt (@) Z =M. 2o+ (@ V) 2, ) (2 -1)
Q_a

k_:D* Ma ZW+(ps_1)Zm +(aova) Zd+(p5_1)zv

Q ag M v | p1=ZW+(,DS—1)Zm
< =0 .3b

Ka p M2t (&) 2] Vi) P =Z+(p -1 2,

where Q is given by [V.1a’]:

Q=24p"+k,|[4(6)-5.(

95)J+|:5t (Vt)_és (VS)J_[5J(P5) -0, (VS)
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5=[6(6)-4.(8.)]+[ 8 (v)-6.(v.)]-[4(P)]

In this equation, all quantities are known except o, (VS) =—V,:

With [VI.2a-3]:  a V. =a, V, +azo p+as . o p

2 2
Q _2p 5——( V)+—P+a5_a° )
k k J K, 2

W W

(c) Determination of V,
Introducing Q/kw in [V1.3b] leads to a 2" relationship between v, and M, , already linked by

relationship [V1.3a] M, = (a0 Va) Q+Q,
which enables to determinev, :

Q _AIO* a’-al | &
PR 5——J 5 [(a V. )+—P +=——=R =Tk {[(a V. )Q1+Q2]p1+[(aova)p2]}
k. a2 Jk, | Ap” a2 a’-a’ Jk, a
a,V,|1+J = o) =2 2P s |-G p o p_ Ik &
o a|: 2r D (pl Q pz):| o |: K, > 2 or D A Q,
ook Nk 1 KA kA kagkt o X
D" za D zD" N, K, 2zD" 2Nk, 2

ka

X2 X
o D (pl Q1+p2) J Ks,t (Zw Q1+Zd)7a+(ps_l)(zw Q1+ZV)7H :‘]Ks,t

Qzl QZZ

*J

X4 4
Q21 = (ZW Ql +Zd) 2a sz Z(Zm Q1 I:q :Qzl +(ps _1) QzZ
NI B | &, &-2
ao Va (1+J Ks,t Fq):J 272. |:(E+5]— D* pl QZ__? Pc - 2 PS [V|3C]

For a given HE all above quantities are known, which enable to calculate V, and thus Ma:
k. [ Ap a a a’-a’
J—=—|| —+0 |-=% 2P - °©P
v 27Z'|:(kw J lQZ} © 2

a'0 a =
(1+I K, F,)

[VL3¢’]

Ma =(a0 Va)Q1+Q2

Ma is given by [V1.33] :
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7 EQUIVALENT PRESSURE ACTING ON TUBESHEET
7.1 Definition

(a) A circular plate under uniform pressures Ps and P is subjected to a differential pressure Pe = Ps -
The axial force V, at periphery is determined from the plate equilibrium:

2 2V
2zra,V,=P, 7za? = aoVa:aOZPe Pe:aa [VIL.1]
0

Pe=Ps - P,
Ps

Figure 24 — Equivalent Pressure and Axial Force Acting on Plate

2V
(b) The uniform pressure acting on the equivalent solid plate is written: P, =—2
0
This equivalent pressure is due to the various loads acting on the TS:
o Differential pressure: AP =x. P —x P
* Axial differential thermal expansion tubes-shell:  &5(8) = r
2
2
e Force due to Poisson’s ratio of tubes: o (Vt) = —k—[(l— Xt) P, —(1— XS) Ps] V,
W
V4
o Force due to Poisson’s ratio of shell: J, (Vs) = _E |:Ps Dsz] Vs
S
D? - D?
e Force due to shell pressure acting on the joint: o, (F’S ) = % % P,
J

(see Annex C, Annex D, and Annex E)

Note: Equilibrium of the equivalent solid plate is written (see [VI.2a-3]):
2

aZ .
a,V, =2 (R-R)-Z R+aV,

2
Equilibrium of a circular plate is written (see [VI.1]): a Vv, = %( P-PR)
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7.2 Determination of Pe

2V
Equivalent pressure P, = a_a can be obtained directly from V, formula [V1.3c]:
0

' 2 2 2 2
aoVa(1+JKS,th'):Jks HAF’ 5j *ple} & p_& -8 p

2z |\ k ) D 2‘23

W
All terms appearing in this formula are known for a given HE. However, like TEMA and CODAP did, it
is better to write P. formula in a format which makes appear explicitly the contributions of pressures Ps
and Py, acting directly on the equivalent plate, loads acting on the unperforated rim, bolt load W* when
the TS is gasketed, and differential thermal expansion tubes-shell. Following manipulations are necessary
to achieve this goal.

' 2
(1+I K, F)P = I K {i(Ap*+kw 5)—%p1 Qz}Pt—(pf—l)Ps

ra; |k,
with:
=K X s-[a(a)-a0)]+[a )-8 (w)][4(R)]
T as kW N[ k[ st T D* az s,t t t S S t t S s J S
. Y o B 7k, .., 7k, Df-D?
L0 k0] K (R 1Rk, 200 %R 25 P - R, - PEPE
2
K N, K 2 [ D
ﬂYVPstzvs:ﬂ.'t ;Dszvsps:_[_sj VsPs
2k, 2k, 7 a; ot \ D,
! ! 2 2 2 2
16 K, a’ K, 16 K, 2K, 2K, 4a. 2K, J D

]

K, 1[2,+(p-1)2Z, .
’ ‘ﬁple‘Kwa—z{ oz, | (@ReR

0
U

W is given by [VI.2d]
YA -1)z
=K., U[a) P -, P]—H i Lo w” where |U = W+('DS ) m X:
toa 2r 1+d Z

1%t term accounts for the effect of moments due to pressures Ps and P;acting on the unperforated rim:

0

P =5 R-0[ R]

rnm

0

2" term accounts for the effective bolting load W* acting on the TS (configurations b, c, d)

p o Y 7y
Yooa2n

rim

k,
Thus —ﬁplQZ: [P +P]
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2 2 _ 2 "2
Ps Xs-i-z(l_x's)vt-i_i & Vs_ps 1— 1 J DJ ZDS
' Ks,t DO J Ks,t 2 J KS,I DO
(1+I K, F)R=JK, -
1 K,
P _xt +2(1-x) v, +~]—Kst:| +7/[?}+[PW]+[PW]
—A[P'—P#Pw +P ] [V11.2] F,=Q.(-1)Q
- ' t w rim ' Xzl S z2
14 Kat Fy ) ! a
In this formula:
P, accounts for the loads due pressure Ps acting on:
e the perforated TS,
o the external wall of the tubes (effect of Poisson’s ratio v, ),
o the external wall of the shell (effect of Poisson’s ratio v ),
e the unperforated rim,
o the sidewall of the joint.
2 2 _ 2 N
Pl =R X +2(1-x )yt | = | v -2 DD
KS,t DO J KS,t 2 J KS,t DO

P’ accounts for the loads due pressure P acting on:

the perforated TS,

o the unperforated rim.

Pt':P{xt+2(1—xt)vt+

J K

st

|

the internal wall of the tubes (effect of Poisson’s ratio v, ),

Py accounts for the loads due to differential thermal expansion between tubes and shell y.
k N, K
P=y|W| =]ttt
7 [ 2 } { 7 al } ’
PW accounts for the effect bolting load W* acting on the TS (configurations b, c, d)
p__Y 7y
w 2
a  2rxw
Prim accounts for the effect of moments due to pressures Ps and Piacting on the unperforated rim:
Ur .
I:)rim ___2|:a)s Ps — Pt]

a

0
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Note 1: Different expression of the equivalent pressure. P, can be formulated differently if it is needed

to set J equal to 0 to simulate a shell of rigidity 0. Introducing the numerator JKs; inside the parenthesis
leads to:

1 : ,
P :1+J Ks,t Fq- I:Psl_Ptl—'_Pyl—l_Pwl—l_Priml:I

° 2 D?

]

with: PS'l:P{(JK“)XSjL(JKS't)g(lXS)VtJr(J)Z[%} VS—(pz—l)—( 1—J)|:DJ —Ds]}

P, =P [(3K, )%+, )2(1-x ) +1]

N, K U y . U « .
P;/l = JK,, [ ﬂ_tagt 7:| Rvi = K, [_giw } Pim = JK, |:__2 (a)s P —o.R )i|

0

This is the way TEMA formula is presented.

Note 2: Externally sealed HE. Setting the bellows rigidity to 0 simulates the case of a HE with an
externally sealed floating head which will be covered in PART 4. K,=0 and D=0 lead to:

K ! 1
Tk 70 0 B[ -]R=a-pDR R-[UR-R

N.K U % e YU(or—w
P,=JK,, |: 7z-ta§t 7} =0 Ry, = JK,, |:—a—§iw :| =0 Pim = IKs {—?(a)s R _ch):| =0

0

P =P, -P,=(-p?)P.—P| which is the UHX-14 formula for an externally sealed floating head.

Note 3: Direct determination of the equivalent pressure. Equivalent pressures P’s, P’rand P’, can be
obtained directly by examining the loads applied on the TS as shown in Annex M.
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8 STRESSES IN THE HEAT-EXCHANGER COMPONENTS

Deformations (w, 6) and loads (q,Q, , M, ) applied in the TS have been determined in Sections 5.3 t0 5.7

as a function of the TS radius. These formulas are general as they are valid whether P #0 or Pe=0. They
depend on loads V. and M, acting at TS periphery, given by equations [VI.3¢’] and [V1.3a]:

2
aoVa=a7°Pe with P, given by [V11.2] M, =(aV,)Q +Q,
The formulas used in UHX-13 are presented in a different way.
M Q 2Q
o If Va70 (Pe#0): L=Q+—=-= M, =(a,V, =Q +—=| [V
#0 (Pe #0) K Q a V. Qs a (ao a)QB Q=Q al P [Vin]

The advantage of this presentation is that it enables to provide directly the maximum of the TS
bending stress and the maximum of the tube stresses, thanks to a parametric study using X, and

Qs.
o If V4=0 (P =0): Qs becomes infinity and equation [VII1] is no longer valid.

Equation [V1.3a] shows that M, is written:  |M, =Q,

See Annex N for relevant equations to be applied in this case.

The following Sections provide the deformations (w, ) and loads ({ , Qr , M ¢ ) applied in the TS, using

both the general formulas and the UHX-13 formulas
Maximum stresses calculated in the TS, tubes, shell and channel must remain below allowable stress
limits which are defined in Section 9.

8.1 TS Net Effective Pressure

[V.4] q(x):a‘;lfW[M Z, (x)+(a, V)Z(x)]——og ova){(a':/'\z)zw(X)+Zd(X)}

q(x) =

2,(x)] -7

X)|P, =F(x)R| [VIL1]

Ft (X)

As shown by Figure 21, a positive value of g denotes a pressure upward.

8.2 TS Axial Displacement
Q_a(¥)_Q 1><“

[V.3] W(X):E_W:E (x)+Z4(x)]
Ft(X)
with [V1.30]; kg— o (8, V,)[Qs o+ 2, ]
Q-F(x Xq
W(X)—k—() F(x)= > +Zd(x)]
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Developing p1, p2, Va, Q and F(x), w(x) is written:
3,k

- (2, +24)~(QZ, () +Z4 () ]+[(~, ~1)(QZ0 +2,) ]}

The minimum and maximum values of w(x) when x varies from 0 to X, are obtained from the minimum
and maximum values Fimin and Fmax Of Fi(X).

F«(x) depends on parameters X, and Qs which are known for a given HE. X, is usually comprised between
1 and 20, and Qs between -0.8 and +0.8. A parametric study has been performed using 20 values for X,
Xa=1:;2;3...... ; 20) and 17 values of Q3 (Qs=-0.8;-0.7;....-0.1; 0.0 ; +0.1;.....; +0.7 ; +0.8),
which enables to determine, for each couple [Xa, Qs]:

Fn = MIN[F(x)] and F,_, = MAX[F (x)]
Annex O provides for 1<X.<20 and -0.8<Q:<+0.8:

o values and graphs of Ft(x) for 0<x< X,

o values and graphs of Fimin and Fmax

¢ locations of the minimum and maximum of Fy(X): Xmin and Xmax
The minimum and maximum of w(x) are given by:

1| X 1| X
Wl=_ _(pl'Q3+p2)_Ft,min 'Pe and W2=_ (pl'Q3+p2)_Ft,max 'Pe
kK, 2 K,| 2

As shown by Figure 21, a positive value of w denotes a deflection upward.

The maximum tubesheet deflection is given by:

Wiax = MAX [|W1|’|W2|]

w(Xx) =

8.3 TS Rotation

V5] 0(x)= go* [M.Z,(x)+(@@,V,) Z,(x)] = gz (8, V,)[Q Z,y (X)+2, (%)]

0(x)= ‘f;’g [Q, 2, (x)+Z,(x)]= k3X2a3D* [Q,Z,(x)+Z,(x)]P, :%%:[Q?, Z,(x)+Z,(x)]P
F,(X)

00)= RR|  |R(-2[0 2.0+ 2. ()]

Z (x)=0
Z,(x)=0
As shown by Figure 21, a positive value of 0 denotes a rotation clockwise.

Note: for x=0: { } 6(0)=0: the rotation at TS center is 0 as expected.

8.4 Stresses in the Tubesheet

(a) Bending stress
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[V.7]
M (%) =M, Qu (x)+(a, Va) Qu (%) = (8, Vo) [Q Qu (x)+Q, (x) ] =27 P, {Qs Qm(X2)+Qv(X)}
Fmn(X)
bei ¥, (x)—ber ¥, (x
M —a’P F _Q; QL (X)+Q, (X _— a
()= R F,(X) F (x)= : with: W, %, (X)W, ¥, (x)
Q(x)= X, Z
Note: At TS periphery(x=Xa): Qu(X:)=1 F, (X ):%:M (X,)=M,:
QV(Xa)=O m a 2 r a a
the boundary condition is satisfied.
_ ) o 6M,(x) 6a;P F, (x)
The bending stress in the TS is given by: o, (X)=——== —
uh i h
15F,(X)(2a,Y Q. )
e K I PR B

As shown by Figure 21, a positive value of o;(x) denotes a bending moment clockwise.

The maximum value of o(X) when x varies from 0 to X, is obtained from the maximum value Fmmax Of
Fm(X). Fm(x) depends on parameters X, and Qz which are known for a given HE. A parametric study has
been performed which enables to determine, for each couple [Xa, Qs]: Fm,max = MAX [Fm (X)].

Figure 25 shows the bending stress distribution throughout the TS for Qs=0.0 and X.=1, 3, 5, 7, 10 and
15.

Annex P provides for 1<X,<20 and -0.8<Q3<+0.8:
e values and graphs of Fn(x) for 0< x< X,
o values and graphs of Fm,max
o |ocation of the maximum of Fu(X): Xmax

The maximum stress is obtained for: £ =|F, _ |=MAX D F. (x)|]

2
The maximum bending stress in the TS is written: |o = % (2 % j P F. =MAX U F (X)H

M h ) °
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09 5 Saas -0.02 '
Xa=10 Xg=30 " Xg=50
-0.04
-1.05 { -0 - —0.06 == e
P
-0.08 i
-12 ‘ =01
0 0.25 0.5 075 1 4 0 1 2 3 * 0 1 B
D<xe=Xa 0 = Xa D<xemXa
0.02 002 ¥ 0.015 5
X =70" Xa=100 Xa= 150 ,
] ‘ / | |
00 : $ v — - ‘ | [
! \ 001 - ~ - f—rt 0.01 : ; —
\ ]
y |
0 ' |
0 i 0.005
-001 —t—
|
001 [ 0
0.0
o3 -0 ~0.005
0 ) A P) B 0 2 4 . § 10¢ 0 4 10 15
DexenXa Qc<xenXpy Dexem Xy

Figure 25 — Bending Stress Distribution Throughout the TS for Q3=0.0 and Xa=1,
3,5,7,10 and 15

(b) Shear stress

[V.6]
Q. ()= 4 [M, Q. ()+(2, 1)@, (9] = 2200, @, (90, (9]= 3@, 2. () +0, (]
Fo(X)
Q,(x)- ber bei'xz— bei ber x X.
Q (¥) =a—2° F() P Fo(X)=QsQ,(X)+Q;(x) with: v, beix —ya/lber'x
Q (%)= Z

Note: At TS periphery (x=Xa) Qu(X,)=0 Fo(X)=1 = Q(X,)=V,:
QB (Xa ) _ 1 Q a r a a
the boundary condition is satisfied.

The shear stress in the TS, averaged throughout TS thickness, is given by:

(=200 S (R
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f0=5. FROR| [Ro(1)=0.Q,()+Q, (4]

The maximum value of t(x) when x varies from 0 to X, is obtained from the maximum value Fq,max of
Fo(x). Fo(X) depends on parameters X, and Qs which are known for a given HE. A parametric study has
been performed, which enables to determine, for each couple [Xa, Qs]: Fomax = MAX [Fo (X)]

Annex Q provides for 1<X.<20 and -0.8<Q3<+0.8:
o values and graphs of Fo(x) for 0< x< X,
o values and graphs of Fo max
e |ocation of the maximum of Fg(X): Xmax

The maximum stress is obtained for: F, =|F, ., | = MAX D Fy (X)H

F o a,
. . . . Q
Maximum shear stress in the TS is written: 7. =—-— F, =MAX||F, (x
max 2,U h e Q U Q( )H
. o 1 D,
Shear stress at periphery is written: T=T(Xa)=—4 _h e as FQ(Xa):l

This formula does not provide necessarily the maximum shear stress as Fo(X) is not always maximum at
periphery. However, a parametric study has shown that the maximum of t(x) appears for values of Qs
and X, for which the TS bending stress o(x) controls the design.

TEMA rules provide the same formula, but use the equivalent diameter D, corresponding to the perimeter
of the outermost ligaments, instead of the equivalent diameter D, of outer tube limit circle. The equivalent

diameter D is calculated from the perimeter of the tube layout, Cp =7 DL andthearea A, = ~zD?/4
enclosed by this perimeter. This leads to DL = 4Ap /Cp

D, is always lower than D, and leads to a lower TS shear stress: = % =]

e

1
y7i
. 1 \(1) 4A
ASME 2013 edition has adopted that formula under the form |7 = — || = || —% |P,

h
If t<0.8S : P, < 3.2/13 S the shear stress does not control and t does not need to be calculated
L

8.5 Axial Membrane Stress in Tubes

Axial force F¢*(r) in tube row at radius r is obtained from [V.1a]:

V (r .
q(r):_m;z%JrAp Ap" =xP, — xR,

0 t

72



Copyright © 2014 by the American Society of Mechanical Engineers.
No reproduction may be made of this material without written consent of ASME. (&%

PTB-7-2014: Criteria for Shell-and-Tube Heat Exchangers According to Part UHX of ASME Section VIII
Division 1

Vi (%)= ﬂ,\Tg [Ap*—q(x)} with [VIIL1] q(x)= Xzﬁ [Qs ZW(X)+Zd(x)] P=F(x)P
F (%)
Gt(x):Vt§X):7;a; [Ap"~F(x) P, ] with [111.2.b1] Klaos - iXs
1 . 2
o (X)=1— A -F(x)R]l |Re)= X2 [Q,2,(x)+2,(x)]

oi(X) is either positive (tubes in tension) or negative (tubes in compression). The extreme values
(maximum and minimum) of o¢(X) must be determined to obtain the maximum stresses in the tubes.
These extreme values of o¢(x) are obtained for the minimum Fymin and maximum Fymax Values of Fy(x):

Fn =MIN[F (X)] R =MAX [F, (x)]

Annex O provides for 1<X;<20 and -0.8<Qs<+0.8:
o values and graphs of F(x) for 0 <x< X,
e values and graphs of Ftmin and Fmax
e locations of the minimum and maximum of Fi(X): Xmin and Xmax
o values of F(X,) and Fq

The minimum and maximum of o¢(X) are given by:

1 1

0y = (XP=%P)=RFRm | |owe =" [(XP=%PR)~PF ]

X — X X — X
If tubes are in compression (ot1 Or o1 negative), special consideration must be given to their load carrying
ability, which could lead to failure by buckling if a substantial number of tubes were above their buckling
limit.
See Annex R which provides the allowable buckling stress limit for tubes.
Note: The general of a¢(x) can be written, using the general formula of q(x) given by [V.4]:

(=25 [M, 2, (0+(2,%) 2, ()]

1 X:

o ()= {A P’ - Z{Mazw(xﬁ(aova)zd(x)ﬂ M =2V, i+,

XX a;

3,

[A]l=(a,V.)Q Z,, (x)+Q, Z,,(x) +(a, V) Z4(x) = ZPE I:Zd (x)+Q, Z,,(x) ]"‘Qz Z,(x)

a0t [ ez m) Sz

This equation can be used whether P<£0 or P.=0. However, it does not permit to determine the minimum
Ftmin @nd maximum Fmax Of F¢(x) using the parametric study of X, and Q, to obtain the curves Fymin and

Frmax @s a function of X, and Q.
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8.6 Stresses in the Shell

(a) Axial membrane stress
2 . D+t
(R-R)+SR a="

2 2
_ao

2 2 2
[VI'Za_B]a;Vs:aova_'_%R+%P5:aova+as 2

e axial force in the shell:

S a8
Vs= 233 +Z(psz_l)(Ps_Pt)+2as Pt [Viil.6a]

e axial membrane stress in the shell:

V. a, a

S

N CE AT G [l Cea ek

1t term is due to the equivalent pressure P. acting on the tubesheet
2" term is due to the pressures Ps and Py acting on the unperforated ring
3 term is due to the end load pressure P; acting on the channel head

Note for the other types of HEs:
U tubes HE: P, =P, — P, (see PART 5)
2 2 2
&, 2 a R a
Oy ="—""—"—+— P-P)+ = P
(D, +t) p(R-R) (D, +t)t, (D, +t)t, °
2
O =7 P,
™ 4(D, +t)t,
Immersed floating head: P, =P, — P, (see PART 4)
DZ
Gsm = : Ps
™ 4(D,+t)t
In both cases the classical cylinder formula is obtained.
Externally sealed floating head: p = (1— p2)P, — B, (see PART 4)

2

2
Oy :(DSTT)J@"’?’PS ~R+(p2-1) R ~(p2-1) Pt]+(Dsf—ts)ts R=0

There is no axial force acting in the shell of an externally sealed floating head
Internally sealed floating head: P, = (1— o7 ) (P, —R) (see PART 4)

a a’
L T S

D? . . . .
o,, =————— P, The classical cylinder formula is obtained.
™ 4(D, +t)t,
(b) Axial displacement of the shell
1V,

For the half-shell of length | [IV.2e]:  Oqora = ——=—
I E

+8,(6,)+6,(v,)+6,(R)
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1V ID?P 7 D?-D?
55TotaI=—S+|asm(Tsm_Ta)_ = Vs+_¥a
’ J Egt, ‘ ’ 2ES(DS+tS)tS 16 K,

For the shell of length L=2I: AS =2 55T

2
s = Vs+Lasm(Tsm_Ta)_ LDS PS Vs
JEt, maA 2E, (D, +t))t,

1 term is due to the axial force Vsacting in the in the shell

2" term is due to the displacement of the shell subjected to the mean temperature Tsm
3 term is due to the effect of the Poisson’s ratio vs of the shell

4" term is due to the pressure Ps acting on the sidewalls of the expansion joint

(c) Bending stress
The bending moment Ms in the shell at its connection with the TS exists only when the shell is

integral with the TS (configurations a, b, ¢). As explained in Annex J, the shell must have a minimum
=1.8,/D, t adjacent to the TS.

D? -D?

S

A S
KJ

T
+ —
8

length |

s,min

[VI.ia]: M, =k, (1+t§5j 0. +(kS B, 55) P with 6= 0. given by [V.5]:

0,= 2 [M. 2, (2, V) 2, )= B [(3 V) (2,+Q Z,)+(Q; zm>]=12(51*]5)a°{a§Pe(Z”QlZmHQZZm)}
6(1-v?)(a, Y 2
U " )% il VI1I1.6b
‘9a E* (hj |:Pe (Zv+lem)+a§(Q2 Zm):| [ ]
M, =k {1+ 5 —6(1_1;2)[&0)3 P2, +QZ,)+5(Q 2,) [+(RA.6) | t=hg
s S 2 E* h e \Y 1 " m ag 2 Tm s s “s s s

Bending stress o, is written: Oy, = 6t—2S

S

6(1-v" g
Osp =tE2ks {ﬁs 55 Ps + (—:/) (ﬁj (l—i_h_zﬂsJ {Pe (Zv +Q1 Zm)"’?(QZ Zm ):|} [VIIL6¢’]

E h

Note 1: If P, =0 the equation can be written as a function of Qs:

P (24Q Z,)+5(Q, 2) =P {zﬁzm {Qﬁ% Z, Qz}}= P (2,+Q2,)

0 e
Note 2: In Section 6.1(a): O, =—— (l——sj =——-=
E t, 2 E.t, 2 Eft,
The equation used by SOLER [9] in his book, page 429, looks more general:

2 2 2
t

5SAS: % —Vs asz ﬁz % —Vs % _so-sm
Es ts Es ts Ps Es ts Es ts Ps Y
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where V is the axial force acting in the shell, which leads to: oy, :t_s

S

as Gs,m

In page 447 the term v, — ——is neglected as osm is not yet determined. However that term is
S S
reintroduced in the final equation giving osp, Which is not correct.

If the classical shell formula is used for osm: O, = i P

sm 2tS s
2 2 2
525 is written: o = % —v, 3 -5 1% =0,
° E t 2E;t, E .t 2
8.7 Stresses in the Channel
(a) axial membrane stress
Integral channel (configuration a): Gasketed channel (configurations b, ¢, d):
a & a —&
¢ 2 2
2 2
4 g R 2 T g R 2
2 a; 2 a;
Gc,m = = Pt Gc,m = = Pt
7 (D, +t)t, (D, +t,)t, 7 (D +t)t, (D, +t,)t,

|

| |

[ [
V Channel head V Channel head
LSS v

yd

T T

—_—
—_—
—_—
_—
-U—‘-
—_—
—_—
—_—
Channel

)
o
1 o
||
.
N
f Channel

- ac= Gc/z e
| — i
tc P,

General formula: o, ,=————FP
o ( DC + tC ) tC t

(b) Bending stress
The bending moment M in the channel at its connection with the TS exists only when the shell is

integral with the TS (configuration a). As explained in Annex J, the channel must have a minimum

length 1. i, =1.8/D, t, adjacent to the TS.

[VI1b]: M_ =k, (H%J 0, +(k, B, 8,) P, with: 6. =-6, and ¢, given by [VII.7b]

M, =k, {[N—]M[—j [a ez 2@ zm)}m P @)}t; g

2 E h
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_6 6(1—v") (a,Y'(,, A 2
O-c,b_Ekc :Bcé‘cpc_?(Fj (l+ 2 j Pe(ZV+lem)+a_§(Q2 Zm)
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9

9.1

DETERMINATION OF THE ALLOWABLE STRESS LIMITS

General Considerations

The tubesheet rules of Part UHX are intended to generally follow the stress classification of Appendix 4.1
of Section VIII, Division 2 [11] for primary and primary plus secondary stresses. The scope of Part UHX
does not include any consideration of peak stresses or any requirements for fatigue.

(@)

(b)

Design (pressure) loading cases

The bending stress resulting from a pressure loading in a flat plate is a primary bending stress. Any
yielding of the plate material results in a permanent deformation, and the deformation may continue
to occur until the plate fails (or the deformation is so large that the plate cannot perform its intended
function). When the tubesheet is extended as a flange, the loading generated by the bolting moment is
considered primary. Thus, primary bending stress limits are appropriate when considering the
tubesheet bending stress resulting from pressure loading acting alone or in combination with the bolt
loading when applicable, i.e. the so-called “design pressure loading cases”.

The stresses in the shell and channel are somewhat more complex to categorize. The axial membrane
stresses in the shell and channel remote from the tubesheet resulting from pressure loadings are
primary.

The bending stresses at the shell-to-tubesheet junction and the channel-to-tubesheet junction result
from restrained differential motion at these junctions. As such, these bending stresses have the basic
characteristic of a secondary stress. However, a very important distinction has to be made regarding
the status of these stresses, based on footnote 2 of Table 4-120.1 of Section V11 Division 2 [11] . If
the discontinuity bending moment at the edge of a flat plate is required to maintain the bending stress
elsewhere in the plate to within its allowable stress the shell/channel bending stress is classified as
primary bending and should be limited to the primary bending stress limit.

Accordingly, when an elastic stress analysis includes the rotational stiffness of the shell and channel
in determining the tubesheet stress under primary loading, the discontinuity bending stress should be
categorized as primary bending stress and be limited accordingly.

However, there may be instances where the design needs not consider the full strengthening effect of
the shell/channel. For example, if one choses to not include the stiffening effect of the shell and
channel for the tubesheet analysis, the shell and channel bending stresses could be correctly
categorized as secondary and be limited according to the secondary stress considerations.

Or, if the shell/channel bending stresses resulting from pressure/bolting loads do not satisfy the
primary bending stress limits, then full credit cannot be taken for the stiffness of that component. In
such a case, it is deemed appropriate to apply a "knockdown" factor to the stiffness of the shell or
channel component by reducing its modulus of elasticity. The "knockdown" factor used in the UHX
“Elastic-Plastic analysis” is based on evaluations of the extent of strengthening offered by the fully
plastic moment at the shell and channel junction when the primary bending stress limits are not
satisfied.

Operating (pressure + thermal) loading cases

The stresses resulting from the temperature difference between shell and tubes (operating pressure +
thermal loading cases) are secondary in that they are self-limiting. The code limits on secondary
stress are derived to accomplish "shakedown” to elastic action". UHX rules consider the tubesheet,
shell, channel, and tube stresses to be secondary stresses under the action of thermal loads.

Note: It has been a long, standing practice of TEMA to divide the loads resulting from thermal
expansion by a factor of two, including the tube loads. Thus, the TEMA allowable tube tensile stress
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for thermal loading cases is effectively increased by a factor of two. This practice has not led to any
noted problems or deficiencies in allowed tube loads, and this practice is continued for the Part UHX
rules for allowable tensile stress when considering thermal load conditions.

9.2

Allowable Stress Limit in the Tubesheet

The bending stress ¢ due to pressure loading (design loading cases) is a primary bending stress
(Pb) to be limited to 1.5S.

The bending stress due to pressure + thermal loading (operating loading cases) is a secondary
bending stress (Q) to be limited to Ses.

The shear stress is limited to 0.8S, as this is the practice in most codes (TEMA, CODAP, EN)

Allowable Stress Limit in the Tubes

The axial membrane stress o: due to pressure loading (design loading cases) is a primary

membrane stress (Pm) to be limited to S:.

The axial membrane stress due to pressure + thermal loading (operating loading cases ) is strain

induced and therefore a secondary stress (Q) to be limited to Sps;

However, this limit has been lowered to 2S; for two reasons:

1) If the stress level in the tubes is too high, it may happen that a substantial number of tubes fail
and that the tube bundle could not sustain the required loading, especially for tubes in
compression.

2) Consistency must be ensured with Appendix A, which limits the maximum axial load in the
tube-to-tubesheet joint to 2S..

If the tubes are under compression, tube buckling may restrict the tubes load carrying ability. This is true
for either pressure or thermal load conditions. Accordingly, no distinction is made between primary and
secondary allowable compressive loads in the tubes.

The tube axial stresses are limited to the maximum buckling stress limit S, determined in Annex R.

9.4

Allowable Membrane Stress Limit in the Shell

The axial membrane stress osm due to pressure loading (design loading cases) is a primary
membrane stress (Pm) to be limited to Ss.

The axial membrane stress due to pressure + thermal loading (operating loading cases) is strain
induced and therefore is a secondary stress (Q) to be limited to Spss.

If the shell is under compression, the axial stress must be limited to the maximum buckling stress limit
Ssp determined by applying UG-23(b).

9.5

9.6

Allowable Membrane + Bending Stress Limit in the Shell

The membrane + bending stress os Of the shell at its junction to the tubesheet due to pressure
loading (design loading cases) is a primary bending stress (Pp) to be limited to 1.5S;. If this limit
is exceeded, an elastic-plastic analysis may be performed as mentioned in Section 9.1a.

The membrane + bending stress due to pressure + thermal loading (operating loading cases) is a
secondary stress (Q) to be limited to Sps;s.

Allowable Membrane + Bending Stress Limit in the Channel

The same rules as for the shell above apply.
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9.7 Conclusions

The analytical method is based on the concept of the TS replaced by an equivalent solid plate resting on
an elastic foundation to which the classical discontinuity analysis is applied.
The analytical development enables to determine:

e atany radius r of the TS, the deflection w(x), rotation 6(x), net effective pressure g(x), bending

stress o(X), shear stress t(x)and axial stress in the tubes ot(Xx), where x = r:‘f k, /D" . Their

maximum has been obtained thanks to a parametric study performed on the two dimensionless
coefficients X, and Qs of the HE.
¢ in the shell, the axial force and resulting axial displacement and membrane stress, and the
bending stress at its connection with TS and channel.
¢ in the channel, the membrane stress, and the bending stress at its connection with TS and shell.
The results obtained confirm the correctness of the design rules given in UHX-13.5.

Specific rules complete the UHX-13.5 design rules to cover:
e The effect of different shell material or thickness adjacent to the tubesheet (UHX-13.6)
The effect of plasticity at tubesheet-shell-channel joint (UHX-13.7)
The effect of radial thermal expansion adjacent to the tubesheet (UHX-13.8)
The calculation procedure for simply supported tubesheet (UHX-13.9)
The design of tubesheet flange extension (UHX-9)
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10 ADDITIONAL RULES

10.1 Effect of Different Shell Thickness and Material Adjacent to the TS (UHX-
13.6)

(a) General: When the shell is integral with the TS (configurations a, b or c), if the stresses are above
their allowable stress limits (i.e. 6s>1.5S; for pressure loadings or os>Spes s for thermal loadings), the
calculated stresses can be reduced by thickening the shell adjacent to the TSs. As explained in Annex

J, the shell must have a minimum length adjacent to the TS of |, ... =1.8 /D, t, .

s,min

Accordingly, the shell must be thickened over a minimum length I, ., =1.8, st,l t,, adjacent to

the TSs. The thickened TS sections should have the same thickness ts1 and the same material to
comply with the assumption that the HE is a symmetrical unit (see Section 3.4a).However the
thickened lengths |1 and 1’1 adjacent to each TS can be different. The material can be different over
these lengths with modulus E 1 and thermal coefficient osm,1 .

Additional notations are as follows, using subscript 1 for the quantities linked to the shell thickening.
See Figure 26

Es1= modulus of elasticity for shell material adjacent to tubesheets at Ts
I, 1.’=" lengths of shell of thickness ts1 adjacent to tubesheets (12> Ismin1 11> Ismin,1)
Ds1= internal shell diameter adjacent to tubesheets
ts1= shell thickness adjacent to tubesheets
Ss1= allowable stress for shell material adjacent to tubesheets at Ts
Sys1= yield strength for shell material adjacent to tubesheets at Ts.
Spss1= allowable primary plus secondary stress for shell material at Ts
Osm1= mean coefficient of thermal expansion of shell material adjacent to tubesheets at Tsm
L
Configuration L Configuration
ab,orc —~ a, b,orc
¢, L-t~&; I

3 o

A

} to B

— e
e

v

/

or
A

®s,m Csm
Es,‘l Es

Tubesheet 0 ?\\_L/

Tubesheet

Figure 26 — Shell with Increased Thickness Adjacent to TSs

(b) Shell axial stiffness Ks* is determined from:

1 1 1 1
- = + +— where:
K Ks,0 Ks,l Ks,l

S
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7t (D, +1t)E

Ks,o = 3 ® s the axial stiffness of the basic shell section of length L =L—L—1

E . . .
K. = ' = is the axial stiffness of the shell section of length I,

. 7t (D.,+t..)E . . . .
K., = S'l( s S'l) >L s the axial stiffness of the shell section of length 1’

1 L, N L +1,
K: #t (D, +t)E, ot (D, +t,)E,
K = z .

L, l,+1,

+
ts (Ds + ts) Es ts,l (Ds,l + ts,l) Es,l

Ds1 + ts1 can be assimilated to Ds + t; for the following reasons:
e D;y1=Ds in most cases
e g1 issmall compared to Ds1 and can be replaced by ts
o calculation performed on Example E4.18.7 (see Annex V), using t;1=1.0 (instead of 0.625) and
I1=1,"=15.0 (instead of 0.0), shows that Ks* decreases from 8.866 to 8.860 (0.1 % difference)
when Ds 1+ ts1, is replaced by Ds + ts. There is no effect on TS stress ¢ and shell bending stress

Os,b.

. 7(Dg +1t,)
S=L-afnp+ L+,
t, E, t. E.
(c) Axial differential thermal expansion between tubes and shell is written:
7 = (T = TIL [ @ (T =T L + ey (T~ T 1) |

7/* = (Tt,m _Ta)at,m L— (Ts,m _Ta) [as,m (L - Il - Il) + as,m,l (Il + Il)J

(d) Design procedure is affected as follows:
Quantities concerned by the shell thickening are those which are involved by the TS-shell connection
and which involve Es, ts, Ks, or y. Accordingly:
o K must be replaced by Ks*, which affects Ks; and J.
o [, Ks, 8s and osm, s are calculated replacing ts with ts; and Es with Es,1.
e must be replaced by y*, which affects P,

Accordingly the formula is written:

If the material of the thickened shell section is different from the material of the current shell section,
use the allowable shell stress limits Ss; and Spss 1.

10.2 Effect of Plasticity at Tubesheet-Shell-Channel Joint (UHX-13.7)

(1) General: If the bending stress in the shell at its junction to the tubesheet exceeds 1.5Ss (i.e. yield) for
the pressure loadings only, then some type of plastic hinge is developed. The elastic analysis
accounts for the edge moment, based only on discontinuity considerations. It does not recognize that
the fully plastic moment can never be physically exceeded. Thus the amount of edge restraint that
reduces the stress in the center of the tubesheet will be overestimated as the plastic hinge increases.
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)

®3)

Taking that into consideration through an elastic-plastic analysis, Note (2) of Table 4-120.1 of ASME
Section V11 Div.2 classifies the shell bending stress as a secondary stress (Q) to be limited to Sess.
Thus the membrane + bending stress o5 Of the shell at its junction to the tubesheet due to pressure
loading (design loading cases) can go up to Spss, provided that an elastic-plastic analysis is
performed.

When the shell/channel bending stresses resulting from pressure loads do not satisfy the primary
stress limit, then full credit cannot be taken for the stiffness of that component. In such a case, it is
deemed appropriate to apply a "knockdown" factor to the stiffness of the shell or channel component
by reducing its modulus of elasticity. This will increase the rotation of the joint up to a value
obtained when there is no more support from the shell and channel loading, to the extreme case of a
simply supported TS which is covered in Section 10.4. The "knockdown" factor is based on
evaluations of the extent of strengthening offered by the fully plastic moment at the shell and channel
junction.

In 1985, Soler [13] proposed to use a reduced modulus of elasticity Es* for the shell (and Ec* for the
channel) based on the degree of overstress in the shell: E: =E, (S: / O's,b) where S¢* is the allowable
stress limit. This formula has been modified for use in U-tube TS HEs (UHX-12);

E. =E,, fs: / o, . The same formula applies for the channel, using subscript c.

Series of elastic-plastic finite element calculations have been performed in 1990 by Soler [14] on a
short cylindrical shell to improve this straightforward formula for fixed TS HEs. The results enable
to determine a reduced modulus of elasticity Es* which gives the same rotation obtained by the elastic
solution at the TS-shell-channel joint:

E. =E, [1— f(o,, /SS*)} where function f(c,, /S.")=0when &, =S

and increases whengo,, >S.".

UHX formula: The above formula has been refined later, using additional elastic-plastic calculations
as follows.
. * Gs b . * Gc b
Fortheshell: E; =E |1.4-04"—> For the channel:  E’ =E_ [1.4-0.4—;
SS SC

The reduced effective modulus has the effect of reducing the shell and/or channel stresses obtained
from the elastic calculation. However, due to load shifting, this usually leads to an increase of the
tubesheet stress. Accordingly, this simplified elastic-plastic procedure can only be performed when
the TS stress obtained in the elastic calculation is below the allowable stress limit 1.5S for pressure
loading.

The maximum allowable bending stress limit in the shell and channel for design loading cases 1, 2, 3
and 4 is defined as:

e (5] oo (2]

Above this value, which is more or less the yield stress, the shell and channel start to yield.

UHX procedure is given hereafter for the shell. It applies to the channel, using subscript ¢ instead of
S.
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>S' = E <E,

(1) The procedure applies when |0

ES *
<S; = E; >E, are covered by the

normal elastic procedure and are out of the scope of the elastic-plastic procedure. Therefore Es*
formula can be written:

* US
where |fact, = MIN||1.4—0.4=21| (1)

S

= SPS,s = 28

(2) Quantities affected by the elastic-plastic procedure are those which are involved in the TS-shell-
channel joint and which involve Es. Accordingly:
o ks affects As, which leads to new values for F, ®, Q1 Qz1,Qz,U ; Pw,Pim,Pe ; Q2
Qs, Fmand finally the tubesheet bending stress o.

e 3 is not affected because it is used only in @, = p, S.K.0, (1+ hﬁs) in which E; is cancelled
out by the product Ksds.

k *
=Ss =E,=E, orwhen

Cases where |0, Ogp

*

*
Facts varies from 1 when |0 | = S, 10 0.6 when Osp s -

If |6| < 1.5S, the design is acceptable. Otherwise, the HE geometry must be reconsidered.

For Example 3 given in Annex V, the results for the elastic calculation are as follows for controlling
loading case 2:

Stiffening coefficient ®=9.0, 6=23084<1.55=23700, 6s=30035>1.5Ss=23700, but lower than
Sps,s=47400

Similar results for the channel.

For the elastic-plastic calculation: the stiffening coefficient @ decreases to 7.6, and ¢
=22205<1.55=23700.

In this example the elastic-plastic calculation leads to a decrease of the TS stress. In most cases it is
the opposite, where the elastic-plastic calculation increases the TS stress.

10.3 Effect of Radial Thermal Expansion Adjacent to the Tubesheet (UHX-13.8)

When there is a significant temperature gradient at the TS-shell-channel joint, it may be necessary to
account for the resulting radial differential thermal expansion at the joint. This occurs when the TS is
integral with the shell (configurations a, b, ¢) or the channel (configuration a).

Additional notations are as follows (see Figure 27):

T' = tubesheet metal temperature at the rim

T. = channel metal temperature at the tubesheet

Ts' = shell metal temperature at the tubesheet

o = mean coefficient of thermal expansion of tubesheet material at T
OCIC = mean coefficient of thermal expansion of channel material at T;

5 = mean coefficient of thermal expansion of shell material at T
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ac »~ Channel
.
— %o - T Z
| | } o™= (To + TR)2
PERFORATED TS % RING
! TS YT (T + Te)l2
as T's
- o
ts—-r -
" Shell

Figure 27 — Temperature Gradient at TS-Shell-Channel Joint

T 4T, +T,
Average temperature of the unperforated rim Tr: T, = %
Average temperature of the shell Ts* and channel TC* at their junction to the tubesheet:
™ :Ts + T, ™ :TC + T,
) 2 ‘ 2

] * ]
Radial strain of the shell due to Ts* and Tr: & =a ( TS —Ta) - ( T, —Ta)

The radial displacement of the shell is given by: w_(P") = a, &, Which can be written in the same way
as ws(Ps) given by [A-VI.1a-1]:
2

. a’ v
w, ()= (1—ﬁjP5:55Ps with &, =—= (1__3)

E. t, 2 .t 2
—_—
1)
S
a? E.t a’ ., E.t
W, (P)=———"¢ =6, P with |5,=——| and B’ =——¢
s( s) ES ts as s S,0 's S,0 Es ts S as S
H_J
00 P’
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The total radial displacement of the shell ws given in VI1.1a accounting for w, () becomes:

W= Moy )= 2 M sp s
B K kﬂ B K, kﬁ

[ ER

with: [P, as[ (T T) (Tr_Ta):|

Thus 55’0 PS* must be added to 5SPS in each equation where 5SP sappears.

The total radial displacement of the channel w. is written in the same way:

Wc — ?C C
Bk kB

c /7¢C

with: |P; —Eat[ (T T) (Tr_Ta):|

C

Thus EC’OPC* must be added to 5 P, in each equation where 5CPC appears.
Equation [VL.2b’] giving the moment of the ring becomes:

3
RM, =—a, M, +aV, (5, -1+ R, 2 (0 1) (o, -1)] P

INGE

[(p.=1) (02 +1)-2(p,-1)]
_[a; k. {l+tg +£]+ a_k, [1+té +£H 6, +a,[w, P, —w, B]+a, [a)co P -a, PS*]
2 2 ' '

where: (@ = P4 B K O (1+ h :Bs) Do = Pe B. K, 5c,o (1+ h ﬂc)

Equation giving Prim in VI1.2 is written:

U [a? 1 u
Prim Z_a_§|:7 |:(p52 _1) (ps _1) Ps _((pcz +1) (pc _1)_ (ps _1)) R::|_+a_§[ws Ps — @ I:2:]
U
A term P, must be added to Prim: [P, = g(a) P’ — W, P’ )
0
. . ‘] Kst
Accordingly the equivalent pressure Pebecomes: |P, = ———— [P P +P,+P, +P;, +P, ]
1+J K, F,

(a) Ps wc Pc) (a)s,o Ps*_wc,o PC*)+(W* }/bj

2
1+ Z,

Coefficient Q. becomes: Q,=

os,p and ocp become:

6 L B6(1-v?)ra ¥ n 2
Us,b:t_zks ﬂs(5sF)s+5S,ol:)s)+(E—*)(_oj (14_%) Pe (Zv+zm Q1)+¥ szm

S
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6 ~ 6(1-v?)a (. h 2
Gc,bzt_zkc ﬂc(é‘cpc—’_é‘s,opc)_%(_oj (14_%) Pe (Zv+zm Ql)+¥ QZZm

h

C

10.4 Calculation Procedure for Simply Supported Tubesheets (UHX-13.9)

(@)

(b)

(©)

General: There are instances where the design does not need to consider the full strengthening effect
of the shell/channel when they are integral with the TS. A Code Case was issued in 2005 to answer
the concern of a HE manufacturer for externally sealed floating head HEs designed by TEMA. Use
of UHX rules would need to increase significantly both the thicknesses of the floating TS and the
attached channel, which is not always possible due to diameter and layout constrains. The Code Case
proposed to consider the TS as simply supported.

If one chooses to not include the stiffening effect of the shell and channel for the tubesheet analysis
when they are overstressed, this assumes that a plastic hinge has formed at the TS-shell-channel
junction. Accordingly, the shell and channel bending stresses can be categorized as secondary and be
limited according to the secondary stress limitations.

These considerations are a limit case of the elastic-plastic considerations of X-2, using for the shell
and channel moduli of elasticity reduced to zero. Accordingly, the design procedure is similar and
must be conducted in two phases.

Phase 1: Perform the normal calculation of the TS stress ¢ and its limitations. Calculate the shell and
channel stresses which are considered as secondary and must be limited respectively to Spss and Sps.
The shell and channel minimum length limitations Is min and Is min N0 More apply as the stiffening effect
due to the bending rigidity of these components will not be considered in Phase 2.

For Example E4.18.8 given in Annex V, the results are as follows for controlling loading case 2:
Stiffening coefficient ®=9.0, c =23084<1.5S=23700, os =30035>1.5S:=23700, but lower than
Sps,s=47400.

Similar results for the channel.

Phase 2: Ignore the bending rigidity of the shell i.e., from [V1.1a]: k=0 and s=0, which leads to
Ms=0. Same for the channel; k=0 and 6.=0. Then calculate the TS stress ¢ for pressure loading
(design loading cases) and check that 6<1.5S.

For Example 3, the stiffening coefficient ® decreases to 0.14, and ¢ =15170<1.5S=23700 o
=1561<1.5S,=23700

As already mentioned above, the same result would be obtained by imposing Es*=0 and Ec*=0 in the
elastic-plastic method.

In this example the simply supported calculation leads to a decrease of the TS stress. In most cases it
is the opposite, where the simply supported calculation increases the TS stress.

10.5 Tubesheet Effective Bolt Load (UHX-8)

Tubesheets with flanged extensions are affected by the bolt loads in two ways:

- externally (at the flanged end). The design of the tubesheet extension is covered in 10.6

- internally (in the perforated region). The application of the bolt load for a fixed tubesheet exchanger is
more complicated than for a regular flange.

The technical basis for the effect of that load on the perforated region is investigated in detail in Parts 3, 4
and 5.
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For some loading cases, the bolt load is a secondary, self-limiting load. As an example, when considering
Loading Case 2 (shell side pressure only) for a configuration b geometry, the bolt load only produces a
secondary effect in that it does not directly resist pressure, and if the tubesheet-flange deflects
sufficiently, then the bolt load may be totally relieved.

Likewise, for those loading cases where the bolts directly resist the pressure load, the bolt loads used for
the design should be consistent with Appendix 2, which requires that the gasket seating bolt load be used
to check the flange at ambient temperature for protection against damage due to over bolting.

The "primary" bolt load, W is used in Appendix 2 for designing the flange under operating conditions.
In order to be consistent with Appendix 2, Wm must be used as the bolt load for loading cases where
primary stresses are determined i.e. Pressure Design Loading Cases.

Pressure and Thermal Operating Loading Cases require consideration of secondary stresses for which it is
appropriate to include the design bolt load from Appendix 2. A new term “tubesheet effective bolt load
W* > _is introduced in 2013 Edition and selected from a new table UHX-8.1 where the designer can select
the appropriate bolt load to be used for the respective Configuration and Loading Case combinations that
accounts for the above considerations. So, part UHX is consistent with the philosophy of Appendix 2 bolt
loads.

Table UHX-8.1

TUBESHEET EFFECTIVE BOLT LOAD, W*

Loading Case
1 2 3 4-7
Configuration

a 0 0 0 0
b Wmlc 0 Wmlc Wc
C Whic 0 Whnie W;
d Wmlc Wmls Wmlmax Wmax
(5] 0 Winis Winis Ws
f 0 Wmls Wmls Ws
A 0 0 0 0
B Wmlc 0 Wmlc Wc
C Wmlc 0 Wmlc Wc
D 0 0 0 0

Where:

W, = channel flange design bolt load for the gasket seating condition

W; = shell flange design bolt load for the gasket seating condition

Winax = MAX [(We), (W5)]

Wmic = channel flange design bolt load for the operating condition

W = shell flange design bolt load for the operating condition

Winimax = MAX [(Wmlc), (Wmls)]

W = tubesheet effective bolt load selected from Table UHX-8.1 for the respective Configuration and
Loading Case

10.6 Tubesheet Flange Extension (UHX-9)

(a) General: UHX-9 provides the rules to determine the required thickness of flanged TS extensions
when bolt loads are transmitted to them (configurations b, d, e and B) and to flanged and unflanged
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TS extensions when no bolt loads are applied to them (configurations ¢, d, f and C). The rules in
UHX-9 are not applicable to Configurations a, A and D.

The required thickness of the flanged TS extension calculated in accordance with UHX-9 may differ
from that required for the interior of the TS calculated in accordance with UHX-12, UHX-13, or
UHX-14.

Figure 28 depicts thickness h, for some representative configurations.

\'_/_\:‘_’J |

! i I

l ! i [
T |

- wilL he G i
[ F— - I
M [ |
7 | Lo

J |

| !
|

|

|

Figure 28 — Tubesheet Flanged Extension

(b) Flanged TS extension with bolt loads applied:
The moment acting on the TS flanged extension is written:
M =W h, =W %

The bending stress in the TS flanged extension is written:
_6M _6WhG _1.91WhG

TGN 2GH  GN

and is limited to the allowable TS stress.

For the gasket seating condition, the minimum required thickness of the tubesheet flanged extension,
hy, is obtained for ¢ =Sa:

1.9Whg
he = /—
S,G

A similar formula must be applied for the operating condition (W=Wm1, S). Accordingly:

= MAXNl.gvva - [EWishe }

S,G SG

For design conditions, W = Wp: from equation (1) of Appendix 2, Section 2-5(c)(1) [10] .
For gasket seating condition, W = W from equation (5) of Appendix 2, Section 2-5(e) [10] .
S = allowable stress for the material of the tubesheet extension at design temperature

Sa = allowable stress for the material of the tubesheet extension at ambient temperature
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(©)

(d)

Flanged and Unflanged TS extension with no bolt load applied:

For flanged Configuration d and for unflanged Configurations D and C having no bolt loads applied
to the extension, the shear load due to effect of pressure at the gasket ID must be considered. The
derivation of the shear stress equation is shown in Section 8.4(b). The minimum required thickness
of the extension, h;, shall be the maximum of the values determined for each design loading case as
follows:

h = PP

De = maximum of the shell and channel gasket inside diameters, but not less than the maximum of
the shell and channel flange inside diameters

Unflanged TS extension with bolt loads applied:

The calculation procedure for unflanged Configurations ¢ and f are not provided in UHX-9, but the
minimum required thickness of the extension, h;, shall be calculated in accordance with ASME
Section VIII, Division 1,Mandatory Appendix 2, 2-8(c) for loose type flanges with laps.

W
\'.»"'T\ : 5
_}_ _' 1 B ' 5
l' - ™ 1 LI 1
i
: T
..L-;. I\_ ! ==
-- . —— -I \ I
t ; h, :
h, '
I
I
(a) Raised Face (b) Grooved for Ring Gasket

Figure 29 — Minimum Required Thickness of the Tubesheet Flanged Extension

10.7 HE Set-up with a Thin-Walled Expansion Joint (UHX-13.16)
The joint must comply with the rules of Appendix 26.

10.8 HE Set-up with a Thick-Walled Expansion Joint (UHX-13.17)

The expansion joint must comply with the rules of Appendix 5 which provides allowable stress limits.
The design of the joint may be performed using higher allowable stress limits, defined in Table UHX-17,
which allow the expansion joint to yield and decrease its stiffness. Accordingly, the HE must be re-
designed for design (pressure) loading cases using a zero expansion joint stiffness (K;=0).

The equivalent pressure P. must be recalculated using K;=0. Using Note 1 of Section 7.2:

P,

(1-3)[Di-D?]
2 D?

=R;U&Jvfwﬂgoarmgm+unf%q»y%@—n—
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Py =R [(IK, )1 (K,,)2(1-% v, +1]
Using J=0:

. 1| D 1| D
P=P|1-p?—| 2 p2||=p|1-2| =24 o7
S S ps Z{DOZ ps}} 5|: Z{DOZ ps}:|

P =R (IK )% +(IK,, )2(1-x I, +1] =P

X
1 - : 1 D?
P=—————|P,—-P, |=|P|1-Z| p"—=2||-P
T 143 K., Fql:s1 tl] s|: 2|:ps Dz}:l t
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11

HOW TO USE THE RULES

The calculation procedure can be summarized as follows:

Set the data listed in Section 3.2a

Calculate the design coefficients listed in Section 3.2b ( Xs,X: ; ps,pc ; Ksi; J)

Calculate first characteristic parameter X, and coefficients Q1,Qz ; ®s*,0c*

Calculate coefficients Qz1, Qz, U, the equivalent pressure Pe, and second characteristic parameter
Qs

Calculate the maximum stresses in TS, tubes, shell and channel and limit their values to the
maximum allowable stress limits.

Because of the complexity of the procedure, it is likely that users will computerize the solution. Annex V
provides a Mathcad calculation sheet for a fixed TS HE defined in PTB-4 Example E4.18.7. The
calculation sheet is divided in 2 parts:

Part 1 follows strictly the various steps (Steps 1 to 11) of UHX-13.5 calculation procedure.
Part 2 provides the equations developed in VIII, which enable to calculate:

at any radius of the perforated tubesheet: net pressure, deflection, rotation, bending stress, shear
stress

at any radius of the tube bundle: axial membrane stress.

at tubesheet-shell-channel connection: loads and displacements acting on the shell.

92



Copyright © 2014 by the American Society of Mechanical Engineers.
No reproduction may be made of this material without written consent of ASME. (&%

PTB-7-2014: Criteria for Shell-and-Tube Heat Exchangers According to Part UHX of ASME Section VIII
Division 1

12

CHECKING OF THE RESULTS

12.1 Comparison with FEA

(@)

(b)

General
SG-HTE proceeded to Finite Element Analysis to check UHX rules. Example E4.18.7 (configuration
a) given inAnnex V was selected for the comparison.

FEA was performed by Joel Gordon, member of SG-HTE, using ANSYS with plate elements for the

TS and shell elements for shell and channel. The results are in full agreement with results obtained by
Tony Norton, member of SG-THE, using a KSHELL analysis with maximum discrepancies less than

5%.

So as to reflect the UHX assumptions as closely as possible, FEA calculation was performed as
follows:
o The TS is replaced by an equivalent unperforated plate with an effective ligament efficiency
w* and equivalent effective constants E* and v*,

e The tubes are replaced by an elastic foundation of modulus k, = Nk, /(ﬂag) :

e The unperforated rim is narrow enough such that it tends toward a rigid behavior.

Results

(1) for tube axial stress o:(r), calculated from the TS displacements, FEA and UHX show very good
agreement, with discrepancies less than 5% at the center (r=0) and at theperiphery of the TS
(r=ao). The stress distributions throughout the TS track each other almost perfectly as shown by
the shape of the curves given in

(2) Figure 30 for design (pressure) loading cases 1, 2 and 3.
It must be noted that the curves meet at the same point (x =5.5; 6:=0).This surprising result is
demonstrated analytically in Annex S.

(3) For TS bending stress o(r) the comparison is not so good: the TS stress obtained by UHX is
significantly higher (by about 50%) than the stress obtained by FEA. SG-HTE is still looking for
an explanation for this discrepancy. This might be due to the unperforated rim, considered as a
rigid ring in the analytical treatment.
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Figure 30 — Comparison of Tube Stresses Calculated Per UHX and FEA (Example E4.18.7)

1425
1462
1499
1336
1573
1610
1330
935
18
-1011
2135

342
344
348
343
338
333
277
233
153
81
39

T UoISIAIG

[ Uon28S JINSY JO XHN Hed 0} BuIpi0ddy s1eBueyax3 1esH agn L-pue-[ays 40} eLsild :y10z-.-91d



Copyright © 2014 by the American Society of Mechanical Engineers.
No reproduction may be made of this material without written consent of ASME. (&%

PTB-7-2014: Criteria for Shell-and-Tube Heat Exchangers According to Part UHX of ASME Section VIII
Division 1

12.2 Comparison with CODAP French Rules

(a) General
ASME and CODAP (French Code for Pressure Vessels — Part Design, Chapter C7.3 “Fixed TS HEs)
rules are based on the same analytical approach (TS replaced by an equivalent solid plate of effective
elastic constants E* and v*, tube bundle replaced by an equivalent elastic foundation, shell and
channel disconnected from the TS with relevant edge loads). In 1992 ASME and CODAP decided to
reconcile their rules so as to have unified rules: scope, notations, figures, TS configurations, loading
cases, ligament efficiencies, effective elastic constants, stress design formulas.

However additional assumptions have been maintained in the basic rules of CODAP (sections C7.3
devoted to Fixed TS HEs and C7.4 devoted to FL TS HESs), which simplify the analytical treatment:
e TSisassumed to be perforated up to the internal shell diameter Ds. Accordingly the
unperforated TS rim is ignored
o Treatment of the TS-shell-channel connection is simplified
e Effect of the bolting load (configurations b, c, d) on the TS is ignored. In return, the
maximum allowable stress is lowered down.
e TS radial displacement at shell-channel connection is ignored
o Effect of Ps and P; on shell and channel at their connection with TS is ignored

Note: In June 2012, new chapters C7.5 and C7.6, based on UHX-13 and UHX-14, have been
introducted in CODAP code as alternative rules to sections C7.3 and C7.4.
These simplifications, applied to the UHX method, lead to the CODAP formulas, as shown hereafter.
(b) Unperforated rim ignored: The TS is assumed to be perforated till the internal diameter Ds of the
shell. Therefore:
D0=D3=Dc = a0=as=ac = pszl pczl AzDOjK:A:l

0

2
Xais written: | X = X 24{/24 (1_V*2) N, % (%)

Xa, named X in CODAP, is the first characteristic parameter of the HE.

(c) effect of Ps and P on shell and channel at their connection with TS ignored
5.P=0 = 5,=0 o,=0 o/=0
S,P.=0 = 5.=0 w.=0 @, =0

(d) TS radial displacement at shell-channel connection ignored
w,=0 = M,=ko,
w,=0 = M, =ké,
Moment Mg acting at TS periphery is such that:
Mg =—(M,+M,)=—(k +k;) 6. =— K, 6;

%,_/

K

0

}MS +M, =k.0, +k 0, =(k +k)0. as 6,=0, =0,

_ K0 _ Ds ks + kc
kD" 2X D
CODAP considers the liaison of the TS with shell and channel as an elastic restraint:
e If Z=0:the TS is simply supported

The second characteristic parameter of the exchanger is defined as:
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e If Z =00:the TS is clamped

(e) Coefficient @

W=—D6’=O:t'=0:ﬂp=6DS o o
o2 s A | L 1-v 1-v* 6 1
O="——(A+4)="—=——(Dk,+ Dk, )= = (Dk, + D;k,)
h 6D, E h D
79 0=t =0=>4, = RS %G

Accordmgly. ® =X Z playstherole of Zin CODAP:
o If the plate is simply supported (no support from shell and channel): ®=0 in ASME , Z=0 in

CODAP
o If the plate is clamped (full support from shell and channel): ®=c0 in ASME , Z= in
CODAP
(f) Second coefficient Qs of the HE
* * 7b %
WP —-wP )+ >W
In ASME: Q, = (p 1)—(DZV o :( sts CC) [2” j Q=0+ 2Q2
1T 1+ 27, 2 1+®Z, U pal
In CODAP, these formulas become, with ps=1, ©*s=0, ®*:=0, W*=0:
- Z, Dz, (X 2)z,
[Ql]CODAP - m [QZ]CODAP =0 [Q3]CODAP =Q= 1+ Z,, B _1+(X Z) Z,
_ Q3 i
Q3 Z +7Z, X

The couple [X,Z] in CODAP plays the role of couple [X.,Qs] in ASME to determine coefficients Fq, Fi,
Fo and F.
(9) Equivalent design pressure

J K,
InASME: P, = ' [P ~P +P,+Ry+P;, +P,|
1+J K I:Q21 + (ps sz]
4
° 2 =(Z, Q+2Z4 )% Substituting [Q1]copar , Zw and Zg, it can be shown that:

Q, = |:Fq:| Thus, with ps=1:  1+J K, {Qu +(Ps —1) sz] =1+ KS{FJ
CODAP CODAP

2 2 2 2
) 42(1-x) | 2|y Tt DS e
K, D, JK,, 2JK, D

o o

with Ds=D, and ps=0:

- 2 1-3 D2
Ps: Xs+2(1_xs)vt+K Vs — 2IK :IP [ ]CODAP

st st

. Pt': Xt+2(1_xt)vt+%:|Pt:[F:':ICODAP
st
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N, K N, K
. F; =t 2t y = t ; ::}(W 7’::[ ]
7 a; 7R CODAP
u .
. |P, =—ZAW =0|  due to W*=0in CODAP
a  2rx
U -
o [Fin= P [a) P.-a, P] =0|  due to ©*=0 and ©*:=0 in CODAP.
0
U « . _
e |P= Y] [605 R -o R ] =0  due to ®s=0 and =0 in CODAP.
0

(h)

(i)

@)

Finally: |P, = ﬁ[P - Pt + P;/:| = [Pe]CODAP

TS bending stress
In ASME: F, (x) =2 (X)+(2?a Qn (%)

. . Z
Substituting Qv(x) and using: [ } =&
g Qu(x) 0| Qs s

it can be shown that: |, (x)=|F, (X)}CODAP and:

/(%) =[]

15F,

o, (x)= 2l
u

TS shear stress

nASME: Fo(x)=Q Q,00+Q,(M -1 2R me

The maximum shear stress is at periphery (x=X,), for which:

Q. (X,)=0, Q,(X,)=1 =F,(X,)=1

1 a,
2,u h e_[T]CODAP

Thus: |T=

Tube axial stress

s o) 0252

Substituting Zw(x) and Zq(x) and using {QJ __$2,
CODAP

1+¢ 7,

it can be shown that: |, (X)= [Ft (x) and:

:ICO DAP

1

t (X) = o [Ap* - I:t (X) Re] - [O-t (X)}CODAP
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(k) Shell stresses
(1) Axial membrane stress
2 2

% n Iz +(/052—1)(F’s—'°t)]+(L R

INASME: . =———©°
(D, +t, D, +t,)t,

In CODAP, that formula becomes, witha, = % and p, =1:

D;
Osm = m ( F.+R ) - I:O-Svm :ICODAP [X1.2.113]

(2) Bending stress

6 1_ *2 3
In ASME: M_, =k {ﬂs 5. P +(—:/)(& (1+ hzﬂsj{& (Z,+Q Zm)+§(Qz Zm):|}

E h

In CODAP, that formula becomes with, 3. =0 §,=0 a, = %

-0z
[Ql] = [QZ] =0:
CODAP 1 + CDZm CODAP
k. 1 (DY Z 6
Mgy = 2D (7 1+D 7 R= [Msxb :|CODAP s 2 M.y = [O-va]comp
m S
(I) Channel stresses
a’ D?
(1) Axial membrane stress: |0, =————P=—""—"—"—-PB = [o-cm]
" (D, +t)t, 4(D, +t,)t, ' -copap
6
(2) Bending stress is obtained the same way as for the shell: |0, = t_z Mc,b = [chb]comp
C

(m) In conclusion, all CODAP formulas have been retrieved, although they were obtained at a time
where there was no connection between ASME and CODAP committees. This tends to prove that
both methods are correct and coherent. This coherency extends to TEMA as shown in Section 12.3.
In CODAP, the ignorance of unperforated rim and bolting loads are the most important
simplifications and have a significant impact on the results. Other simplifications have a less
important impact.

Calculation of a HE by CODAP method can be obtained from a UHX-13.3 software, such as Mathcad
software shown in Annex V for Example UHX.20.2.3, by imposing the simplifications listed in
Sections 12.2(b) to (e) above.

Like ASME, CODARP results for tube axial stress o(r) are in good agreement with FEA results as
shown by Figure 31 which provides the tube stress distributions throughout the TS.
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dist.(in) CODAP1 CODAP2 CODAP3

0
2,063
4126
6,189
8.252
10,315
12,378
14,441
16.504
18,567
20,626

-1168
-1186
-1241
-1318
-1388
-1392
-1234
-792
41

1257
2562

1549
1570
1632
1719
1797
1799
1615
1107
155
-1229
-2700

381
384
391
401
409
407
381
315
195
29
-137

CODAP vs FEA Tube Stresses
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Figure 31 — Tube Stress Distribution Obtained by UHX, CODAP and FEA
throughout the TSfromr=0tor =ao

12.3 Comparison with TEMA Rules

(a) General: TEMA rules for fixed TSs have been developed by Gardner, based on its 1952 paper [2] .
The analytical approach is the same as for ASME and CODAP with several assumptions to provide
more simple rules. CODAP assumptions are used, plus additional simplifications. The TS is assumed
to be either Simply Supported (SS) (i.e. no restraint from the shell and channel) or Clamped (CL) (i.e.
full restraint from the shell and channel).

The original TEMA formula for the determination of the TS thickness in bending:

G [P . . . .
T =F —,|— is based on flat circular plates formula, which can be either SS:

2\S
8 [P 1nC
2\ o, 2
G

or CL:

=0.91—

\E if oy, =S
S
s

P
S
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TEMA uses the mean value F =1.0
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(b)

(©

TEMA uses the mean value F =0.8

h-FC 1:0.879\/E if o, =5
2\ o 2\S
:0.719\E if o, =155
2\'s

Ligament efficiency
That formula was modified later to introduce a ligament efficiency n based on the mean length of the

G f P
ligament |T =F EX Ik as proposed by Miller [3] (see Section 4.1 of PART 2):
n

&072 For Square pitch: 7 :1—0'L852
(p/d,) (p/d,)

Accordingly TEMA ligament efficiency n is lower than ASME ligament efficiency p*.

The new formula was set-up so that the value of T remains approximately the same for the triangular
pitch value n=0.42, obtained from the minimum pitch imposed by TEMA (p=1.25d).

TEMA simplifications applied to ASME-CODAP methods lead to the TEMA formulas, as shown
hereafter.

TEMA bending formula

ASME-CODAP formula for TS bending can be written using the TEMA format:

h [1.5Fm(x)D /pe ~ ,9><1.5Fm(X)D0 / P,
lLl* ° Oaw ﬂ*/ﬂ 3 N0 aw

In TEMA, the TS is assumed uniformly perforated up to the shell: D,=D; (noted G in TEMA for
fixed TS).

caw =S for design (pressure) loadings (loading cases 1, 2, 3 and 4), o =2S for operating (thermal +
pressure) loadings (loading cases 1, 2, 3 and 4)

For Triangular pitch: 7 =1—

Using n/u*=1.33, which is quite usual:

D ’P D P
h=\/12Fm(X)?S U_S=FCODAP?5 o FCODAP:\]lZFm(X)

nS

Thus, in CODAP-ASME the TS thickness depends strongly on coefficient Fn(X), whereas TEMA
coefficient F has fixed values. Figure 32 gives the variation of Fcopar as a function of X:

o when the TS is SS (obtained for Z=0 in CODAP).

e when the TS is CL (obtained for Z=c in CODAP).

TEMA considers the TS as SS when t/Ds<0.02 with F=1, and CL when ts/Ds>.05 with F=0.8. In
between TEMA uses a linear interpolation (see Figure 33).
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15+ : {1 F ?
PO o . c [P Foopap=q[12Fy (X) m% TEMA ]
13 TN T=F—\ oz CL 3
g 1 I I } [N ns 1.0(SS) 0.8 T
12 FF=1-l 1 Frema = {

A l 0.8 (CL) 0.02  0.08
Tl ,':ﬁ*:".\\ o Lel
1 —
0.9 ——} I T
08 I | N o o e e e e
0.7 41— R R 1 U5 G L A e 7 e I 3 e
P ,! T fﬂ 5 . A A B B
L ‘_‘} RS Smman N ]
o.4.,_...,.|._1.'\ T O e 2 m = ==
0_3_Iﬁﬁf] ‘ T L S 1 O O O .ﬁ‘ﬁﬁi
02 41— [ - 1 [ T SIMPLY SUPPORTED (SS)
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|copar
ASME
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] 1 ,*,. A e e i x‘ ‘ SR e *l" e
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Figure 32 — TEMA and ASME-CODAP Coefficient F for X Varying from X=0 to
X=20

Figure 32 shows that:
o for low values of X, (X, <3) TEMA rules generally lead to an unconservative thickness;

« for high values of X, (X, >6) TEMA rules generally lead to conservative thickness
o values of X, between 3 and 6, TEMA rules lead to tubesheet thickness that is close to

ASME.
Due to simplifications mentioned above, TEMA does not ensure an overall and consistent design
margin for all heat-exchangers. Accordingly, TEMA has imposed limitations on shell diameter Ds
and design pressure P:  Ds<60inch P <3,000Psi PDs< 60,000 Psi inch (see Figure 34).

1F
o “:;;':IW'I\—A
- r ) Cipgee clani
|
: L e 'I'IIM ""1,:'
Figure 33 — TEMA Coefficient F
AP(Pst) SN
—_ —”‘ - —_ < /l(\:\\
1000 e T e — -— " e Pgn -
NN
2500 " L
— 1\\‘}\
2000 " » \
TEMA = e
1500y N ~

design range

1000 S \ \

0 10 20 e Y 50 60 (il‘"lc'h)

Figure 34 — TEMA Design Range
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However, it must be pointed out that the value of coefficient F has been remarkably well chosen
as it represents approximately the mean value of coefficient F(X). Finally TEMA formula is
written:

he F D, |k _ F G |Pewa where: Peva 1S the TEMA effective pressure
3 \nS 3\ S G is the shell internal diameter D,

(d) TEMA effective pressure is given by: PTEMA = F{,TEMA - PS,TEMA + Pd TEMA | With:

1-J D?>-D?
| 043[15+K,, (1'5”5)]_?# 1+0.43K, , (L5+x,)
P _ S P ' _ . s,t )
s TEMA 1+ K, F, s Forew 1+ JK,,F, "
P — 4JE5t5 /L with AL = [as,m(Ts,m _Ta) G (Tl-m _Ta)] L= 7
d.TEMA (Ds,e -3t )(1+ IK,, Fq) ' D, . = external shell diameter = D, + 2t,

ASME-CODAP formula for equivalent pressure is written:
(3K, )P (K, )R +(IK,, )P,

P= ’ ) ’ :Psll_Ptll'i_Pl with:
1+ JK,,F, ¢
B 2v, 1-J] D}-D?
. (‘]Ks,t)Psl _(JKS’t)|:XS+2(1 Xs)VtJrKs,t 2K, D }P
14K F, 1+ K, F, ’
2 2
I[ KX +2K, (1=x ) v, +2v, —%%
= °—P Using v, =0.3 vy, =0.3and D, =D;:
1+ 3K, F,
PRY
0.4J[15+K,, (1.5+x,) —QLZDS K
P - ’ D; P=P P = st
sl 1+‘]Ks,t Fq S, TEMA S TEMA 1+ ‘]Ks,t Fq )
1
. (K 2(1- =
. (‘]Ks,t)P( _( s,t) X +2( ><t)vt+JKJP _J|:KS'[X‘+2KSJ(1—XI)V‘+1:|P Usi 03
*UTILK R, 1+ JK_F s 1+ JK_F v nguEEe
st q s,t q st q
. 1+0.43K,, (1.5+x,) o_p o K.,
1= =R, tTEMA — 7 4, — 't
o 1+ JK,, F, tooLTEA 1+ JK,,F,
cp (IK,, ) FiNK, . 43K, . 4JEL, (D, +t,) ¥
T+ IKF)rad "t (143K F)2D T (140K, F,)D? L
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D, +t D,. —t, 1 D,, 1 1 1 1 1

2 2 2
DY (D.-2t)" D 2t} Dufp 4t ), t ) Dufy_ 3t (D —3t,)
DS,E Ds,e DS,e DS,E

P 4JEt, Y 4JEt, —AL __p

(140K, )(D -3 ) L (140K, F,)(D. -3t) L ‘

P __Lp

CER 14 KR
Finally:

K, )P —(IK )P +(IK )P . . .
P = ( ’t) :f_'_ JKt) l; ( ’t) - = Ps,l - R,l + P;/,l = Ps,TEMA - R,TEMA - Pd,TEMA =—PFewa
sthq

(e) Coefficient X
- 2 6(1-v" 2
Xa=X=i/24(1—v*2)NtM[gJ :4%% N, (d, —t,) D j

E'Lh | 2 LAY
EStS (DS +t$)/ KS,I

Introducing the deflection efficiency:
, D’ E" 1-v° . 1-v? 12
n=—= - i which leads to: V = V , it follows:
D 1-v° E E En

6(1-v*) Et, (D, +t,) D? 6(1-1? 3
X,=X=4 ( ) (D, S)D—g Neglecting t, compared to D, :| X gya = 4 ( )4Ests D,
n+E LK h n* ELK, \h

s,t
(f) Coefficient Fq is given on Figure 35 as a function of X for SS (Z=0) and CL (Z=x) TS.
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Figure 35 — Coefficient Fq as a Function of X for SSand CL TS

N

a =—whentheTS is SS

2

o= T when the TS is CL

F, can be approximated as: F, =0.25+aX with:

F =1.0whenthe TS is SS

TEMA coefficient F equals: .
{F =0.8whenthe TS is CL

2
Thus, o can be written: & =(F —O.B)ﬁ and Fq is written:

Fq=0.25+(F—0.6)£§/6(1_vz) EL, (3J3=0.25+(F—0.6) 2#(1-v") Eg, (&T

0.8 n* ELK,,{h 4 0.8%n= ELK,,
, ,
A
For the determination of coefficient A, TEMA uses:
v=03 and n" =0.178 which leads to A=300 and:
300E.t, ( D,

3
F,=0.25+(F-0.6) —= Figure 35 shows that lowest value of Fqis 1. Thus:
ELK,, \ T

3
F, = MAX| (1),] 0.25+(F -0.6) JSOOEsts (&j
ELK,, \ T

(9) TEMA shear formula

CODAP formula for shear stress is written: 7 = ——_. D, . P, with 7<0.85

1
2u 2h
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Thus, the minimum TS shear thickness is written: h = 1 5. P
32u S °
ASME 2013 uses for D, the equivalent diameter D, of the tube center limit parameter, which leads

to:

031D, P
u S
(h) Tube longitudinal stress is calculated by TEMA at periphery of bundle:

Oio = L [(IDSXS_PtXt)_Fqu}

T=

X=X
with:
N,s, Nt (d -t) . .
[1.2.b1] X, —X = ﬁ;zt = ag a,=DJ/2 —F, =Rgy = Pt,TEMA - PS,TEMA + Pd,TEMA
0
F,D; xP.-xP : F,D; : P, . xP,
Oio = 4Ntt[q(dt _tl)|: : quXt + Pt,TEMA_Ps,TEMA+ Pd’TEMA}:ArN‘ttq(dt—tt) [Pt,TEMA_X;:qJ_(PS,TEMA_::qSJ_'— Pd,TEMA

o If 61,>0 (tubes in traction) o, is limited to 2S;
o If 61,<0 (tubes in compression) o, is limited to S; and to the maximum permissible buckling
stress limit Sy, named S¢ in TEMA.
. - . . D?
(i) Shell longitudinal stress is obtained from [ X1.2.11a]: o, =—————— (P, +R)
" 4t (D, +t,)

with: Dy =D+t and B =-PFgy, =P revs = Rirewa — Fizew

D?
= 5 |P-
Tsm 4t, (D, +t,) !

-0

t, TEMA + Ps,TEMA - Pd TEMA

0

Shell and channel bending stresses are not calculated.

12.4 Comparison with Circular Plates Subject to Pressure

The classical formulas of circular plates subjected to pressure for SS plates are:
r2 ]
(3+ 0)(1— ) 3+v
R? . |F®¥(0)==""2 atTS center (r=0
o, (x)=15 (ZR] (R-PR) with : © 16 (r=0)

F;LSEzr) n F®(R)= 0 atTS periphery (r =R)

for CL plates:
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r? oL 1+v
(1+0)=(3+v) o5 /oR Y F(0)= = atTS center (r =0)
o, (x)=15 T R (Tj (P.—P) with: )
cL _ =+ . _
Fel(n) F*(R)= i atTS periphery (r =R)

The following modifications must be applied to UHX-13.3 rules.

(a) No unperforated rim: {

(b) No holes and no tubes: ,u*

N =0 = &:1&:h:&:JMQ—W)M

aOZaS:R DO:DS = pS:]' a)::ws

a,=a,=R D,=D, = p =1 o =0,

-1 E'=E
2
o)

L =0V

Et tt (dt_tt)

E"Lh

Dy
2

When there no more tubes, there is no more elastic foundation and X,=0. For X,=0 several

coefficients are to infinity

(Zd, Zw, Qm, Qu,...). Accordingly, these coefficients will be calculated for X, — 0, as shown in

Annex F.

(c) Nobellows: K; =0 = J=

(d) No bolted flange: W*=0

KJ —
K, +K,
No differential thermal expansion: y =0

1

(e) No effect of Ps and P on shell and channel at their connection with TS:

|

(f) Calculation of Aand ®: A=D, :K:E:1:>CD:

From [VI1.3]:
1 D
Q= Z(l+u*)+(b
Q, =Q1+2LQ2 =Q ==
a, F,

SP=0 = 6,=0 o
SP=0 = 65,=0 o

=0 o =0

=0 w,=0

A 1-

0

Using Zw and Zy from Annex G:

(a):Ps—a):Pc)+(W}/bj
Q, = 21 _
? 1+®Z

i
4(1+u*)+CD
1 -0 2 | X!

X4
Q21 Z(Zle +Zd)7a =

4(1+u*)4(1+u*)+c1>+x_;‘

Using Zy and Zy, from Annex G:
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Xd 1 —P 1 |X5
szZ(ZvQﬁzm)?_L(Hu*)4(1+u*)+®+1+u*} 2 ¢
U :ZW+(pS_1)Zm x4 Z_wx4: 1 1 x4:

140z, 10z, 0410|1402, "
(9) Equivalent pressure is written:
P - 1
i"‘I:sz"(los _1)sz]
K,

o If the plate is simply supported (no support from shell and channel): ®=0 in ASME , Z=0 in
CODAP

o If the plate is clamped (full support from shell and channel): ®=co in ASME , Z=o in CODAP
(h) Coefficient Fr is written: F_(x)= Q,(x) +QsQu (x)

[P —P+P,+P,+P, ]

2
where Qu(x) and Qm(x) are given by Annex G when X, — 0:
1+v 1+v
Q.00 = g U)X,
27, 1+v 2
Xa
2
1+v 1+v y y
QV(X—>0):( )‘Pl: ( ! ) 3+v Xaz:3+1)
27, X, 1+v , 16 8
2 X
Coefficient Fr, at TS center is given by formula:
Fm(x—>0)=%+3+u _ 1 CI) +3+u
2 16 8(1+v")+d 16

Coefficient Fr, at TS periphery is given by formula:

m =

Q% 1 o
P (Xa)= 2 8(1+u*)+<D

2
(i) TS bending stress is written: o, (x)=1.5F, () (2%) (P,-PR)

FmSS(O)::H—U at TS center
Ifthe TSisSS: ®=0 = Q,= 0 16

F*(R)= 0 atTS periphery
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FmCL(O):—Lr&L—UzlJr—U at TS center
fthe TSisCL: d =0 = Q=-> = 8 16 16

FH?L(R)z—% atTS periphery

Accordingly classical formulas for circular plates subjected to pressure given in this section have been
retrieved. Similar calculations can also be performed for the TS deflection w(x) and rotation 6(x).

These results can be obtained from a UHX-13.3 software, such as Mathcad software shown in Annex V,
by imposing the simplifications listed in (a) to (¢) above.
12.5 Conclusions

Applying the relevant simplifications, it has been analytically demonstrated that UHX-13.3 method leads
to CODAP, TEMA and circular plates’ formulas. This intends to prove the correctness of ASME
method, which is confirmed by FEA comparisons for the TS deflection.
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PART 4
FLOATING TUBESHEETS
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1 SCOPE

PART 4 applies to floating tubesheet (TS) Heat Exchangers (HE)s that have one stationary tubesheet and
one floating tubesheet. Three types of HES are covered as shown in Figure 36:

o immersed floating head (sketch a)

o externally sealed floating head (sketch b)

¢ internally sealed floating tubesheet (sketch c)

Stationary tubesheet

configurationa, b, ¢, ¢, e, or f Floating tubesheet

configuration A, B, or C —/

}—
=}

(a) Typical Foating Tubesheet Exchanger With an Immersed Floating Head

Stationary tubesheet

configuration a, b, ¢, d, e, or f Floating tubesheet

configuration A

et o fbd |
I
o b=t H
|
e M
I
\
1

(b) Typical Floating Tubesheet Exchanger With an Externally Sealed Floating Head

Stationary tubasheat

configuration g, b, ¢, d, e, or f Floating tubsshast

configuration D

) S -

el ly

{c} Typical Floating Tubesheet Exchanger With an Internally Sealed Floating Tubesh

Figure 36 — Floating Tubesheet Heat Exchangers

(see TS configurations in Figure 37 and Figure 38)
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2 HISTORICAL BACKGROUND

In the past decades many authors have proposed theoretical methods for the design of floating TS HEs.
The most important contributions are provided below.

Gardner [1] in 1948 was the very first to develop an analytical approach by taking into consideration the
support afforded by the tubes and the weakening effect of the TS holes. The TS is considered as either
simply supported or clamped at its periphery to simulate the rotational restraint afforded by the shell and
the channel, which compels the designer to make a more or less arbitrary choice between these two
extreme cases. The method was adopted by Dutch code STOOWEZEN in 1975

K.A.G. Miller [2] at the same time, proposed a similar approach that was published in the British Code
BS 1515 in 1965.

Galletly [3] in 1959 improved these desigh methods by accounting for the degree of rotational restraint of
the TS at its periphery by the shell and the channel. This method was adopted by the French Pressure
Vessel Code CODAP in 1982 and by the European Pressure Vessel Standard EN13445 in 2002.

Gardner [4] in 1969 improved his 1942 method by proposing a direct determination of the TS thickness
which accounts for the unperforated rim and the TS-shell-channel connection. The method was adopted
by 1ISO/DIS-2694 in 1973, by BS5500 in 1976 and by CODAP in 1995.

Soler [5] in 1984 developed a similar method accounting for the unperforated rim and the TS-shell-
channel connection. The method is derived from fixed TS method and published for the first time in Non
mandatory Appendix AA of Section VIII Division 1. In 2003 it was published in a new Part UHX of
Section VIII Division 1 “Rules for Shell and Tubes Heat Exchangers” which became mandatory in 2004.
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3 GENERAL
3

.1 TS Configurations (UHX-14.1)

(a) The stationary TS is attached to the shell and the channel by welding (integral TS) or by bolting
(gasketed TS) in accordance with the following 6 configurations (see Figure 37):
o Configuration a: tubesheet integral with shell and channel;

..
—
'
I
-
'
I
B —

£ c puind

(a) Configuration a:
Tubesheet Integral With Shell and Channel

-——- B3 Atextendedi-}
7 |
—_— A
o —— (not
[ —— E Py extended)
Gy =——- -
S
—— £
B h

{d) Configuration d:
Tubesheet Gasketed With Shell and Channel

(b} Configuration b:
Tubesheet Integral With Shell and Gasketed
With Channel, Extended as a Flange

r—'{r"iﬁ__
= .
A *g

Py _,_’__ = Py

[+ P itmace 1N min

(e) Configuration e:
Tubesheet Gasketed With Shell and Integral
With Channel, Extended as a Flange

Configuration b: tubesheet integral with shell and gasketed with channel, extended as a flange;
Configuration c: tubesheet integral with shell and gasketed with channel not extended as a flange;
Configuration d: tubesheet gasketed with shell and channel extended as a flange or not;

Configuration e: tubesheet gasketed with shell and integral with channel, extended as a flange;
Configuration f: tubesheet gasketed with shell and integral with channel not extended as a flange.

e 11

[T

(¢} Configuration ¢!
Tubesheat Integral With Shell and Gasketed
With Channel, Not Extended as a Flange

O T -

(f) Configuration f:
Tubesheet Gasketed With Shell and Integral
With Channel, Not Extended as a Flange

Figure 37 — Stationary Tubesheet Configurations
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(b) The floating TS is free to move along the HE longitudinal axis in accordance with the following 4
configurations (see Figure 38):
o Configuration A: integral tubesheet;
o Configuration B: gasketed, tubesheet extended as a flange;
o Configuration C: gasketed, tubesheet not extended as a flange;
o Configuration D: internally sealed tubesheet.

{a) Configuration A: {b) Configurstion B:
Tubeshest Integral Tubesheet Gasketed, Extended as a Flange

|

il C1n
EH
;l;ll

= B =
|¢) Configuration C: (d) Configuration D:
Tubesheet Gash d, Not E ded as a Flange Tubesheet Internally Sealed

Figure 38 — Floating Tubesheet Configurations

3.2 Notations

(a) Data for the design of the HE are as follows (UHX-14.3)
Symbols Do, E*, hy, u, u* and v* are defined in Section 2 of PART 2.

A = outside diameter of tubesheet

a:. = radial channel dimension

a& = equivalent radius of outer tube limit circle

as = radial shell dimension

C = boltcircle diameter

D: = inside channel diameter

Ds = Inside shell diameter

dc = nominal outside diameter of tubes

E = modulus of elasticity for tubesheet material at T
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Ec = modulus of elasticity for channel material at T

Es = modulus of elasticity for shell material at Ts

E: = modulus of elasticity for tube material at T;

Gc = diameter of channel gasket load reaction

Gs = diameter of shell gasket load reaction

G: = midpoint of contact between flange and tubesheet

h = tubesheet thickness

Li = tube length between outer tubesheet faces

N: = number of tubes

Pe = effective pressure acting on tubesheet

p, = I:f,hell side design or operating pressure. For shell side vacuum use a negative value for
s

p, = I:t‘ube side design or operating pressure. For tube side vacuum use a negative value for
t.

Notation P, instead of Py, is used throughout the analytical development so as to maintain the
symmetry of the equations involving the shell (subscript s) and the channel (subscript c).

S = allowable stress for tubesheet material at T
Sc = allowable stress for channel material at T
Ss = allowable stress for shell material at Ts
St = allowable stress for tube material at T¢
Sy = vyield strength for tubesheet material at T
Syc = vyield strength for channel material at T
Sys = Yield strength for shell material at Ts
Syt = yield strength for tube material at T;
Ses = allowable primary plus secondary stress for tubesheet material at T
Sesc = allowable primary plus secondary stress for channel material at T
Sess = allowable primary plus secondary stress for shell material at Ts
T = tubesheet design temperature
Ta = ambient temperature, 70°F (20°C)
Tc = channel design temperature
Ts = shell design temperature
Tt = tube design temperature
t: = channel thickness
ts = shell thickness
tt = nominal tube wall thickness
W#* = tubesheet effective bolt load determined in accordance with UHX-8
v = Poisson’s ratio of tubesheet material
ve = Poisson’s ratio of channel material
vs = Poisson’s ratio of shell material
vi = Poisson’s ratio of tube material

(b) Design coefficients (UHX-14.5.1to 4)
The following coefficients, specific to each component of the HE, will be used in the analytical
treatment. They complete the data given above.
(1) Perforated TS

Equivalent diameter of outer tube limit circle (see Section 4.3(a) of PART 2): D, =2r +d,
Equivalent radius of outer tube limit circle: a, = %

TS coefficients relating to the tubes:
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)

®)

2 2
d d
. %mng¢ﬂ—N{Z;J ;o 1-x = {2%}

2 2
d, -2t d, -2t
o Tubeside: X, =1-N, (f] - 1-x =N, (;]

e o @ d=2)T) NS Nk T NGK L
r %= 4a’ ra’ E, rza E, nal
, . L, p-d

e Ligament efficiency: u™= o

o Effective tube hole diameter d* and effective pitch p* are defined in Section 4.3(d) and (c) of
PART 2

o Effective elastic constants E* and v* are given in Section 5.6 of PART 2 as a function of
* and h/p (triangular or square pitch).

E*.h’
e Bending stiffness: D*Zm

o Effective tube side pass partition groove depth given in Section 4.3(f) of PART 2: h'g

o Effective pressure acting on tubesheet: P

Tube bundle

2
Tube cross-sectional area: s, = % [df —(d, —2t, )ZJ =zt (d, -t)= ﬂTa‘) (% —X)

Axial stiffness K of one tube: K, = tL t_ 7t (dtL_ t‘) E,

Axial stiffness k; of one half tube of length I1=L/2: k, =

Et S _ 27[tt (dlt__tt) Et ) Kt

Effective elastic foundation modulus equivalent to the half tube bundle:
k:NVKZZNV&ZZNVE¢A¢—MZZE%X_&%?E«X_&)
" oral ra’ La? L |
, kW

Axial stiffness ratio tubes/TS:

f i) 427
Xa:ka0:4k_wa0: 24 (1—V*2) Nt Et tt (dt tts) a,
o E*Lh

Shell
. o _a
Radial shell dimension: a P = a
0
ST TS Integral configurations (a, b and c): as=Ds/ 2
Gasketed configurations (d): as =G/ 2
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FL TS configurations (A, B, C and D): as = ac
Mean shell radius: a, = DSZHS
Shell cross-sectional area: s,=rt, (D, +1,)

3.3

(4)

()

Axial stiffness k’s of the half shell of length I=L/2: k. =

. 12 (1-v2)
Shell coefficient: g = ¥ 2
J(D, +t) t,
o E.-t
Bending stiffness: =B, (1 % )
Channel
a
Radial channel dimension: a p= a—°
0
Integral configurations (a, e, f,and A): a.=D¢/2
Gasketed configurations (b,cand d): a.=G¢/2
Gasketed configuration D: a=A/2
Mean channel radius: a, = DCZHC
Channel coefficient: yi; VL2 (l_ VCZ)
- Jio ot
N E.-t;
Bending stiffness: k.=p. - m
p— VC

Unperforated rim
D, = internal diameter
A = external diameter

Diameter ratio: K =A/ D,

Loading Cases (UHX-14.4)

E,s, 27t (D, +t,)E,

S s

—2K,
L

The normal operating condition of the HE is achieved when the tube side pressure P; and shell side

pressure Ps act simultaneously. However, a loss of pressure is always possible. Accordingly, for safety

reasons, the designer must always consider the cases where Ps=0 or P=0 for the normal operating
condition(s).

The designer must also consider the startup condition(s), the shutdown condition(s) and the upset
condition(s), if any, which may govern the design.

A floating TS HE is a statically indeterminate structure for which it is generally not possible to determine
the most severe condition of coincident pressure and temperature. Thus, it is necessary to evaluate all the

anticipated loading conditions mentioned above to ensure that the worst load combination has been
considered in the design.

For each of these conditions, ASME, TEMA and CODAP used to consider the following pressure loading

Cases.
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e Loading Case 1: Tube side pressure P; acting only (Ps = 0).
e Loading Case 2: Shell side pressure Ps acting only (P = 0).
e Loading Case 3: Tube side pressure P; and shell side pressure Ps acting simultaneously.

ASME 2013 Edition provides the detail of the pressure “design loading cases” to be considered for each
operating condition specified by the user (normal operating conditions, startup conditions, the shutdown
conditions,...). For the pressure loading cases, a table (table UHX-14.4-1) provides the values to be used
for the design pressures Ps and P: in the formulas, accounting for their maximum and minimum values.
Additional operating (thermal + pressure) loading cases must be considered if the effect of the radial
thermal expansion adjacent to the tubesheet is accounted for (see Section 10.1)

As the calculation procedure is iterative, a value h is assumed for the tubesheet thickness to calculate and
check that the maximum stresses in tubesheet, tubes, shell, and channel are within the maximum
permissible stress limits.

Because any increase of tubesheet thickness may lead to overstresses in the tubes, shell, or channel, a
final check must be performed, using in the formulas the nominal thickness of tubesheet, tubes, shell, and
channel, in both corroded and uncorroded conditions.

3.4 Design Assumptions (UHX-14.2)

A FL TS HE is a complex structure and several assumptions are necessary to derive a ‘design by rules’
method. Most of them could be eliminated, but the analytical treatment would lead to ‘design by
analysis’ method requiring the use of a computer.

The design assumptions are as follows.
(a) HE

o The analytical treatment is based on the theory of elasticity applied to the thin shells of

revolution.

e The HE is axi-symmetrical.

e The HE is a symmetrical unit with identical TSs so as to analyze a half-unit.

(b) TSs
e The two tubesheets are circular and identical (same diameter, uniform thickness, material,
temperature and edge conditions). Deviations will be allowed for the FL TS to cover the 3 types
of HE.

e The tubesheets are uniformly perforated over a nominally circular area, in either equilateral
triangular or square patterns. This implies that each TS is fully tubed (no large untubed window)
Radial displacement at the mid-surface of the TS is ignored
Temperature gradient through TS thickness is ignored
Shear deformation and transverse normal strain in the TS are ignored
The unperforated rim of each TS is treated as a rigid ring without distortion of the cross section
(c) Tubes

e Tubes are assumed identical, straight and at same temperature

e Tubes are uniformly distributed in sufficient density to play the role of an elastic foundation for

the TS

e The effect of the rotational stiffness of the tubes is ignored
(d) Shell and channel

o Shell and channel are cylindrical with uniform diameters and thicknesses

o If the channel head is hemispherical, it must be attached directly to the TS, without any

cylindrical section between the head and the TS.
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o shell and channel centerlines are the same.
(e) Weights and pressures drops

o \Weights and pressures drops are ignored

e Pressures Psand P are assumed uniform

3.5 Basis of Analytical Treatment

3.5.1 General

The design of a FL TS HE is complex as the two TSs are connected to each other through the tube bundle.
Accordingly the structure is statically indeterminate. Many geometrical, mechanical and material
properties are involved in the design as shown in Section 3.2(a) which lists the extensive input data.
Although the FL TS differs from the ST TS (smaller channel diameter, edge conditions,...), the two
tubesheets are assumed to be identical. This assumption may seem unrealistic, but if the real floating TS
geometry is accounted for, the analytical treatment would lead to a ‘design by analysis’ method requiring
the use of a computer.

As for a fixed TS HE, the analysis includes the effects of the shell and tube side pressures, the axial
stiffening effect of the tubes, the stiffening effect of the unperforated ring at the tubesheet edge, and the
stiffening effect of the integrally attached channel or shell to the tubesheet. For a tubesheet that is
extended as a flange to which a channel or shell is to be bolted, the bolt load causes an additional moment
in the tubesheet which is included in the total stress in the tubesheet in addition to the moments caused by
pressure.

The analysis is based on classical discontinuity analysis methods to determine the moments and forces
that the tubesheet, shell and channel must resist. These components are treated using the theory of
elasticity applied to the thin shells of revolution.

Because the heat exchanger is assumed to be symmetric, only half of the heat exchanger is treated. The
main steps of the ST TS design follow the analytical treatment of fixed TS HEs. The FL TS will be
designed the same way in a second step, using its appropriate data (channel thickness and diameter,
bolting data, edge conditions,...).

(a) The tubesheet is disconnected from the shell and channel. The shear load V, and moment M, are
applied at the tubesheet edge as shown in Figure 39.

(b) The perforated tubesheet is replaced by an equivalent solid circular plate of diameter D, and effective
elastic constants E* (effective modulus of elasticity) and v* (effective Poisson’s Ratio) depending on
the ligament efficiency pu* of the tubesheet. This equivalent solid plate is treated by the theory of thin
circular plates subjected to pressures Ps and P; and relevant applied loads to determine the maximum
stresses.

(c) The unperforated tubesheet rim is treated as a rigid ring whose cross section does not change under
loading.

(d) The tubes are replaced by an equivalent elastic foundation of modulus k.

(e) The connection of the tubesheet with shell and channel accounts for the edge displacements and
rotations of the 3 components.

() The shell and channel are subject to shell side and tube side pressures Ps and P; and edge loads V. and
Ma to determine the maximum stresses.

(9) The maximum stresses in tubesheet, tubes, shell and channel are determined and limited to the
appropriate allowable stress-based classifications of Section VI1II Division 2 Part 4.
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a) REAL MODEL bJANALYTICAL MODEL
£ "AVa AVa
E,v :e a, ———— r\,L‘( E*, v )M

: EERESERE

elastic foundatibn of modulus:
N /\'l
k,=—
Ta,

oo
N

Ap' =x,P.—xF,

—

E*-I

NE s D= —_—
N, tubes of rigidity: Nk, =—— 2 L 12 (I _ ],c-]

7 :
Figure 39 — Analytical Model Used in Design Method

3.5.2 Free Body Diagram for STTS

Figure 40 shows, for a ST TS integral both sides (configuration a), the free body diagram of the
component parts (perforated tubesheet, unperforated tubesheet rim, shell, channel). The figure details the
relevant discontinuity forces (Va, Vs, Qs, V¢, Qc) and moments (Ma, Ms, M, MRg) applied on each
component, together with edge displacements.

In this figure:
Forces (Va, Vs, Qs, V¢, Qc) and moments (Ma, Ms, M, Mg) are per unit of circumferential length
The following subscripts are used:

e s forshell,

e ¢ for channel,

e R for unperforated rim

No subscript for the perforated TS

Notation P instead of P; (tube side pressure) is used throughout the analytical development so as to
maintain the symmetry of the equations involving the shell (subscript s) and the channel (subscript c).
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Perforated Tubesheet Unperforated I ;QC
Tubesheet Ve
P. =P, Mo poop | Ve
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| :h E*, v* ea)ADMaéAE’V?_S )MR )9R=ea
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Do=2a _
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s sy
- N
Ds _ZH' . B = QR
Ds + tsﬁ! " shell (s)

Figure 40 — Free Body Diagram of the Analytical Model for the ST TS

3.5.3 Free Body Diagram for FL TS
The FL TS is attached to the FL channel either by welding (integral configuration A) or by bolting
(gasketed configurations B or C), but there is no shell, which implies V=0 and Ms=0.

Accordingly, the free body diagram is different from the free body diagram of the ST TS and depends on
the HE type shown on Figure 36: immersed, externally sealed, internally sealed. Figure 41 provides the
free body diagram of an immersed FL TS with configuration A.
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AVa —
Ps Ps
Ma Ma
FLOATING TS A ) ( A RING
C
P W/c
Va NP

Ps

Figure 41 — Free Body Diagram of the Analytical Model for the FL TS
(floating channel is shown on Figure 48, Figure 49 and Figure 50 for the 3 types of FL TS HES)
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4 AXIAL DISPLACEMENTS AND FORCES ACTING ON THE TUBES AND ON
THE SHELL

4.1 Axial Displacement and Force Acting on the Tubes (Figure 42)

Py
do
Ot 1 + A
Ps l Vi (1)
V()
- . ARy
P Eion
P. ' 0 . o

=~

Figure 42 — Axial Displacement of Tubes

(a) Axial Displacement of the tubes due to axial force Vi(r) acting on the tube row at radius r:

5(V):Vt(r)zvt(r)|: | v.(r)
ER E.ss 7FE(d-t)t

(b) Axial force acting on each tube at radiusr: V(1) =k [6,(V,)]

t

(c) Net effective pressure acting on the TS due to each tube at radius r of TS area ﬂaj / Nt :

- N, k
qt(r): \/Zt(r) __ Ntkt 512(Vt) __ Nt k2t 5t (Vt) kW _ M Zt
ay N, 7T a, 7ay Ta

Kw

a (r)=—k, & (V,)
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4.2 Axial Displacement and Force Acting on the Shell (Figure 43)

A
I A
. r
© =
w(as)=0 Ve
S o
a's= (Ds + t)/2 i I,
. s
b
-~ &
B, |f
0s. o b H l

Figure 43 — Axial displacement of the Shell
(a) Axial displacement of the shell due to axial force V; acting on the shell:
V. 2ra. V.2ral |
55 (VS): S : S — S S' —
K, E, 2zat, E
D, +t,

" V, V; is per unit of length
S S

a, = mean shell radius =

V; is known and depends on the HE type (see V1.2).
(b) Axial force acting on the shell: V, = % o, (V,)
(c) Axial displacement of tubes at radius r:

o, (Vt) =0, (VS) + w(r) where w(r) is the TS deflection at radius r (see Figure 45)
(d) TS deflection at radius r: |w(r)=3,(V,)- 5, (V;)
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5 DEFLECTION AND LOADS ACTING ON THE TUBESHEET

5.1 Equivalent Plate Resting on an Elastic Foundation (Figure 44)

(a) Net effective pressure

-

Figure 44 — Loads Actingon TS

due to tubes: |q, (r)=-k, 5, (V)

Tubes act as an elastic foundation of equivalent modulus given by the axial rigidity of the half-
bundle per unit of TS area:

=t g )=k, [5(4)+w(r) ]

"ord
due to pressures Ps and P acting on the equivalent plate (see Annex E);

0 =% R -X PR =Ap"

net effective pressure:

Vi(r)
malN,
q(r):Ap*-l_kw [_5s(vs)]_kw W(r) |Q:Ap*—kw o, (V)

Q

In this equation, the displacement &5 of the shell subjected to axial force Vs is known and
q(r)=Q—k, w(r)

(b) Deflection of TS (Figure 45)
The determination of the deflection given in Section 5.1(b) of PART 3 applies:

W(x)=Aberx+Bbeix+kg where: X =K r=4,“;“1 r

W

q(r)=g,+0q,(r)=24p" - [V.1a]

[V.1a°]

Quantities q(x), 0r(x), Qr(x) and Mr(x) are respectively given in Section 5.1(a), 5.1(c), 5.1(d) and 5.1(e) of
PART 3

Y
: — \- kw 2 Et tt (dt _tt) ag
At TS periphery (r =a,): [X, =ka, = ’4/_D* a, ={24 ( 1-v* ) N, E* L1°
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w(r)

P Deflected tubesheet (mid-surface)
O' xf ;

o, i —-dwidr ).

w(r) A
L0 nperforated
w(do)
Qi+ M pn 5

O r ao ] ‘S r

als
> a shell
ts

Figure 45 — TS Displacement
5.2 Determination of Integration Constants A and B

The determination of the integration constants A and B given in Section 5.2 of PART 3 applies.
Substituting the expressions of A and B in V.1b enables to determine:

w(x),q(x),0(x),Q(x), M (x)

as functions of x, depending on V, and M, which are still unknown.
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6 TREATMENT OF THE UNPERFORATED RIM

6.1 Edge Loads Applied on Shell and Channel at their Connection to the TS

ST TS: Section 6.1(a) and 6.1(b) of PART 3 apply.
FL TS: Section 6.1(a) of PART 3 does not apply as there is no shell.

Accordingly, the shell coefficients Bs, ks, As, ds: shall be taken equal to 0, and as shall be taken
equal to ac.

Section 6.1(b) of PART 3 applies.

6.2 Equilibrium of the Unperforated Rim

6.2.1 Due to Axial Loads

(a) The ring equilibrium for the ST TS is written (see Figure 46):
27N, + (a2 —al )P +27aV, =x(al —a )P +27aV,  [VI2.11]
where:

V. = axial edge load acting at connection of ring with equivalent plate is still to be determined

V, = axial force acting in the shell, which depends on the HE type (immersed, externally sealed,
internally sealed).

C

2
V¢ = axial force acting in the stationary channel: 2 za V. =za?P, = a V, = a?c =

Pc ac% . |
27ma'Ve = ma’e Pe a'. :
Ve
Va Ve
Pc Pe
STATIONARY TS A A RINg
Ps Ps
Va /VS
\Vs
a's
27agVa + (@’ - a%)Ps + 27ma'V, = 1(a’ - a%)Pe + 27a'sVs &
as _>

Figure 46 — Ring Equilibrium of the ST TS
(b) The ring equilibrium for the FL TS is written in the same way (see Figure 47), but there is no shell
connected to the TS (Vs=0): 27za V, + 71(6\32 — af) P +27aV, = ﬁ(af -a’ ) P [VI21.2]
where:
V. = axial edge load acting at connection of ring with equivalent plate is still to be determined
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V. = axial force acting in the floating channel, which depends on the HE type (immersed, externally
sealed, internally sealed).

AVa &
PS PS
|
FLOATING TS As tARING A
Pe P;C
Va N |

%_1
|
2TagVa + T(@% - @%)Ps + 2al Ve = (% - 8%)Pe Ve i

Figure 47 — Ring Equilibrium of the FL TS

(c) Accordingly, the free body diagram of the FL TS is different from the free body diagram of the
ST TS and depends on the HE type shown on Figure 36: immersed, externally sealed, internally
sealed, which must be considered separately to calculate the axial edge load V, (point A) and the axial
force Veacting at the periphery of the ring (point E).

(1) Immersed FL HE (see Figure 48)
27za'5Vs = 7ra52F’S
2raV, = ra’P,
which, combined with [V1.2.1.1], leads to:

V. =27aV, —2zaV, = na’P, - 7a’P.

For STTS:

27, =mal(P,~R) = V.= 2 (P.-R)

For FLTS: 278\, =78 P, ~7&P, |V, = 27aV, - za’P, — za’P,
which, combined with [V1.2.1.2], leads to:

2raV, =zra’(P,.-P) = |V, :%(Ps_pc)

(2) externally sealed FL HE (see Figure 49)
27aV, =0

2raV. = na’P,

which, combined with [V1.2.1.1], leads to:

V. =27a V. -27aV, = 7a’P,

For STTS:

2naN, = (& -a )R ~7aR =78 [(1- 02 )R- R ] = |V, = 2 [(1-7) PR ]

For FLTS:27aV, =7a;P. |V, =27aV, - 7a’P,
which, combined with [V1.2.1.2], leads to:
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2ma, = (& -al )P, -walR = mal[(1- o )R -R] = N, = 2[(1-p)R R

(3) internally sealed FL HE (see Figure 50)
2raV, = ra’P, : . N
For ST TS: , o (|Ve =27aV; —27a )V, = 0| (assuming a, =a,)
2raV, = ra P,
which, combined with [V1.2.1.1], leads to:

27Z.a‘ovz:1 :”(ag_asz)Ps_ﬂ-(ag_asz)Pc :ﬂ-ag(l_psz)(Ps_Pc) = Va :a_20

(1-p2)(P.-P)

FOrFLTS: V, =0 = |V, =27a), =0|
which, combined with [VI1.2.1.2], leads to:
278, = (al —al )P, ~x(al ~al )R =&l [ (1- P ) (R -R)] = M, =2 (1-)(R.-R)

Thus, the axial edge load V. (point A) and the axial force Ve acting at the periphery of the ring (point E)
are the same for the ST TS and the FL TS, which enables the FL HE to be considered as a fixed TS HE
for the analytical treatment.

However, the FL TS is different from the ST TS as its internal radius is smaller, it is not connected to the
shell and the edge moments are different, except for the externally sealed HE which can be considered as
a fixed TS HE with an expansion bellows of rigidity (see Note 2 of Section 7.2 of PART 3).
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Figure 48 — Immersed Floating TS HE
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Figure 49 — Externally Sealed Floating TS HE
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Figure 50 — Internally Sealed Floating TS HE
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Note: The determination of the axial load V; acting in the shell enables the calculation of the shell
membrane stress:

VS
Osm =7
tS
_ _ a’P a’
e For immersed Floating TS HE: V,=—= leadsto :0,, =———P,
2a, (Dt
e For internally sealed Floating TS HE: V=0 leads to ‘O =0
_ a’P a’
e For externally sealed Floating TS HE: V, =——¢% leadsto :o,,=————P,
2a, ™ (D +t)t,

These formulas match the general shell membrane stress formula given in Section 8.6(a) of PART 3,
using for Pe the relevant formula given in VII hereafter.
6.2.2 Due to Applied Moments

ST TS: Section 6.2(b) of PART 3 applies.
FL TS: Section 6.2(b) of PART 3 applies using Bs=0, ks=0, As=0 and &s=0, which leads to:

0=0 and @ =a’ [(psz 1) (~ _1)}

° 4

6.2.3 Edge Loads V. and M. Applied to the Tubesheet

(a) Determination of M,: Section 6.3(a) of PART 3 applies, which leads to: M, = (a0 Va) Q+Q,

(b) Determination of Va: Va is known and depends on each HE type, as determined in V1.2.1.3.
Accordingly, Section 6.3(b) and 6.3(c) of PART 3 are not relevant for FL TSs and quantities Qz1, Qz and
U do not apply.
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7 EQUIVALENT PRESSURE ACTING ON THE TUBESHEET

A circular plate under uniform pressures Ps and P is subjected to a differential pressure Pe = PS - Pt

The axial force V, at periphery is determined from the plate equilibrium:
2V,

2
27Z.aova:Peﬂa§ = aOVa=a°TF:a Pe:

Where V, is given in Section 6.2.1(c) for:
(a) immersed FL HE: Vv, :%(pS -P) =

(b) externally sealed FL HE: V, =a—2°[(1—p§)P _PC] = |P, =(1_p§)p -P

S S

(c) internally sealed FL HE: V, =%[(l—pf)(Ps -R)| = [R=(1-p2)(R-R)
As shown in Section 6.2.1(c), these formulas apply both for the ST and FL TSs.
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8 STRESSES IN THE HEAT-EXCHANGER COMPONENTS
Stress formulas calculated in Section 8 of PART 3 apply.
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9 DETERMINATION OF ALLOWABLE STRESS LIMITS

The determination of the allowable stress limits developed in Section 9 of PART 3 apply.
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10 ADDITIONAL RULES

The following additional rules apply in the same way as for the fixed TS HE covered in PART 3:

(1) Effect of radial thermal expansion adjacent to the tubesheet (UHX-14.6), covered in Section 10.3 of
PART 3.

(2) Calculation procedure for simply supported TSs (UHX-14.7), covered in Section 10.4 of PART 3

(3) Effect of plasticity at tubesheet-shell-channel joint (UHX-14.8), covered in Section 10.2 of PART 3.

(4) Tubesheet flange extension (UHX-9), covered in Section 10.5 of PART 3.
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11 HOW TO USE THE RULES

UHX-14 rules have been developed on the basis that the floating TS HE could be treated as a fixed TS,
with some modifications due to the floating TS which is free to move axially inside the shell as outlined
previously.

11.1 Stationary TS

The ST TS is designed in the same way as the fixed TSs rules of UHX-13, with the following
modifications:
o the floating TS is free to move axially, which implies K;=0 and J=0,
o there is no axial differential thermal expansion between tubes and shell, which implies T¢n=0,
Tsm=0 and y=0,
o the equivalent pressure depends on the HE type and is defined in Section 7,
o Coefficients Qzi, Qz and U do not apply.

11.2 Floating TS

The FL TS needs some adaptations as it differs from the ST TS:
e no attached shell,
e channel diameters (A, C, Ds, G;,G1) are smaller than the shell diameters,
o channel thickness tc may differ from the ST channel thickness
e TS configuration is different from the ST TS configuration.

The FL TS shall be designed in the same way as the ST TS, using:
e its own geometrical data (A, C, Ds, Gs,Gy, to),
e itsown TS configuration,
e a,=a; which is needed for the calculations of Qi, ws* and wc*.

So as to maintain a minimum of symmetry between the two TS, the FL TS shall have the same material
and the same design temperature as the ST TS, which implies that the FL TS material properties are those
of the ST TS (Ec, v, Se, Sy.c), and the same thickness as the ST TS.

11.3 Calculation Procedure

Like for the fixed TS HE, the calculation procedure can be summarized as follows:
e Set the data listed in Section 3.2(a)
o Calculate the design coefficients listed in Section 3.2(b) ( Xs,Xt ; ps.pc )
o Calculate first characteristic parameter X, and coefficients Q1,Qz ; @s*,0c*
e Calculate the equivalent pressure Pe, and second characteristic parameter Qs
e Calculate the maximum stresses in TS, tubes, shell and channel and limit their values to the
maximum allowable stress limits.

Because of the complexity of the procedure, it is likely that users will computerize the solution.
A Mathcad calculation sheet is provided for the immersed floating head TS HE defined in PTB-4
Example E4.18.8.

The stationary TS is gasketed with shell and channel (configuration d) and the floating TS is gasketed

with the channel, not extended as a flange (configuration C). The data are shown in the sheet and the
calculations follow strictly steps 1 to 10 of UHX-14.5 calculation procedure. The calculation sheet is
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provided both for the ST and the FL TS. See Annex W and Annex X for UHX-14-Example E4.18.8
(PTB-4 2013 Edition) Stationary and Floating TS respectively.

11.4 Calculation Using a Fixed TS HE Software

The ST TS can be calculated using a fixed TS HE software, such as the Mathcad software used in Annex
V, provided that the other TS is free to move axially by using a bellows of rigidity close to 0, which

simulates an externally sealed FL HE. As shown by Section 7.2-Note 2 of PART 3, P, = (l—pf) P-P
, Which is effectively the equivalent pressure formula for this type of HE. For immersed floating head HE

and internally sealed HE, it is necessary to replace P. respectively by Pe = PS —R and
P= (1—,052)(I3S —PR) in the software.
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PART 5
ANALYTICAL TREATMENT OF U-
TUBE TUBESHEET HEAT
EXCHANGERS
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1 SCOPE

PART 5, devoted to U-tube TS HEs (Figure 51), provides the technical basis for the determination of the
stresses acting on the TS, shell and channel and their relationships with the design rules of UHX-12.

__-_._.4L_.__._..__-_._)

_y‘ . e : L : |

N, LHIN

Figure 51 — U-tube Tubesheet Heat Exchangers

(1) see TS configurations in Figure 52
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2 HISTORICAL BACKGROUND

The first rules for the design of U-tube TSs were published in Appendix AA of Section VIII, Division 1
in 1982. They were based on the 1969 Gardner method [1] to cover configurations a (integral
construction) and b (gasketed construction), with some improvements:

o use of an effective pitch p* to account for unperforated diametral lanes,

e use of an effective tube diameter d* to account for the tube expansion depth ratio p,

e derivation of a direct formula to determine the tubesheet thickness.

Later on, Urey Miller [2] , as a member of the ASME Special Working Group on Heat Transfer
Equipment, developed a more refined analytical approach accounting for the unperforated rim for
configurations b and e (tubesheet extended as a flange), which were not covered before. The method was
adopted in ASME in 1992.

This new set of rules was not totally satisfactory for the following reasons:

o Three different set of rules, based on different analytical approaches, were proposed to cover
configurations a, b, d and e.

e Configurations c and f (gasketed tubesheet not extended as a flange) were not covered.

¢ Rule for configuration "d" covered only the case were the tubesheet was not extended as a flange,
with gaskets both sides of same diameter,

¢ Rule for configuration "a" used the same formula, corrected by a TEMA coefficient F which did
not account properly for the degree of restraint of the tubesheet by the shell and channel.

Accordingly, Osweiller in 2002 [3] developed a more refined and unique approach to cover the six
tubesheet configurations. This approach is based on Urey Miller's method mentioned above, with the
following improvements:

e treatment of configurations ¢ and f where the tubesheet is not extended as a flange.

e accounting for local pressures acting on shell and channel, when integral with the tubesheet.

e use of Poisson's ratio v in all formulas, rather than using v=0.3, which leads to inexact

coefficients.
e derivation of more condensed formulas providing rules consistent with fixed tubesheet rules.

This method was published for the first time in Nonmandatory Appendix AA of Section VIII Division 1.
In 2003 it was published in a new part UHX of Section VIII Division 1 “Rules for Shell and Tubes Heat

Exchangers” which became mandatory in 2004.

Soler [4] in 1984 developed a similar method accounting for the unperforated rim and the TS-shell-
channel connection.
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3 GENERAL
3.1

TS Configurations (UHX-12.1)

(a) The stationary TS is attached to the shell and the channel by welding (integral TS) or by bolting
(gasketed TS) in accordance with the following 6 configurations (see Figure 3752):
Configuration a: tubesheet integral with shell and channel;
Configuration b: tubesheet integral with shell and gasketed with channel, extended as a flange;
Configuration c: tubesheet integral with shell and gasketed with channel, not extended as a

flange;

Configuration d: tubesheet gasketed with shell and channel extends as a flange or not;
Configuration e: tubesheet gasketed with shell and integral with channel, extended as a flange;

-

T

c g |

(a) Configuration &

Tubesheet Integral With Shell and Channel

o EE? a: A (extended)~$

(d) Configuration d:

Tubesheet Gasketed With Shell and Channel

3.2

Figure 52 — TS Configurations

Notations

i % T

{b] Configuration b:
Tubesheet Integral With Shell and Gasketed
With Channel, Extended as 2 Flange

R

(e) Configuration e:
Tubesheet Gasketed With Shell and Integral
With Channel, Extended as a Flange

(a) Data for the design of the HE are as follows (UHX-12.3)

Symbols Do, E*, hy, u, u* and v* are defined in Section 2 of PART 2.
= outside diameter of tubesheet

A
dc
do
as
C

Dc

= radial channel dimension

= equivalent radius of outer tube limit circle

= radial shell dimension
= bolt circle diameter
= inside channel diameter
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(¢} Configuration ¢:
Tubesheat Integral With Shell and Gasketed
With Channel, Not Extended as a Flange

T ——

— s ] o Qe s s

r
|
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(f) Configuration f:
Tubesheet Gasketed With Shell and Integral
With Channel, Not Extended as a Flange
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Ds = Inside shell diameter
E = modulus of elasticity for tubesheet material at T
Ec = modulus of elasticity for channel material at T,
Es = modulus of elasticity for shell material at Ts
G. = diameter of channel gasket load reaction
Gs = diameter of shell gasket load reaction
G: = midpoint of contact between flange and tubesheet
h = tubesheet thickness
N: = number of tubes
Ps = shell side design pressure. For shell side vacuum use a negative value for Ps.
P: = tube side design pressure. For tube side vacuum use a negative value for P:.
Notation P, instead of P, is used throughout the analytical development so as to maintain
the symmetry of the equations involving the shell (subscript s) and the channel (subscript c).
S = allowable stress for tubesheet material at T
Sc = allowable stress for channel material at T
Ss = allowable stress for shell material at Ts
Syc =Yyield strength for channel material at T
Sys = yield strength for shell material at Ts
Sy: =Yyield strength for tube material at T;
Ses = allowable primary plus secondary stress for tubesheet material at T
Spsc = allowable primary plus secondary stress for channel material at T,
Spss = allowable primary plus secondary stress for shell material at Ts
T = tubesheet design temperature
Tc = channel design temperature
Tc = channel design temperature
Ts = shell design temperature
tc = channel thickness
ts = shell thickness
tt = nominal tube wall thickness
Ws We = shell or channel flange design bolt load for the gasket seating condition
W* = tubesheet effective bolt load determined in accordance with UHX-8
ve = Poisson’s ratio of channel material
vs = Poisson’s ratio of shell material

(b) Design coefficients (UHX-12.5.1to 5)
The following coefficients, specific to each component of the HE, will be used in the analytical treatment.

They complete the data given above.
(1) Perforated TS

o Equivalent diameter of outer tube limit circle (see Section 4.3(a) of PART 2): D, =21, + dt
e Equivalent radius of outer tube limit circle: a, :%

TS coefficients:
. . . P -=d
e Ligament efficiency: u™= o
o Effective tube hole diameter d* and effective pitch p* are defined in Section 4.3(c) and (d) of
PART 2
o Effective elastic constants E* and v* are given in Section 5.6 of PART 2 as a function of

4* and h/p (triangular or square pitch).
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E*-h’

e Bending stiffness: D*:m

o Effective tube side pass partition groove depth given in Section 4.3(f) of PART 2: h'g

e Effective pressure acting on tubesheet: P
(2) Shell

4
a

0
e Integral configurations (a, b and c): as = Ds/ 2
o Gasketed configuration (d, e and f): as = Gs/ 2
D, +t,

¢ Radial shell dimension: as P, =

e Mean shell radius: a =

e Shell coefficient: B, = \l 2( )

e Bending stiffness: k, =5,
( )

(3) Channel
a
e Radial channel dimension: a P = a—c
0
o Integral configuration (a): ac=D¢/2
o Gasketed configurations (b, ¢ and d): a=G¢/2
e Mean channel radius: a = D°2+t°
- {12 (1-v2)
e Channel coefficient: po=-—
1/( D, +t.)t,
Bending stiffness: k.=28 E-t;
° . = .
J R Y (Vi

(4) Unperforated rim
e D, =internal diameter
e A =external diameter

o Diameter ratio: K =A/D,

3.3 Loading Cases (UHX-12.4)

The normal operating condition of the HE is achieved when the tube side pressure P; and shell side
pressure Ps act simultaneously. However, a loss of pressure is always possible. Accordingly, for safety
reasons, the designer must always consider the cases where Ps=0 and P=0 for the normal operating
condition(s).

The designer must also consider the start-up condition(s), the shut-down condition(s) and the upset
condition(s), if any, which may govern the design.
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For each of these conditions, ASME, TEMA and CODAP used to consider the following pressure loading
cases.

o Loading Case 1: Tube side pressure P; acting only (Ps = 0).

o Loading Case 2: Shell side pressure Ps acting only (P = 0).

e Loading Case 3: Tube side pressure P, and shell side pressure Ps acting simultaneously.

ASME 2013 Edition provides the detail of the pressure “design loading cases” to be considered for each
operating condition specified by the user (normal operating conditions, startup conditions, the shutdown
conditions,...).A table (table UHX-12.4-1) provides the values to be used for the design pressures Ps and
P in the formulas, accounting for their maximum and minimum values.

As the calculation procedure is iterative, a value h is assumed for the tubesheet thickness to calculate and
check that the maximum stresses in tubesheet, shell and channel are within the maximum permissible
stress limits.

3.4 Design Assumptions (UHX-12.2)

A U-tube TS HE is a complex structure and several assumptions are necessary to derive a ‘design by
rules’ method.

Most of them could be eliminated, but the analytical treatment would lead to ‘design by analysis’ method
requiring the use of a computer.

The design assumptions are as follows.
(a) HE

e The analytical treatment is based on the theory of elasticity applied to the thin shells of

revolution.

e The HE is axi-symmetrical.

(b) TS

e The tubesheet is circular.

e The tubesheet is uniformly perforated over a nominally circular area, in either equilateral
triangular or square patterns. This implies that the TS is fully tubed (no large untubed window)
Radial displacement at the mid-surface of the TS is ignored
Temperature gradient through TS thickness is ignored
Shear deformation and transverse normal strain in the TS are ignored

e The unperforated rim of the TS is treated as a rigid ring without distortion of the cross section
(c) Shell and channel

e Shell and channel are cylindrical with uniform diameters and thicknesses

e Shell and channel centerlines are the same
(d) Weights and pressures drops

o \Weights and pressures drops are ignored

e Pressures Ps and P; are assumed uniform

3.5 Basis of Analytical Treatment

3.5.1 General

Comparison of Figure 3651 and Figure 5136 of PART 4 shows that the U-tube TS HE can be considered
as an immersed floating head TS HE where the floating TS does not exist and the tubes do not play the
role of an elastic foundation.
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Accordingly, the U-tube HE could be designed as an immersed floating head TS HE where the tubes have
no axial rigidity (see Annex U). However the analytical treatment presented below is based on the
approach developed by Urey Miller [2] as explained in Section 2.

Although the design is less complex, many geometrical, mechanical and material properties are involved
in the design as shown in Section 3.2(a) which lists the extensive input data.

As for a floating TS HE, the analysis includes the effects of the shell and tube side pressures, the
stiffening effect of the unperforated ring at the tubesheet edge and the stiffening effect of the integrally
attached channel or shell to the tubesheet. When the tubesheet is gasketed with the shell or the channel,
the bolt load causes an additional moment in the tubesheet which is included in the total stress in the
tubesheet in addition to the moments caused by pressure.

The analysis is based on classical discontinuity analysis methods to determine the moments and forces
that the tubesheet, shell and channel must resist. These components are treated using the elastic theory of
thin shells of revolution.

The main steps of the U-tube TS design follow the analytical treatment of floating TS HEs.

(a) Tubesheet is disconnected from the shell and channel. Shear load V. and moment M, are applied at
the tubesheet edge as shown in Figure 53.

(b) Perforated tubesheet is replaced by an equivalent solid circular plate of diameter D, and effective
elastic constants E* (effective modulus of elasticity) and v* (effective Poisson’s ratio) depending on
the ligament efficiency pu* of the tubesheet. This equivalent solid plate is treated by the theory of thin
circular plates subjected to pressures Ps and P; and relevant applied loads to determine the maximum
stresses.

(c) Unperforated tubesheet rim is treated as a rigid ring whose cross section does not change under
loading.

(d) Connection of the tubesheet with shell and channel accounts for the edge displacements and rotations
of the 3 components.

(e) Shell and channel are subject to shell side and tube side pressures Ps and P: and edge loads V. and M,
to determine the maximum stresses.

() Maximum stresses in tubesheet shell and channel are determined and limited to the appropriate
allowable stress-based classifications of Section VIII Division 2 Part 4.

3.5.2 Free Body Diagram

Figure 53 shows, for a TS integral both sides (configuration a), the free body diagram of the component
parts (perforated tubesheet, unperforated tubesheet rim, shell, channel). The figure details the relevant
discontinuity forces (Va, Vs, Qs, V¢, Qc) and moments (M., Ms, Mc, Mg) applied on each component,
together with edge displacements.

In this figure:
Forces (Va, Vs, Qs, V¢, Qc) and moments (Ma, Ms, Mc, Mg) are per unit of circumferential length

The following subscripts are used:
e s for shell,
e ¢ for channel,
e R for unperforated rim
No subscript is used for the perforated TS
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Notation P instead of P; (tube side pressure) is used throughout the analytical development so as to
maintain the symmetry of the equations involving the shell (subscript s) and the channel (subscript c).

D+t y |__-channel (c)
D¢ = 2ags'

—7 | te HWC

\(_:__)IM>QC ~_- 0.
Perforated Tubesheet Unperiorated Ve ‘
Tubeshest
P. = P, A P. =P, A Ve

|1} e

[ A R
h  E*, v ea) D Q'AE,vH}S )MR )eR=ea
\ ,

| \ ‘ ‘ N I N o
A\
—
Va
PS }
= |
D; = 2a ‘
s W
|
| 0s = O5
ﬁ!‘\shen(s)

Figure 53 — Free Body Diagram of the Analytical Model for the TS
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4 TREATMENT OF THE PERFORATED TUBESHEET

The perforated tubesheet is treated as an equivalent solid circular plate of radius a, with effective elastic
constants E* and v*, subjected to an equivalent pressure P, and edge loads V, and M, at periphery.
The equilibrium equation of the plate is written: -2 7 a, V, +7 a2P, =0

which leads to:  V, :a—2° P, [IV-1]

12 (1—v*)
E* h?

The radial bending moment at radius r of such a plate is given by the classical formula:

2 2
M (r)=M, +(3+v*) % 1—(6%] P,

0

3
The rotation of the plate at radius a, is given by: g, = {ao M, +% Pe:| [IV-2]

The maximum bending moment appears

2
o eitheratcenter 1=0): M (r)=M, +(3+v*) % P,

e oratperiphery (r=a,): M (r) =M,
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5 TREATMENT OF THE UNPERFORATED RIM

5.1 Edge Loads Applied on Shell and Channel at their Connection to the TS

The following equations are developed for integral shell and channel.
(a) The edge loads Qs and M applied on the shell write (see Section 6.1(a) of PART 3):

M, =+k 142 6+ 4 K 6 R | .
2 [V.1a] for an integral shell (configurations a, b, c)

Qs =_ﬁs ks (1+ts) 95 - Zﬁsz ks 55 Ps
When the shell is not integral with the TS (configurations d, e, f), ks=0 and 6s=0 lead to: M, =0 and

Q,=0.
Note: These formulas are valid for a shell of sufficient length. Annex J provides the minimum length
above which these formulas can be applied.

(b) The edge loads Q. and M. applied on the channel write (see Section 6.1(b) of PART 3):

M, =+k, |1+ |6, + 4 k 6, P | -
2 [V.1b] for an integral channel (configurations, a e, f)

Qc :_ﬂc kc (l+tc )ec _Zﬂcz kc 50 Pc

When the channel is not integral with the TS (configurations b, ¢, d), kC =0 and 5C =0 lead to:
M,=0and Q,=0

Note 1: These formulas are valid for a channel of sufficient length. Annex J provides the minimum
length above which these formulas can be applied.

Note 2: These formulas are valid for a cylindrical channel. If the channel is hemispherical, it must

be attached directly to the TS (configurations a, b or c¢), without any cylindrical section between the
head and the TS. Annex K provides the relevant formulas for that case. Only coefficient d. is

affected:
5 D? (1-v,
4E t \ 2

5.2  Equilibrium of the Unperforated Solid Rim

a,=D,/2 a,=D,/2
(@) due to axial loads < . t , t
q=@+§ @=%+§
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Channel head

1@
Py =
- ac =Do/2 - g

p -

Va ! | )
) . N

Ac,’x' Ring - ‘
. ]S .
Ps Ve

Figure 54 — Ring Equilibrium of the TS
The axial equilibrium of the ring is written: (see Figure 54):
2raV,+r(a-al)P=2raV,+27a,V, +r(a’-a})P

0 S

The axial equilibrium of the shell is written: 2ra\V, = nalP,

The axial equilibrium of the channel is written: 27ra'CVC = ﬁach

This leads to: |V, = %(PS — Pc)

Comparison with equation [IV-1] shows that |P, =P, —P,

as for an immersed floating head HE.

(b) due to applied moments
Equilibrium of moments applied to the ring relative to the axis located at radius a,enables to
determine the moment Mg (see Figure 53).

R = radius at center of ring = A+2a,

RM., =, Ma]{a; M.-a.0, ] }+[M (R)-aV, (2 -a,)]

Slam a0 ] | [M(R)-av.(a-a)]

. . 2 2 ac + ao
M ()= moment due to pressure P¢ acting on the ring = (ac - ao) > —a,

N[O N |eT

. . 2 2 aS + ao
M (R,)= moment due to pressure Ps acting on the ring = (61,s - ao) 5 —a,

From Annex L:
‘2

amcao ] rak (vt oaar  aopacatma)] tona
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‘2

im-aQf |-ak(uielocaar  opAka@na)] tong

'2
_{a's K, [1+t; +%j+a; K, (1+t; +?ﬂ 0,+a, (v, P.—a, P)

(c) Rotation of rigid ring
A 12 RMq

K=" ¢, =
D, © Eh® LnK
3 3
RMRz{Eh LnK}HRz[—Eh LnK}Qa
12 12

Replacing RMg by its expression [V.2b’] permits to calculate the TS rotation 0.:
C1

Eh’ : o) o ot2
LnK+a k |1+t += |+a k |1+t +=||6,=—a, M,
12 2 2

leads to, with g5 =6, :

w

(o, -1)(p2 +1) |- R%[(pc ~1)(p2 +1)]+2, [0, .-, P.]

[=]

P

ISR

h®| 6 Ct? 6 . h?
Ci=—| 5 (D, +t)k |1+t += |+ = (D, +t )k |1+t + = |+ELnK |=—[A4 +4 +E LnK]
12| h 2 h 2 12

A A

E—E(D +t.) k 1+t'+ﬁ A—E(D +t.) k l+t'+£
S h3 S S S S 2 (o} h3 C C C C 2

Note: if A + 4, is high (>3) the TS can be considered as clamped
if 4 +4.is low (<1) the TS can be considered as simply supported

h3 3 3
E[ﬂ‘s +;Lc + ELnK]Ha = _aoMa + Ps %[(ps _1)(/752 +1)j|_ Pc aT:[(pc _1)(pc2 +1):|+a0 [a)cpc _a)sps]

12 (1-v*)

Where the TS rotation 0. is given by [IV-2]: 9, = T

3
{ao M, +% Pe} which permits to

calculate Mg:
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h’ 12 (1-v*) a a
A+ A+ ELK] s {aoM +3 P +a M :PI[(ps—l)(p:+l)J—P

[4 + 4 +ELnK] A-v) {Ma+€§ Pe} M, =P, % [(ps—1)(p§+1)]—F’ca7§[(pc—1)(pf+1)]+[wcpc—wsps]
F

2 2 2
[14] M, =-F 2 £+ 2 (0, 1) (0 +1) |- % (0,1 6f +1) |+ [P~ 0P

In this equation:
Mrs is the the moment due to pressures P, and P, acting on the rigid ring:

Mqs =P ajf[(ps ~1)(p2+1)]-P, %g[(pc ~1)(p2+1)]

F denotes the degree of restrain of the TS by the shell and channel when they are integral with the TS
(configuration a):

L ,*
F=[/15+/1C+ELnK]—(1 v?)

Note:
I there is no bending support from the channel (k. = 0) and the shell (k, =0): =1 and A:=1 lead to

F close to zero:
Ma=Mrs and the tubesheet is almost simply supported. If additionally there is no unperforated rim
(K=1p,=0,p, =0):
F = 0 and Ma=0: the tubesheet is fully simply supported.
If there is a high bending support from the channel (k. =) and the shell (k; =): A, =00 and A =
leadto F = oo.

2
The tubesheet is fully clamped: M, :—%(PS -P,).

e

8 J
Finally, for configuration a, M, is written: M, = 1F [V.2c]
+

(d) Generic equation covering the 6 configurations a to f

2
MTS —l—(a)cpc_a)sps)_l:(aO P

Equation [V1.2d] of PART 3 shows that a term 2& [W, 7, =W, %] . which accounts for the
r

flange bolt loads W and W, must be added in equation [V.2c] to obtain the generic equation for the

6 configurations.

Rules of UHX-12 cover the case where C;=C.=C. Accordingly, equation [V.2c] giving M. becomes:
M

*®

7b aj
M P-oP)+2W -W]-F| X P
M B TS+(a)c c a)s S)+27z'[ c s] [8 eJ
* 1+F
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M
Yo\ * ag
M +(0P, —oP)+2W —F| S p
B TS (cc ss) 271' [8 ej
* 1+F

M™ = My +(,P, —a>SF>S)+27—b[Wc ~W,]
T

When the shell is integral with the TS (configurations a, b, ¢): Ws=0

When the channel is integral with the TS (configurations a, e, f): W=0

When the shell and the channel are gasketed with the TS, the highest bolting moment controls
and W¢- W, must be replaced by: Wina=MAX (W, W) and W* = Winax

UHX-12 covers these configurations through the TS effective bolt load W* which is explicated in
UHX-12.5.6 for each configuration a to f.

M* =M P —wP)+low"
TS+(a)cc a)s S)+27z'

N

Mes =R 2 (0, -1) (02 +1) | -R. 2 (2 -1)(02 +1)]

=]

F=[A+4+ ELnK]—(lE_*V*)

2
M*—F[aé’ PQJ
M —

i 1+F

The 1%t term accounts for the moments due to pressures Ps and P, and bolting loads Ws and W, acting
on the unperforated rim. The second term accounts for the moment due to pressures Ps and P, acting
on the perforated TS.

This formula applies as follows for the 6 configurations, depending on coefficients As,Ac, ®s,®c , Yb.

For configuration a: As , Ac and ws , o are calculated from the HE data, 7, =0
G -C

[

D,

G, -G,
D

0

For configuration b: As is calculated, A.=0, w; is calculated, wc=0, }, =

For configuration c: As is calculated, A.=0, s is calculated, wc=0, }, =

Gc _Gs
2

For configuration d: =0 Ac=0, ws=0, 0c=0, y, =

C-G

S

For configuration e: As=0, A is calculated, ms=0, w is calculated, }, = D
0

Gl _Gs
D

0

For configuration f: =0, A is calculated, ©s=0, w. is calculated, }, =
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6 STRESSES IN THE HEAT-EXCHANGER COMPONENTS

6.1 Stresses in the Tubesheet

(a) Bending stress
as explained in Section 4, the maximum bending moment M(r) appears:

* a’
M*— F( S Pej
either at periphery (r=a,): M (r)=M, , noted Mp in UHX-12 rules | M, =

2

or at center (r=0):  |My =M, +(3+v*) i’—é P

e

The maximum moment M = MAX |:|Mp|1|Mo|:|

leads to the maximum bending stress in the TS: o= 6M >
(h—hy)
(b) Shear stress
. . . . V _ a0
The shear stress is maximum at periphery: 7 = 2 T= e

Note: ASME and TEMA rules provide the same formula, but they use the equivalent diameter D
corresponding to the perimeter of the outermost ligaments, instead of the equivalent diameter D, of
outer tube limit circle. The equivalent diameter D, is calculated from the perimeter of the tube layout,
C, =7D,, and the area A, =7zD} /4 enclosed by this perimeter. This leads to D, =4A, /C,

D, is always lower than D, and leads to a lower TS shear stress: ; = i% P,

4u
The ASME formula should be used when the shear stress controls the design, generally in high-
pressure cases.

6.2 Stresses in the Shell and Channel

(a) Axial membrane stress in the shell is given by the classical formula:
2

a
=— >3 P
Tom (D,+t)t, °

2
a
For the channel: |o,,, =———FP.
’ ( DC + tc ) tc

(c) Bending stress
The bending moment M; in the shell at its connection with the TS exists only when the shell is
integral with the TS (configurations a, b, c). As explained in Annex J, the shell must have a minimum

length I i, =1.8\/D; t, adjacent to the TS.

;
[V.1a]: M, =k, [ﬁsé;Ps +£1+Esj QS] with 6= 0, given by [V.5]:
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-M[ a M *éﬂ

A Exp?
12(1-v*) a

' 2
l\/Is:ks ﬂsgsps—l_—v_g 1+t_s Ma+a_ope
E* h 2 8

M
The shell bending stress o, is written: O,y = 6t—2s

S

6 1-v* D, h g3 D2 ]
o, =—Kk|BSP +6——— 1+— 5 | M +=2(P-P
sb 2 E* hs( 2 j[ P 32( s ‘)j_

S

o

The channel bendlng stress is obtained in the same way, noting that 6.= -0.:

6, | 1-v*D h B % ]
~ 2k | B5.P -6 o140 I m P-P
O'c,b t2 c _ﬂc c'c E* h3 ( 2 j( p 32 ( )j_

C

6.3 Determination of Stresses using the Fixed TS Rules

The TS, shell and channel stresses determined here above can also been obtained from the fixed TS
analysis of PART 3 as shown in Annex T.
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7 DETERMINATION OF THE ALLOWABLE STRESS LIMITS

The determination of the allowable stress limits developed in Section 9 of PART 3 for the design loading
cases apply. However, the allowable stress limit for the TS has been upgraded to 2S for the following
reasons.

Comparison of TEMA formula with classical plate formula (see Section 10) shows that TEMA allows the
bending stress in the equivalent solid plate to be about 2S, instead of 1.5 S recommended by ASME
Section VIII Div. 2. Nevertheless, for about 40 years, TEMA formula did not lead to failures in U-tube
tubesheets. It is likely that a value of allowable stress of 2S could be used without affecting the safety
margin. This value was also recommended by GARDNER in 1969 [1] and has been used in most
European codes (BS 5500, CODAP) for about 20 years. This is also justified by limit load analysis
applied to circular plates, which leads to 1.9S if the tubesheet is simply supported and 2.1S if the
tubesheet is clamped.
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8 ADDITIONAL RULES

8.1 Effect of Plasticity at the Tubesheet-Shell-Channel Joint (UHX-12.5)

In the same way as for fixed TS HE rules, an elastic-plastic analysis is proposed when integral shell
and/or channel are overstressed. The concept is explained in Section 10.2(a) of PART 3.

The procedure for the shell applies when 1.5S, < |03| <Sp
The elastic-plastic method is simplified: the reduced modulus of elasticity Es* for the shell is based on the
degree of overstress in the shell: E, = E_ \/1.5S, /o, .

Quantities affected by the elastic-plastic procedure are those which are involved in the TS-shell-channel
joint and which involve Es, namely ks which affects As leading to new value for F.

8 is not affected because it is used only in @, = p, S.K.0, (1+ hﬁs) in which Es is cancelled out by the
product ks6s. Same procedure applies to the channel by replacing subscript “s” by subscript “c”.

If |6| < 1.5S, the design is acceptable. Otherwise, the HE geometry must be reconsidered.

For Example E4.18.4 given in Section 9, the results for the elastic calculation are as follows for the
controlling loading case 2:

Stiffening coefficient F=0.96, o =38175<2S=40000, c. =56955>1.5S.=30000, but lower than Sps=65000
Similar results for the channel.

For the elastic-plastic calculation: the stiffening coefficient F decreases to 0.85, and
o =39838<2S=40000

In this example the elastic-plastic calculation leads to an increase of the TS stress, which happens in most
cases.
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9 HOW TO USE THE RULES

Similar to the fixed TS HE, the calculation procedure can be summarized as follows:
e Set the data listed in Section 3.2(a)
e Calculate the shell design coefficients (ps, ks, As, 05, ®s), and the channel design coefficients (pe,
kc, Ac, Oc, 030)
e Calculate coefficient F which represents the degree of restrain of the TS by the shell and channel
e Calculate moments Mrs and M*

e Calculate the maximum stresses in TS, shell and channel and limit their values to the maximum
allowable stress limits.

Because of the complexity of the procedure, it is likely that users will computerize the solution. A
Mathcad calculation sheet is provided for The U-Tube TS HE defined in PTB-4 Example E4.18.4.The TS
is gasketed with shell and integral with channel (configuration e). The data are shown in the sheet and the
calculations follow strictly the steps 1 to 11 of UHX-12.5 calculation procedure. The elastic-plastic
procedure is used. See Annex Y for UHX-12-Example E4.18. (PTB-4 2013 Edition).

The U-Tube HE can also be calculated using floating TS HE software, as shown in Annex U.

160



Copyright © 2014 by the American Society of Mechanical Engineers.
No reproduction may be made of this material without written consent of ASME. (&%

PTB-7-2014: Criteria for Shell-and-Tube Heat Exchangers According to Part UHX of ASME Section VIII
Division 1

10 COMPARISON WITH TEMA RULES

10.1 TEMA Formula

G [P
The original TEMA formula for the determination of the TS thickness in bending: T = F E\E is

based on flat circular plates formula: h, =C &P _
2 \u*Qs

Which is written, for u*=0.5 and Q=1.5: h, = £ ¢ \/E
075 2 \ S

C
0.75
e 1.285 for simple support, whereas TEMA uses F=1.25
e for clamping, which is the value used in TEMA (F=1.0)

where coefficient is equal to:

G f P
The TEMA formula was modified later to introduce a ligament efficiency n: [T =F 5 _S ,
n

The ligament efficiency n is based on the mean width of the ligament (see Section 4.2 of PART 2):

&072 For Square pitch: 7 :1—L852
(p/d,) (p/d,)

TEMA mean ligament efficiency n (usually around 0.5) is greater than ASME ligament efficiency p*
(usually around 0.3) which is based on the minimum width of the ligament. Coefficient 3 in new TEMA
formula has been tailored so that old and new formulasgive approximately the same results.

For Triangular pitch: 7 =1—

10.2 Numerical Comparisons

Numerical comparisons have been performed using the four U-tube tubesheet heat exchangers treated in
PTB-4 (2013 Edition) Examples E4.18.1 thru E4.18.4. Table 3 shows the results obtained by ASME and
TEMA for the tubesheet bending thickness. Examples 1 thru 4 in Table 3 correspond to Examples
E4.18.1 thru E4.18.4 respectively.

In the 4 examples, TEMA considers the tubesheet as simply supported (TEMA coefficient F = 1.25).
However UHX-12 method shows that in Example 1 the tubesheet is almost clamped (UHX-12 coefficient
F=9.4), due to the high bending rigidities of the shell and channel as compared to the tubesheet bending
rigidity.

Thicknesses obtained by UHX are slightly less than TEMA thicknesses, except for Example 3 where the
ASME ligament efficiency is much smaller than TEMA ligament efficiency.
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Table 3 — Comparison of TEMA and ASME TS Thicknesses for 4 U-tube HEs

EXAMPLE LIGAMENT
EFFICIENCIES TEMA ASME
- : T h
N® Config. DPitch = : .
& ¢ ﬁSl.I'l-:-[E) ( AJE}II".“EE) {TER{A) {using ) (using p*)
{TEMLAY
1 a square 0.2 0.35 0.56 0.61 0.52
2 d triang. .17 028 0.37 1.27 1.28
3 d triang. 020 024 .42 343 4.15
4 e square 025 (.38 0.56 in 346
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1 SUMMARY AND CONCLUSIONS

(a) The purpose of this document is to justify and provide technical criteria for the rules of Part UHX of
ASME Section VIII Division 1, 2013 Edition, devoted to the design of U-tube, Fixed and Floating
head Tubesheet Heat Exchangers. The document is structured in 5 PARTS.

e PART 1: “Introduction” explains how the UHX rules are structured and provides the heat
exchangers types, the loading cases, and the tubesheet configurations covered.

e PART 2: “Tubesheet Characteristics” provides the technical basis of UHX-11 which covers the
ligament efficiencies and the effective elastic constants of the tubesheet.

e PART 3: “Fixed Tubesheets Heat Exchangers” provides the technical basis of UHX-13.

e PART 4: “Floating Tubesheet Heat Exchangers” provides the technical basis of UHX-14.
PART 5: “U-tube Tubesheet Heat Exchangers” provides the technical basis of UHX-12.

PARTS 3, 4 and 5 are independent and structured in the same way (Scope, Historical background,

Notations, Tubesheet Configurations, Loading cases, Design assumptions, and Analytical treatment).

Floating and U-tube tubesheet heat exchangers are treated as simplified cases of fixed tubesheet heat

exchangers. Accordingly, this type of heat exchanger is treated first in PART 3 which forms the main part

of this document.

(b) The analytical treatment is based on classical discontinuity analysis methods to determine the
moments and forces that the tubesheet, tubes, shell and channel must resist. These components are
treated using the elastic theory of thin shells of revolution.

The heat exchanger is assumed to be a symmetrical unit with identical tubesheets on both ends and

the unperforated rim is considered as a rigid circular ring.

The tubes are assumed to be identical and uniformly distributed throughout the tubesheets. Additional

assumptions are necessary to perform the analytical treatment and derive the “design by rules”

method of UHX.

(c) Fixed Tubesheets heat exchangers are covered in PART 3. Main steps of the analytical treatment are
as follows.

(1) Tubesheet is disconnected from the shell and channel.

(2) Perforated tubesheet is replaced by an equivalent solid circular plate with effective elastic
constants E* and v* which depend on the ligament efficiency u* of the tubesheet. This
equivalent solid circular plate is treated by the theory of thin circular plates subjected to pressure
and other applied loads to determine the maximum stresses.

(3) Unperforated tubesheet rim is treated as a rigid ring whose cross section does not change under
loading.

(4) Tubes are replaced by an equivalent elastic foundation of modulus k.

(5) Connection of the tubesheet to the shell and channel accounts for the edge displacements and
rotations of the 3 components.

(6) Shell and channel are treated by the elastic theory of thin shells of revolution subjected to edge
loads to determine the maximum stresses.

The treatment provides, at any radius r of the perforated tubesheet:
o the deflection w(r)

the rotation 0(r)

the bending stress o(r)

the shear stress t(r)

the axial stress in the tubes o(r)
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(d)
(€)

(f)

(@)

These quantities, which are not given in UHX rules, allow one to determine how the tubesheet
deflects and the radii corresponding to the locations of the maximum bending stress in the tubesheet
and the maximum axial stress in the tube bundle.

These stresses depend on two parameters:

e X, which represents the ratio of the tube- bundle axial stiffness to the tubesheet bending stiffness.

e Qs which accounts for the moments due to tube side and shell side pressures and bolt loads
acting on the tubesheet.

A parametric study performed with these two parameters permits the derivation of the formulas for
the maximum stress in the tubesheet and in the tubes which are given in UHX-13.

The treatment also determines the loads and displacements acting on the shell and channel at their
connection to the tubesheets and the loads applied on the unperforated rim. These are not given in
UHX rules which provide only the shell and channel stresses.

Maximum stresses in tubesheet, tubes, shell and channel are determined and limited to the appropriate

allowable stress-based classifications of Section VIII Division 2 Appendix 4, 2004 edition.

Floating Tubesheet and U-tube Tubesheet heat exchangers are treated as simplified cases of fixed

tubesheets heat exchangers.

This document provides the bases for all UHX formulas, especially the following:

¢ shell and channel coefficients 3, k, A and & for the calculation of coefficients » and w*

parameter X,

coefficient F for the calculation of coefficients @, Q1, Q; and parameter Qs.

coefficient J when the shell has an expansion joint.

coefficient y, when the tubesheet has a gasketed flanged connection to the shell or channel.

equivalent pressures P’s, Py, P, Pw, Prim fOr the calculation of the effective pressure Pe.

coefficients Frm and F; for the calculation of maximum bending stress ¢ and maximum shear stress

T in the tubesheet

maximum axial stress o(r) and buckling stress limit Sy, in the tubes

e axial membrane stress osm and axial bending stress osp, in the shell and similar formulas for the
channel.

This document provides the mechanical signification basis for the various coefficients and parameters
noted above.

The results of the analytical treatment have shown that all UHX formulas were correct, except for
four of them which are mentioned in PART 3. These formulas have been corrected in the 2010 and
subsequent editions of UHX.

The basis of the additional UHX rules is provided in this document. They concern:

e The effect of different shell thickness adjacent to the tubesheet

The effect of plasticity at tubesheet-shell-channel joint

The effect of radial thermal expansion adjacent to the tubesheet

The calculation procedure for simply supported tubesheets

The derivation of the tubesheet flange extension

e The case where the heat exchanger has a thin-walled or thick-walled expansion joint

Checking of the results obtained has been made by comparison with FEA and other code rules.
FEA results obtained for the axial tube stresses o+(r) throughout the tubesheet match UHX results with
discrepancies of less than 5%. The comparisons were not as close for the tubesheet bending stresses
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and these discrepancies are still being evaluated by the Sub-Group on Heat Transfer Equipment.
They might be due to the unperforated rim considered as a rigid ring in the analytical treatment.

The French pressure vessel code, CODAP, is based on the same analytical approach as UHX, but
additional simplifications have been made (unperforated rim is ignored). When incorporating these
simplifications in the UHX method, all CODAP formulas have been retrieved. This demonstrates that
both methods are correct and consistent. This consistency extends to TEMA: by implementing the
additional TEMA simplifications, all TEMA formulas have been confirmed.

UHX formulas have also been used to simulate circular plates under pressure by ignoring the
tubesheet holes, the unperforated rim, the tubes and the connection with the shell and channel. The
classical formulas for circular plates subjected to pressure have been obtained.

Thus, applying the relevant simplifications, it has been analytically demonstrated that the UHX-13.3
method leads to CODAP, TEMA and circular plate formulas. This confirms the correctness of the
ASME method, which has also been confirmed by FEA comparisons for the tubesheet deflection.

It is thought that justification and documentation of the basis for UHX-rules is important for the SG-
HTE members for future reference and developments or if additional confirmation or comparisons are
required.

It will be a valuable reference for early career engineers that are using the UHX rules or becoming
involved in code developments of such rules in the future.
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ANNEX A — VALUES OF EFFECTIVE ELASTIC CONSTANTS FROM VARIOUS
AUTHORS

Table 4 — Comparison of Effective Elastic Constants E* and v* Values by Various
Theoretical Methods for Plane Stress Problem

(@) Triangular pitch

Hactiv UNDIRECT
SIIRENNE DIRECT METHOD METHOD
u e‘ostl C B Grigolyuk
Meijers [9] and
constants % Fil'shtinskii [11] | Slot — O’Donnell [7]
0,1 E*/E 0,048 2 0,048 2 0,048 2
0.2 0,146 2 0,146 1 0,146 2
0.3 0,267 5 0,267 5
0.4 0.397 0,396 8 0,396 3
0,5 0,529 1 0,529 1
0.7 0,789 5 0,789 5
0.8 0.899 0,899 6 0,898 6
0,1 v: 0,684 4 0,683 4 0,684 3
0.2 v = 0,3) 0,488 6 0,488 7 0,488 9
0.3 0,384 1 0,384 1
0.4 (337 0,337 2 0,337 4
0.5 0,319 4 0.319 4
0.7 0,307 0 0,307 0
0,8 0.303 | 0,303 6 0,303 3
(b) Square pitch
i DIRECT METHOD DD ST T
elastic ST s
M Meijers [5] Grigolyuk and Baile i
v — Hicks [6]
constants Fil'shtinskii [11] =
== Slot — O'Donnell[7]
0.1 Ep/E 0.1857 0.1856 0.1857
0.2 0.3000 0.2999 0.3000
0.3 0.4069 0.4069
0.4 0.5116 0.5117
0.5 0.6168 0.6168
0.7 0.8244 0.8244
0.8 0.9139 0.9139
0.1 Vot 0.0956 0.0965 0.0956
0.2 (v=0.3) 0.1506 0.1509 0.1506
0.3 0.1975 “ 0.1974
0.4 0.2365 0.2365
0.5 0.2665 0.2665
0.7 0.2974 0.2975
0.8 0.3000 0.3010
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Figure 55 — Synthesis of E*/E and v* Values from [1], Provided by Various
Authors for Triangular and Square Pattern
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ANNEX B — VALUES OF EFFECTIVE ELASTIC CONSTANTS FOR THE FULL
RANGE OF M (0.1SM*<1.0)

1 Introduction

This Annex provides the curves, numerical values and polynomials to calculate the effective elastic
constants E*/E and v* for the full range of the ligament efficiency p* (0.1<u*<1.0).

2 Curves (From [13])

= e

Y - + t——— +— R (i

T e e e

1] o 0‘1 { D‘ 06 o DJU 0,
;?

2

R D
| Z~o——— . | i

PRl

Figure 56 — Curves of Effective Elastic Constants for the Full Range of p*
(0.1sp*<1.0)
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Division 1
3 Numerical Values (From [13])
h/p u* | E*E h/p u* | EYE h/p u* | E¥E h/p u* | E¥E
0.1 0.0 0.0 0.25 0.0 0.0 0.5 0.0 0.0 2.0 0.0 0.0
0.1 0.02 0.05 0.25 0.1 0.123 0.5 0.02 0.0122 2.0 0.0296 | 0.008
0.1 0.05 0.096 0.25 0.15 0.181 0.5 0.04 0.0287 2.0 0.05 0.0172
0.1 0.1 0.16 0.25 0.2 0.243 0.5 0.05 0.0375 2.0 0.0596 | 0.0217
0.1 0.15 0.223 0.25 0.25 0.308 0.5 0.0804 | 0.0653 2.0 0.0807 | 0.0356
0.1 0.2 0.285 0.25 0.3 0.374 0.5 0.1 0.0849 2.0 0.1 0.052
0.1 0.22 0.310 0.25 0.35 0.439 0.5 0.12 0.106 2.0 0.12 0.0688
0.1 0.25 0.348 0.25 0.4 0.505 0.5 0.14 0.127 2.0 0.14 0.088
0.1 0.28 0.3858 0.25 0.45 0.568 0.5 0.15 0.139 2.0 0.15 0.0994
0.1 0.3 0.411 0.25 0.5 0.632 0.5 0.184 0.18 2.0 0.176 0.129
0.1 0.32 0.436 0.25 0.55 0.690 0.5 0.2 0.201 2.0 0.2 0.1553
0.1 0.35 0.473 0.25 0.6 0.747 0.5 0.219 0.226 2.0 0.22 0.1798
0.1 0.38 0.510 0.25 0.7 0.847 0.5 0.25 0.2678 2.0 0.25 0.2165
0.1 0.4 0.535 0.25 0.75 0.892 0.5 0.279 0.307 2.0 0.28 0.255
0.1 0.42 0.559 0.25 0.8 0.930 0.5 0.3 0.3361 2.0 0.3 0.2806
0.1 0.45 0.596 0.25 0.825 | 0.9459 0.5 0.318 0.361 2.0 0.333 | 0.3246
0.1 0.48 0.6318 0.25 0.85 0.96 0.5 0.35 0.4047 2.0 0.35 0.348
0.1 0.5 0.656 0.25 0.9 0.982 0.5 0.4 0.4753 2.0 0.38 0.3862
0.1 0.52 0.678 0.25 0.95 0.995 0.5 0.435 0.521 2.0 0.4 0.412
0.1 0.55 0.712 0.25 1.0 1.0 0.5 0.45 0.541 2.0 0.42 0.4385
0.1 0.58 0.7448 0.5 0.465 0.561 2.0 0.45 0.4783
0.1 0.6 0.767 0.5 0.5 0.6075 2.0 0.48 0.5181
0.1 0.626 0.792 0.5 0.527 0.641 2.0 0.5 0.5446
0.1 0.64 0.806 0.5 0.55 0.6688 2.0 0.52 0.5701
0.1 0.657 0.823 0.5 0.6 0.7272 2.0 0.55 0.6084
0.1 0.675 0.84 0.5 0.64 0.769 2.0 0.58 0.6466
0.1 0.7 0.863 0.5 0.65 0.7794 2.0 0.6 0.6721
0.1 0.719 0.879 0.5 0.664 0.794 2.0 0.64 0.724
0.1 0.75 0.904 0.5 0.7 0.8313 2.0 0.655 0.742
0.1 0.777 0.9222 0.5 0.718 0.85 2.0 0.7 0.7996
0.1 0.8 0.937 0.5 0.739 0.87 2.0 0.716 0.82
0.1 0.828 | 0.9523 0.5 0.75 0.8812 2.0 0.738 0.845
0.1 0.85 0.964 0.5 0.779 0.906 2.0 0.76 0.869
0.1 0.866 | 0.9708 0.5 0.796 0.919 2.0 0.779 0.888
0.1 0.882 0.9772 0.5 0.8 0.922 2.0 0.791 0.9
0.1 0.9 0.984 0.5 0.817 0.935 2.0 0.8 0.908
0.1 0.918 0.990 0.5 0.838 0.949 2.0 0.813 0.92
0.1 0.938 0.994 0.5 0.85 0.9563 2.0 0.834 0.938
0.1 0.95 0.996 0.5 0.856 0.96 2.0 0.85 0.95
0.1 0.977 0.999 0.5 0.877 0.971 2.0 0.876 0.966
0.1 1.0 1.0 0.5 0.895 0.979 2.0 0.9 0.978
0.5 0.9 0.9806 2.0 0.918 0.986
0.5 0.917 0.986 2.0 0.938 0.992
0.5 0.938 0.992 2.0 0.95 0.996
0.5 0.95 0.9944 2.0 0.978 0.999
0.5 0.978 0.999 2.0 1.0 1.0
0.5 1.0 1.0
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Table 5 — Values of Curves v* as a Function of y* for Ratios h/p=0.1, 0.15, 0.25, 0.5, 1.0 and 2.0 for Triangular

pattern
hp | we | v [lhpl we | v llhp] wr | ove [lhp| pr | v [lhp] pr | v [lhip| pr | W
0.1 0.0 -0.096 0.15| 0.1 0.3025 | | 0.25 0.1 0.4135 0.5 0.1 0.5397 1.0 0.1 0.6181 2.0 | 0.05 | 0.8078
0.1 | 0.05 |-0.0672 ||0.15]0.1198 | 0.2216 | | 0.25 0.1 0.4135 0.5 | 0.1191 | 0.4828 1.0 {0.1179 | 0.5675 2.0 0.1 |0.6606
0.1 0.1 -0.038 0.15|0.1267 | 0.2025 | | 0.25| 0.1103 | 0.3817 0.5 | 0.1305| 0.453 1.0 {0.1362 | 0.5224 2.0 | 0.15 | 0.5445
0.1 | 0.15 | -0.0158 | |0.15| 0.1345 | 0.1818 | | 0.25| 0.1182 | 0.3628 0.5 | 0.139 |0.4335 1.0 | 0.146 | 0.5031 2.0 | 0.18 0.49
0.1 {0.184| 0.0001 | |0.15]|0.1401 |0.1685||0.25|0.1292 | 0.34 0.5 | 0.1546 | 0.4029 1.0 | 0.1575|0.4783 2.0 0.2 |0.4575
0.1 0.2 | 0.0069 | |0.15| 0.155 | 0.141 0.25(0.1389 | 0.3224 0.5 | 0.1675|0.3813 1.0 { 0.1669 | 0.4627 2.0 | 0.22 | 0.4308
0.1 | 0.22 | 0.0166 | |0.15]0.1682 | 0.1229||0.25|0.1517 | 0.3027 0.5 | 0.1807 | 0.3616 1.0 {0.1779 | 0.445 2.0 | 0.25 | 0.3956
0.1 | 0.25 | 0.0312 | |0.15|/0.1748 | 0.1165 | |0.25| 0.16 | 0.2904 0.5 [ 0.1963 | 0.3405 1.0 | 0.1923| 0.422 2.0 | 0.28 | 0.3693
0.1 | 0.28 | 0.0458 | |0.15|0.1829 | 0.1103 | | 0.25|0.1719 | 0.2741 0.5 0.2 0.336 1.0 0.2 0.4109 2.0 0.3 0.354
0.1 0.3 0.056 0.15|0.1911 | 0.1052 | | 0.25| 0.1844 | 0.2614 0.5 | 0.218 | 0.3152 1.0 {0.2174 | 0.389 2.0 | 0.31 | 0.347
0.1 | 0.32 | 0.0656 | |0.15| 0.2 0.1011 | |0.25| 0.194 | 0.2505 0.5 | 0.2276 | 0.3062 1.0 { 0.2259 | 0.3792 2.0 10.321| 0.3405
0.1 | 0.35 | 0.0809 | |0.15| 0.21 |0.0983|]|0.25 0.2 0.2449 0.5 [ 0.2384 | 0.2964 1.0 | 0.2379 | 0.3677 2.0 [0.333|0.3344
0.1 | 0.38 | 0.0961 | |0.15| 0.218 | 0.0965 | | 0.25| 0.2043 | 0.2409 0.5 0.25 |0.2869 1.0 | 0.247 | 0.3585 2.0 | 0.35 | 0.3263
0.1 0.4 0.106 0.15|0.2291 | 0.0952 | | 0.25| 0.2174 | 0.2296 0.5 | 0.2601 | 0.2786 1.0 0.25 |0.3559 2.0 | 0.36 | 0.3224
0.1 | 0.42 | 0.1162 | |0.15]0.2382 | 0.0947 | | 0.25|0.2288 | 0.2211 0.5 |0.2718 | 0.271 1.0 { 0.2593 | 0.3479 2.0 | 0.38 | 0.3166
0.1 | 0.45 | 0.1311 | |0.15| 0.2498 | 0.0943 | | 0.25| 0.2394 | 0.2143 0.5 [ 0.2822 | 0.265 1.0 | 0.2684 | 0.34 2.0 0.4 0.312
0.1 | 0.48 | 0.146 0.15| 0.25 |0.0943||0.25| 0.25 |0.2083 0.5 0.3 0.2562 1.0 | 0.2787 | 0.3318 2.0 | 0.42 |0.3082
0.1 0.5 0.156 0.15| 0.2604 | 0.0946 | | 0.25| 0.2593 | 0.2034 0.5 | 0.3198 | 0.2486 1.0 0.3 0.3185 2.0 | 0.45 | 0.3033
0.1 | 0.52 | 0.1653 | |0.15(0.2708 | 0.0958 | |0.25|0.2711 | 0.198 0.5 | 0.3323|0.2452 1.0 { 0.2916 | 0.3235 2.0 | 0.48 | 0.3005
0.1 | 055 | 0.1793 | |0.15| 0.2787 | 0.0971 | | 0.25| 0.2797 | 0.1951 0.5 | 0.3456 | 0.2417 1.0 | 0.3051 | 0.3154 2.0 0.5 |0.2994
0.1 0.6 0.203 0.15| 0.29 |0.0991||0.25|0.2899 | 0.1914 0.5 0.35 0.241 1.0 | 0.3191 | 0.3082 2.0 | 0.52 | 0.299
0.1 | 0.63 | 0.2165 | |0.15| 0.3 0.1015 | | 0.25 0.3 0.1887 0.5 | 0.3587 | 0.2397 1.0 {0.3337 | 0.302 2.0 | 0.55 | 0.2986
0.1 | 0.65 | 0.2245 | |0.15|0.3102 | 0.1038 | | 0.25|0.3104 | 0.1868 0.5 | 0.3692 | 0.2394 1.0 {0.3482 | 0.2969 2.0 0.6 |0.2988
0.1 | 0.67 | 0.2325 | |0.15| 0.3196 | 0.1067 | | 0.25| 0.3199 | 0.186 0.5 [ 0.3804 | 0.2395 1.0 0.35 |0.2963 2.0 | 0.65 0.3
0.1 0.7 0.243 0.15|0.3303 | 0.1099 | | 0.25| 0.3295 | 0.1854 0.5 ({0.3914 | 0.24 1.0 | 0.3604 | 0.293 2.0 0.7 0.3
0.1 | 0.72 | 0.2501 ||0.15{0.3394 | 0.1131||0.25|0.3386 | 0.1851 0.5 0.4 0.241 1.0 {0.3792 | 0.2893 2.0 | 0.75 0.3
0.1 | 0.75 | 0.2597 | |0.15| 0.35 |0.1172||0.25| 0.35 |0.1857 0.5 | 0.4129| 0.243 1.0 0.4 0.2877 2.0 0.8 0.3

0

0.1 0.8 0.274 0.15|0.3591 | 0.1204 | |0.25| .3604 | 0.1873 0.5 | 0.4198 | 0.2448 1.0 {0.4188 | 0.2866 2.0 | 0.85 0.3
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hip| w* | v bl w | v bl v | v lnip| wr | v |lhip] o wr | v | |hip| pt | v
0.1 | 0.83 | 0.2815 | |0.15]0.3795|0.1289 | |0.25|0.3704 | 0.1891 0.5 | 0.4394 | 0.2499 1.0 [ 0.4399 | 0.2865 2.0 0.9 0.3
0.1 | 0.85 | 0.2859 | |0.15| 0.4 0.1376 | | 0.25]0.3805 | 0.1911 0.5 0.45 |0.2525 1.0 0.45 |0.2867 2.0 | 0.95 0.3
0.1 [0.875]| 0.2906 | |0.15| 0.42 |0.1464 ||0.25|0.3908 | 0.193 0.5 0.5 0.2635 1.0 0.5 0.2893 2.0 1.0 0.3
0.1 0.9 0.295 0.15| 0.45 |0.1604 | |0.25 0.4 0.1955 0.5 0.55 0.273 1.0 0.55 |0.2935
0.1 | 0.92 | 0.2974 | |0.15| 0.5 0.1834 | | 0.25| 0.4099 | 0.198 0.5 0.6 0.2813 1.0 0.6 0.2976
0.1 | 0.95 | 0.2996 | |0.15| 0.55 |0.2038||0.25|0.4197 | 0.201 0.5 0.65 0.289 1.0 0.65 |0.2997
0.1 1.0 0.3 0.15| 0.6 0.2228 | | 0.25| 0.4395 | 0.2067 0.5 0.7 0.295 1.0 0.7 0.3
0.15| 0.65 |0.2413||0.25| 0.45 |0.2097 0.5 0.75 |0.2997 1.0 0.75 0.3
0.15| 0.7 0.2571 | |0.25 0.5 0.2246 0.5 0.8 0.3 1.0 0.8 0.3
0.15| 0.75 [0.2709||0.25| 0.55 |0.2395 0.5 0.85 0.3 1.0 0.85 0.3
0.15| 0.8 0.2824 | | 0.25 0.6 0.2526 0.5 0.9 0.3 1.0 0.9 0.3
0.15|0.8237|0.2872 | |0.25| 0.65 | 0.2653 0.5 0.95 0.3 1.0 0.95 0.3
0.15| 0.85 |0.2923||0.25 0.7 0.276 0.5 1.0 0.3 1.0 1 0.3
0.15|0.8827 | 0.2971 | |0.25| 0.75 |0.2851
0.15| 0.9 0.2993 | | 0.25 0.8 0.2923
0.15]0.9018 | 0.2995 | |0.25| 0.85 |0.2977
0.15| 0.95 0.3 0.25 0.9 0.3
0.15| 1.0.0 0.3 0.25| 0.95 0.3
0.25 1.0 0.3

Table 6 — Values of Curves v* as a function of p* for ratios h/p=0.1, 0.15, 0.25, 0.5, 1.0 and 2.0 for square pattern

hip | u* | v hip | p* | v* hip | p* | v* hip | p* | v* hip | u* | v hip | p* | v*
0.1 0.1 |-0.022 0.15 0.1 |0.1465 0.25 0.1 |0.2471 0.5 0.1 |0.3027 1.0 0.1 (0.3283 2.0 0.05 | 0.339
0.1 0.142 [0.0003 0.15 (0.1082(0.1357 0.25 [0.1183(0.2201 0.5 |0.1122|0.2958 1.0 |0.1376(0.3216 2.0 0.1 0.34
0.1 0.2 |0.031 0.15 (0.1179(0.1267 0.25 [0.1278(0.2099 0.5 ]0.1193|0.2925 1.0 0.15 |0.3196 2.0 |0.125 (0.3403
0.1 0.22 |0.0408 0.15 (0.1281(0.1184 0.25 [0.1384(0.2002 0.5 ]0.1294|0.2881 1.0 |0.1784(0.3151 2.0 0.15 0.34
0.1 0.25 [0.0555 0.15 (0.1379(0.1124 0.25 | 0.15 | 0.192 0.5 0.15 (0.2809 1.0 [0.1984(0.3125 2.0 |0.175 |0.3387
0.1 0.28 (0.0702 0.15 | 0.15 [0.1053 0.25 |0.1609| 0.185 0.5 [0.1775| 0.273 1.0 0.2 (0.3123 2.0 0.2 0.337
0.1 0.3 0.08 0.15 [0.1579(0.1016 0.25 [0.1772(0.1767 0.5 0.2 |0.2678 1.0 |0.2383(0.3082 2.0 0.22 |0.3354
0.1 0.32 (0.0896 0.15 [0.1694(0.0978 0.25 [0.1888(0.1722 0.5 ]0.2383|0.2611 1.0 0.25 | 0.307 2.0 0.25 | 0.333
0.1 0.35 | 0.104 0.15 [0.1788(0.0951 0.25 0.2 [0.1685 0.5 0.25 [0.2594 1.0 0.279 | 0.304 2.0 0.28 0.33
0.1 0.38 (0.1184 0.15 [0.1901| 0.093 0.25 |0.2104| 0.165 0.5 [0.2784| 0.256 1.0 0.3 [0.3025 2.0 0.3 0.328
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hip | u* | v hp | p* | v hip | u* | v hip | p* | v* hip | p* | v hip | p* | v*
0.1 0.4 |0.128 0.15 {0.1984| 0.092 0.25 [0.2307(0.1602 0.5 0.3 |0.2542 1.0 [0.3396(0.3005 2.0 0.32 |0.3256
0.1 0.42 | 0.137 0.15 0.2 |0.0919 0.25 [0.2391(0.1589 0.5 [0.3187| 0.253 1.0 0.35 |0.3002 2.0 0.35 | 0.322
0.1 0.45 (0.1505 0.15 [0.2099(0.0915 0.25 | 0.25 | 0.158 0.5 ]0.3388|0.2524 1.0 0.4 (0.2992 2.0 0.38 (0.3184
0.1 0.48 | 0.164 0.15 [0.2186(0.0914 0.25 [0.2529(0.1577 0.5 0.35 [0.2522 1.0 |0.4386(0.2986 2.0 0.4 0.316
0.1 0.5 [0.173 0.15 (0.2292(0.0917 0.25 | 0.263 [0.1573 0.5 ]0.3581|0.2521 1.0 0.45 (0.2984 2.0 0.42 | 0.314
0.1 0.52 (0.1814 0.15 | 0.239 [0.0926 0.25 | 0.273 [0.1572 0.5 [0.3786| 0.252 1.0 [0.4792| 0.298 2.0 0.45 |0.3106
0.1 0.55 | 0.194 0.15 | 0.25 [0.0937 0.25 | 0.281 [0.1572 0.5 [0.3975| 0.252 1.0 0.5 |0.298 2.0 0.48 [0.3076
0.1 0.58 (0.2066 0.15 [0.2591(0.0953 0.25 [0.2945(0.1573 0.5 0.4 |0.252 1.0 [0.5198( 0.298 2.0 0.5 0.306
0.1 0.6 | 0.215 0.15 [0.2681(0.0971 0.25 0.3 [0.1576 0.5 |0.4181|0.2524 1.0 0.55 |0.2984 2.0 0.52 |0.3044
0.1 0.65 | 0.233 0.15 (0.2788(0.0999 0.25 [0.3105(0.1582 0.5 ]0.4309|0.2533 1.0 0.6 |0.299 2.0 0.55 [0.3028
0.1 0.7 0.25 0.15 [0.2917(0.1036 0.25 [0.3222(0.1592 0.5 0.45 |0.2544 1.0 0.65 |0.2995 2.0 0.58 |0.3018
0.1 0.75 (0.2644 0.15 0.3 |0.1065 0.25 [0.3316(0.1604 0.5 ]0.4802|0.2577 1.0 0.7 0.3 2.0 0.6 0.301
0.1 0.8 | 0.277 0.15 (0.3181(0.1144 0.25 [0.3399(0.1622 0.5 [0.5028| 0.261 1.0 0.75 0.3 2.0 0.65 |0.3002
0.1 0.85 |0.2873 0.15 (0.3286(0.1188 0.25 | 0.35 [0.1644 0.5 |0.5232|0.2643 1.0 0.8 0.3 2.0 0.7 0.3
0.1 0.9 [0.2956 0.15 [0.3395(0.1235 0.25 [0.3697(0.1687 0.5 0.5 |0.2606 1.0 0.85 0.3 2.0 0.75 0.3
0.1 0.95 |0.2995 0.15 0.35 [0.1283 0.25 0.4 |(0.1762 0.5 0.55 | 0.268 1.0 0.9 0.3 2.0 0.8 0.3
0.1 0.98 (0.2999 0.15 0.4 |0.1498 0.25 [0.4121{0.1799 0.5 0.6 |0.275 1.0 0.95 0.3 2.0 0.85 0.3
0.1 1.0 0.3 0.15 0.45 (0.1698 0.25 [0.4255(0.1843 0.5 0.64 | 0.28 1.0 1.0 0.3 2.0 0.9 0.3

0.15 0.5 |0.1903 0.25 [0.4386(0.1882 0.5 0.65 (0.2812 2.0 0.95 0.3

0.15 | 0.55 [0.2092 0.25 | 0.45 [0.1924 0.5 0.7 |0.287 2.0 1.0 0.3

0.15 0.6 |0.2267 0.25 |0.4798| 0.203 0.5 0.72 | 0.289

0.15 | 0.65 (0.2427 0.25 0.5 0.21 0.5 0.74 | 0.291

0.15 0.7 |0.2578 0.25 | 0.55 [0.2276 0.5 0.75 |0.2919

0.15 [0.7196| 0.263 0.25 0.6 |0.2441 0.5 0.78 (0.2948

0.15 | 0.741 [0.2682 0.25 | 0.62 | 0.25 0.5 0.8 0.296

0.15 0.75 [0.2702 0.25 |0.6461| 0.257 0.5 0.82 |0.2972

0.15 (0.7799(0.2773 0.25 | 0.65 [0.2579 0.5 0.84 (0.2982

0.15 0.8 |0.2816 0.25 |0.6786(0.2644 0.5 0.85 (0.2986

0.15 | 0.821 [{0.2856 0.25 0.7 |0.2692 0.5 0.88 [0.2995

0.15 (0.8316(0.2875 0.25 [0.7194(0.2729 0.5 0.9 0.3

0.15 | 0.85 [0.2904 0.25 [0.7404(0.2771 0.5 0.95 0.3

0.15 (0.8787(0.2944 0.25 | 0.75 [0.2788 0.5 1.0 0.3

0.15 0.9 |[0.2965 0.25 [0.7794(0.2841

0.15 | 0.92 (0.2981 0.25 0.8 |0.2872

0.15 0.94 (0.2994 0.25 [0.8204| 0.29

0.15 | 0.95 [0.2997 0.25 | 0.84 [0.2922

0.15 | 1.0.0 0.3 0.25 | 0.85 |0.2932
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h/p v* h/p v* hip | u* | v* h/p v* h/p v* h/p v*
0.25 |0.8785/0.2958
025 | 0.9 [0.2971
0.25 |0.9206|0.2983
0.25 | 0.94 |0.2995
0.25 | 0.95 [0.2996
025 | 1.0 | 03
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Table 1: E*/E Coefficients for Triangular Tube Pattern

Division 1
4 Polynomials
o %o
0.10 0.002
0.50 -0.003
2.00 -0.009

0.10
0.25
0.50
2.00

0.10
«15
.25
.50
.00
.00

N~ OOO

rﬁ
0.10
0.15
0.25
0.50
1.00
2.00

"y

1.235
0.728
0.484

%y

0.573
1.895
1.957

%3

-0.878
-2.051
=1.442

Table 2:E*/E Coefficients for Square Tube Pattern

Xo
0.017

. 0.013

.089
.232
.771
.989
.01

.018

=0 0+~O

Go
-0.067
0.337
0.434
0.400
0.348
0.354

0.011
0.012

W 4

2.112
1.840
1.567
1.278

oy

©2..739
<2111
-1.648
=1.135

X3

3.368
2.893
2.747
2.587

Table 3:v* Coefficients for Triangular Tube Pattern

6

0.063
0.434
0.016

Ky

=1.747
-1.642
-1.682
-1.749

(

296.515 -69.197
-17.848 4.66
61.016 -16.003

e+ f= €s e fs

0.450 0.267 =0.325 -0.002 0 0
-16.249 93.259 -284.35 507.628 -528.539
-4.78 13.226 -11.952 -7.503 23.725
-6.399 23.448 -53.158 87.214 -96.808
=-5.142 13.806 =17.444 10.436 -2.366 0
-4.52 10.821 -12.221 6.421 =121 0

Table 4:v* Coefficients for Square Tube Pattern

é é2 €;s ey Bs

0.451 0.191 -0.273 0 0 0
-2.905 11.728 =19.521 15.421 -4.761 0
-2.632 8.552 -11.617 7.451 -1.889 0
-1.602 8.636 -29.539 62.382 -74.962
-0.201 -0.180 2.124 -4.358 . 4,145
-0.286 2.27 -10.35 22.733 -25.581

Es

€z

0
0
0

46.713 -11.728
-1.954 0.374
14.349 -3.188

Polynomials of Effective Elastic Constants for the full range of p* (0.1<p*<1.0) initially used for
Appendix AA of ASME Section VIII-Div. 1
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ANNEX C — POISSON’S RATIO IN TUBES AND SHELL

(a) Deformation of a shell of length I; diameters D; ,De ; pressures Pi, Pe:

gzé[o] —v(ae+ar)]=g, +e,

i Or
|
Di Pe
[ = D. -
q. e [ "_tt
.-\_
EI
| Zie
. . s . 6"(1/)
Deformation due to Poisson’s ratio: g = = (o, +0,)
2 _ 2 2 2
O'9+Gr=2PiDi2 PezDe ZZPIDI PeDe Szl(Dez_DiZ\J
D; -D, 2 S 4
7 | V4 Es
a(v)z——E—S[P, D?-P, Df}v——ﬂ[Pi D! -P.D! v ==~

(b) Application to the tubes: D, =d, D, =d, -2t P=P P =P

. =R

6.(v)=— - | R(d,-2t) -R d! |y
:

X =1-N, (d, Dét‘)z —X = t(dtétt)z (d,—2t) =(1 xt)ﬁ—‘f
xszl—th—‘; 1—xs:Nt|(:j)—‘:2 df:(l—xs)ﬁ—f
5t(vt):_2ﬂ|-(tDE|t [(1-%)P—(1-%x)P]n k, = ':'[ta? ~4 :t[;}t
()= [ R-(1-x)R

() Application tothe shell: D, =D, R=R  P=0 ks:”EstsEDs“s)
5S(V5)=_2Lks' (RO Jv =3 E:L%;Pits) .
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2
N k 2v, (D
k, 8, (v,)=-—— L _pDly,=—S%| == p
W S(VS) 2kS 7Z'(D02/4) s sVs k (DJ s

178



Copyright © 2014 by the American Society of Mechanical Engineers.
No reproduction may be made of this material without written consent of ASME. (&%

PTB-7-2014: Criteria for Shell-and-Tube Heat Exchangers According to Part UHX of ASME Section VIII
Division 1

ANNEX D — SHELL PRESSURE ACTING ON THE EXPANSION JOINT
SIDEWALLS

Axial force acting on the sidewall of one half of the expansion joint due to internal shell pressure Ps:

FJ=PSH(R$—R5J R-2  R-=

R |
~ny |

T
Fy

ds

F'J\
=—Ds = 28—

D,=2R,——={VF}

The shell pressure acting on the sidewall of the expansion joint creates an axial force. It is assume that
half of this force is resisted by the expansion joint, and the other half of it is carried out by the shell.
Accordingly, the axial force acting on the shell is:
. F T T
F=5 =2 (Ri-RE)P.= T (DF-D2)P

Axial displacement of the half-joint of rigidity k;, due to F’;:

F, D} -D?
5J (ps) —_J _ T U —Y |:>s

k, 8 Kk

_ x D}-Df
6 K, °

Note: this formula is still valid if the shell is extended as a flange (Ds should not be replaced by Gs)

Expansion joint rigidity: K, :k?J 5, (P)
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ANNEX E — DIFFERENTIAL PRESSURE ACTING ON THE EQUIVALENT SOLID
PLATE

(a) Force due to pressure Ps acting on the TS of radius ao:

2
P. naﬁ—Ntn(ﬂﬂ
2

LILL T LILLLL
117 ,

This force leads to a uniform pressure Ps* acting on the equivalent solid plate given by:

2
P:ﬂ'ag:Ps{ﬂag—Ntﬂ(%j}
d

2
Ps*: sl:l_Nt( . J:lpsxs Do:2ao
2a,

2
TS coefficient relating to the tubes on shell side: |x =1-N, K_tJ

P*

N\

LTI IAT &7 7PN S5

P*s
Ap*':P*s'P*t TP>O

(b) Force due to pressure P; acting on the TS of radius ao:

2
P{ﬂa‘?_Ntﬂ(dt——ZZttj}

This force leads to a uniform pressure Py* acting on the equivalent solid plate given by:
* 2 2 dt - 2 tl ?
P raj=RP|7a-N, 7 .
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2
. d, -2
P =R|1-N, [T“J ~R X

0

D

0

TS coefficient relating to the tubes on tube side: |x, =1— N, (MJ

(c) Differential pressure acting on the equivalent solid plate:

Ap" =x, P~ P|
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ANNEX F — SOLUTION OF DIFFERENTIAL EQUATION W(X)

The deflection of the equivalent solid plate is governed by a differential equation of 4" order:
d“w+gd3w 1dw+id_w a(r) QkW()
dr* rdr* r>dr* r*dr D D
d'w 2d°w 1 d’w 1 dw
+= = + B
dr* r dr® r? dr? dr D
A change of variable is necessary to solve the differential equation:

k
=k k—a/DVi 0<rea, = X, =ka,
dw_dwdx_,dw d°w_,2d*w d*w_ 5 d° d*w_ ad'w
dr dxdr dx dr2  dx? drd  dx® drt  dx*
d'w 2dw 1 d*w 1 dw
L Sy 2+_3_+W(X): 4Q*:2
dx*  xdx® x°dx® x° dx k"D Kk,

e The homogeneous solution is:
w(x)= Aber(x)+ B bei(x) +C ker(x) + D kei(x)
where:
ber(x), bei(x), ker(x), kei(x) are Kelvin functions of order 0, which will be noted berx, beix, kerx,
keix
A, B, C, D are integration constants
e " (x/2)" x/2)"
berx=>"(-1) (x/2) > =1—( 2
5 [(2n)1] (21)

i 2n-t (x/2)4n_2 _(x/2)2_(x/2)6

beix=;(—1) [(2 n—1 !]2 B (l!)2 (3!)2

. p (x/2)* (/2 1,11
kerx In(x/2)berx+4be|x+[1] { (1+2)}+{ @’ (1+ 513 4)}

(21)?

. .z A /2 1 ) [, 101 11
keix = —In(x / 2)beix 4berx+[(x/2)] {(30 (1+ )} { & (1+2+3+4+5)}

ber(0) =1  bei(0) =0  ker(0) =  kei(0) = —%
For x=0: <ber'(0) =1  bei'(0)= ker'(0) =>o0  kei'(0)= 0
(

ker"(0)=— o kei"(0) =— o0

Q
K,

The particular solution with 2™ member is: W(X)

Q

General solution: W(X) = Aberx+ B beix+C kerx+ D keix+k—

w
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Determination of constants C and D. Bending moment is written:

42 “d (Aber"x+ Bbei"x + C ker" x + Dkei " x)
M, (r)=-Dk| S2+ X _pye| - _ _
dx®  x dx +— (Aber 'x + Bbei 'x + C ker' x + Dkei ' x)
X

The bending moment M;(0) at center of TS must remain finite: — C=0 D=0

Q

Finally, the solution is written: |W(X)= Aberx+B bEiX+k—

W
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ANNEX G — COEFFICIENTS Zp, Zv, Zw, Zm; Qwm, Qv; Qa, Qs; Fm, Fr

(a) Purpose
This Annex provides the equations for coefficients Zq(x), Zu(X), Zw(X), Zn(X); Qm(X), Qu(X), Qu(X),
Qp(X); Fm(X), Fi(x) and their values for:
e x=0or close to 0 for a given value of X..
o X=X,
e X=Xa when X is close to 0
Notations are taken from UHX-13:
e Dber, bei are Kelvin functions
o f(X) represents the value of function f for x.
o f(Xa) is always noted “f ”: f = f(X4). Therefore:

ber =ber(Xa) ;  ber’ =ber’'(Xa)

bei = bei(Xa) ,  bei’ = bei’(Xa)
Za = Za(Xa)

Zn = Zm(xa) ; Zy= ZV(Xa)

Zy = Zo(Xa) Zy = Zn(Xa)

yi=y1Xa) 5y =ya(Xa)

(b) Kelvin Functions

_nml ( ) (x/2)4 (x/2)8 (x/2)12 X or x close to
- ( )4”2 (x/2) (x/2) (x12)"  x2 o
bei(x) = Z_l‘,( 1) [( )]2— (1!)2 — (3!)2 + (5!)2 —F s f lose to 0
o (2n)(x/2)"" _ 2(x/2) +4(x/2)7 6(x/2)" Lo
ber (x) = Z‘( ) [(2n q (21)° (41)° (6)° 2°

for x close to 0
s S e (-D(x/2)"7  (x/2) 3(x/2) 5(x/2)  _x
Per) le( ) [(2n-2)T @ 3 (s 2

for x close to 0

) Lo (n)@n-1(x/2)"" _ 3(x/2)’ +14(x/2)6 33(x/2)° -
per ) le( ) [(2n)1] (21)° (41)° (6’ 2¢

for x close to 0

pei*( = 5 (1 (2n-1)(4n-3)(x/2)"" 1 15(x/2)" 45(x/2)

2[(2n-1)] 2 203 | 2(s5)

u

N |-

for x close to 0

(c) Coefficients ‘I’l(x) ‘I'z(x) Za

Y per(x) =3+Y

x2 for x close to 0

v, (X) = bei(x) + =

3+u

Y. (X,) = X2 forXacloseto0
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17V peit(x) zl+20 for x close to 0
X

v, (x) = ber (x) -

¥, (X,)~ 1+2') for X, close to 0

*

Z, =bei"¥, —ber" ¥, = (ber - bei*-ber" bei)—l_x—v(ber'2+ bei )

1+0"

Z, ~ X, forXsclose to 0

(d) Coefficients Zg(x), Zu(X), Zw(X), Zm(X)
(ber - ber (x) +bei - bei(x)) + 1_—U(ber " bei(x) —bei - ber(x))

@, -ber (x)+y, -bei(x) X
Z = 2
& Xz, Xz,
AV, +¥ X VY, ¥,
~ ~ for x close to 0 Z,(0)=
AX2Z.  X}Z, ) Xz,

o 1-0" ) )
_ (ber2 +be|2)+ (ber " bei —ber -bei")
z,=¥ -ber:—tp1 ‘bei _ X, . ~ —— for X, close to 0
Xz, X.°Z. X

a

) (ber -ber '(x) + bei - bei '(x)) + 1;(”*

@, -ber'(x)+y, -bei'( ) (ber "bei'(x) —bei"-ber '(x))

Z
(H Xazza Xazza
8P X-P, X Y

5 ~ >—— X forxclose to 0 Z,00)=0
16X,%2,  2X,Z,
_ W, -ber'+y, -bei" ber-ber'+bei-bei’ 1
Z = = ~—~ _ forXscloseto0
X.2Z, Xz, 4(1+0")
ber'-ber(x)+bei'-bei(x)
Z
9 X7,
'+ x%bei’ ' ber'
~ Aber +2X bei ~ bezr for x close to 0 Z,0)=—
4X,°Z, X, °Z, X, Z,
ber -ber' +bei-bei'
Z, = 5 =Z, :% for X, close to 0
X.’Z, 4(1+0")
ber'-ber'(x)+bei'-bei'( x
209 (x) +ber bei(x)
Xaza
8xbei'—x%ber'  xbei' X
R ~ = for x closeto 0 Zm (0) =0

16X,2,  2X.Z, (L+0)X,

_ ber'? +bei'? 1

Z ~
X.Z, 1+v

m for Xz closeto 0
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The numerical values and graph of Zg, Zy, Zw, Zm as a function of X, for 1<X,<20 are provided below.

Coefficients Z 4,Zy,Zy,Zm

Xa Zy =2, Zm
1 2.054458 0.176798 0.709032
2 0.171868 0.154393 0.642542
3 0.054471 0.103768 0.491113
4 0.023791 0.062263 0.362879
5 0.012079 0.039878 0.286907
6 0.006924 0.027776 0.238824
7 0.004334 0.020476 0.204651
8 0.002889 0.015704 0.178926
9 0.002021 0.012418 0.158913
10 0.001468 0.010062 0.142915
11 0.001100 0.008317 0.129837
12 0.000845 0.006988 0.118947
13 0.000663 0.005954 0.109738
14 0.000530 0.005133 0.101851
15 0.000430 0.004471 0.095019
16 0.000354 0.003929 0.089046
17 0.000295 0.003480 0.083778
18 0.000248 0.003103 0.079098
19 0.000211 0.002785 0.074912
20 0.000180 0.002513 0.071147
Table Zd,Zv,Zw,Zm

2.50

2.00

1.50

=—=—7d

1.00

0.50 B

0.00

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Xa
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(e) Coefficients Qm(X), Qu(x) and Qau(x), Qp(X)

. . 1-v A
., , bei - ber(x) —ber "bei(x))— ber "-ber '(x) +bei - bei'(x
ap 2 Wy (x)-ber -y, (x) "W (), (oerber®) )
Z, Z,
8(1+0")bei'—(3+v")x’ber’  (1+0")bei" (+ V')
~ ~ 0 bei'
167, 27, forxcloseto0  Q,(0)= 7
, . (ber -bei '—ber'-bei)—l_—u(ber'2+bei '2)
_bei'-y,-ber' -y, X, Z,
Q,= = =—2=1
Za Za Za
. 1-0 .
ber -y, (x) —bei -y, (X) + ber "W, (x)—bei" W, (x
Q (X)=lIJ1'LlJz(X)'LIJ2'lIJ1(X)= w,(X) w1 (X) X, ( ,(X) 1 ))
v X.Z, X.Z,
8(1+u*)\P1—(3+u*)‘{’2x2 (1+u*)\111 (1+u*)
~ ~ for x close to 0 0)= kg
16X_Z, Xz, oo QO=x7
= WY, -y, -y,
Q, =Q(X =0
=apxy B
ber'-bei'(x)-bei'-ber'(x)
Q,(x)=
G( ) Za
' 3hAi! '
z8Xbeer;X bei :ber X forxcloseto 0 Qa(0)=0
Q,=QX 3 ber'-bei'-bei'-ber 0
Za
. . 1-0° . .
" , ber -bei '(x) —bei - ber" ber'-ber '(x) —bei " bei"
QB(X)=w2'be' (X)-L|J1-bel"(X):( er - bei'(x) —bei -ber ‘(x)) + X (ber *ber '(x) —bei "-bei (x))
z, Z,
B¥ X+ ¥ X ¥, X for x close to 0 (0)
~ ~ Q,(0)=0
162, . ’
Q=QX3 'belz'q“ ber %:1

(f) Coefficients Fm(x) and Fi(x)
Q;-Q, (X)*+Q, (x) _ (¥, +QX bei’)¥, (x)— (¥, +Q; X ber ) ¥, ()

Fa(X)= 2 2X,Z,
Fm(o):Qst(o;+Qv(0) 1{Q31+u .,+212+i ‘Pl} 1:20 {ngel \){(f}:%ﬁ;}*
3<m Xa Y Xa 3
Fm(xa):QQ ( )2+Q( ):%
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Note - When F, is maximum at periphery:
o = MAX=[[F, ()] =[Fn (Xa) =2 = 2 if Q>0
m m m a 2 2 3

_2Q3 if Q3<0
¥ b ' b i’ —(¥V b P b !
FQ(x)=Q3.Qa(X)+Qﬂ(X):( , +Q, ber ") bei (x)z( . +Q, bei*)ber '(x)
MX forxcloseto0 — F, (0)=0

R(0)=Q Q. (0)+Q,0) =~

Fo(X,)=Q;-Q, (X,)+Q,(X,)=1
FL()=1Q, 2, (x)+2, (1 52 = (H 7 QX LI0E (¥ + QX ber'oer()

a
a

_ Q% Q,(9+Q,0) _ X,* ber' W, | X/ W,
"o 2 2 [Qe’ X7z, %3z, T2z, T,
4 4
FX)=| e 2 X s @ Xe
41l+v) X, 1+v 8
(g) Parameter Qz when X,=0
. 1 F
Q _(Ps—l)—®zv_1(ps—1)4(l+u)—(1) _(Ps— )_Z
b L@z, 4 (1+07)+ @ ~ 1+F
N
* * = Vb
P-w P)+|W 2
L lrnain) Wil
’ 1402, 1+F
F 2N F
2 (ps_l)_z 2 N (ps_1)+agpe_4
Q3:Q1+ 2 Q2: + 2 =
% R 1+F & P 1+F 1+F
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ANNEX H — RADIAL DISPLACEMENT AND ROTATION OF THE SHELL AT ITS
CONNECTION WITH THE RING

1 Radial Displacement Due to Internal Pressure Ps

Due to internal pressure Ps, the circumference of the shell internal wall increases from 2nas to 2ma’s, thus
its elongation is written: 2m(a’s-as)= 21 Ws(Ps) where ws(Ps) is the radial displacement of the shell due to
pressure Ps.

N/
o \2(\(}’
)

SHELL
SHELL
0

- l
F

= ey

L i ! Vs Vs 2Fy = Ps 2as
SHELL {,':Ti]tﬁ'ppoosﬂitg’n”/ 0 = Vsfts G = Fofts = (P ac)t
RADIAL DISPLACEMENT wg AXIAL STRESS CIRCUMFERENTIAL STRESS

Figure 57 — Radial Displacement due to Internal Pressure

. 27w, (P w, (P,
Shell strain: £, (P,) = 7w, (P.) — :(R) zi[o-e —v, (o +Gr]:i a, R —v, Ve
2ray a, E, E.| t t,
P . _
where: 0, = is the circumferential stress in the shell
S
o, = t_s is the longitudinal stress in the shell subjected to the longitudinal force Vs
S
0, = —PS is the radial stress in the shell, which can be neglected compared to ce .
Shell radial displacement due to internal pressure:
2
w, (P,)= % |p Y v, || [A-VIla-1]
ES tS aS
Note: For a U-tube or floating TS HE, Vs is known:
2 2
: a;P. a;P.
2raV, =7a’P, = V.=—2* = g =—-
2a, 2at,
2 2
w(R)= R -S| By B e _gp
E.t, a, 2 E.t, a, 2
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2 2
where: 5, = ol LA D ;D v
Et\" a 2) 4Et| D+t 2

S 7S

2 Radial Displacement and Rotation Due to Edge Loads Qs and Ms
Formulas provided in this Annex are taken from Appendix 4.2 of ASME Section VIII-Div. 2 [11] .

WS(QS’MS): st + MzS QS(QS’MS): st + M,
zﬁs DS 2ﬁs DS 2133 DS ZﬂSD
2 3 3
ﬁ=412(1_vs) D, - Est52 _28 D=4 E, t
S (D5+t5)t5 12(1_V5) ( V )
Q M Q 2 M
w, M )=—-+—" ., M :
S(QS 5) ,852 ks ks (Q ) ﬂ k kS
3 Radial Displacement Due to Internal Pressure and Edge Loads
:&4_&_}_5 P 6 = QS 2 MS

W s s s= -t
ﬂsz ks ﬂs ks ﬂs ks ks

2
& [1—a—?£j where Vg is unknown
a

S

With: &, =
At this point of the development, it appears that it is not possible to get a solution if Vs is unknown.
Thus, the classical shell formula:
2
aP D. PD
o, = =S =———=—"jsused, which leads to:
2(a,+t,/2)t, D, +t, 2t

D2 (1_ D. v

S S

5. = =
S O4Et, D,+t, 2 ) °

D? v
Note: In UHX-13, ts has been neglected compared to Ds and: |0, = —— [1——SJ P,

4 Channel

Above formulas apply to the channel by replacing subscript s by subscript ¢, except that the axial force
and longitudinal stress in the channel are known:

P a, P 2
V, &% 0, =—-—% which leads to: |5, = D |- D o
2 2t, 4E_t, D, +t 2

DI [ v
Note: In UHX-13, tc has been neglected compared to D and: |5, = 1—5
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ANNEX | — SHELL-TO-RING CONNECTION IN RADIAL DIRECTION
Radial force Q:(a0) acting at TS periphery, due to Qs and Qc (see Figure 58 below): Q,(a,)=Q.+Q,

TS radial displacement wi(ao) at mid-thickness, at point A, due to Qr(ao):  w, (a,)= % l_E_f Qx

Channel

—

|
|
| ’
| ¢’ &
|

I/ TUBESHEET AS— —>A RING/—>r

dp ! Qs

%  Shell

Figure 58 — Radial Force at Tubesheet Periphery
Ring radial displacement wg at point S (see Figure 59 below):

- W, h
tg(gR):—RzgR = Wq :_EQR

h/2

Initial

position

position

/ VA7) SHELL
Figure 59 — Ring Radial Displacement
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Continuity of displacements at ring-shell connection (point S):
h

W =W, 6OG;=6, = W, :_EHS
Total radial displacement wr of the ring at point S: W, =W, (ao)+wR =W, (610)+WS

At this point of the development, it appears that it is necessary to ignore the radial displacement at mid
thickness w:(ao) to get a solution.

Compatibility of shell-ring displacements is written: |W, = —— 6
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ANNEX J — MINIMUM LENGTH OF SHELL AND CHANNEL WHEN INTEGRAL

WITH THE TS

The bending moment M(x) located at the distance x of the edge of the shell (point S in Figure 17),
submitted to moment M;s is given by (see Appendix 4.2 of [11] ):

312 (112
MS(X)=%f4(ﬂx)+Msf3(ﬂx) with f3, = (1-v) 1817

B, \/(DS e Jo. )t

forv=0.3

Ds,m

Neglecting the radial displacement of the shell submitted to edge loads Ms and Qs, given by Section H.2
of Annex H, the following relationship is obtained: Q, =-4 M which leads to:

M, (x) =[ f,(8x) - £,(BX)|M, with:  f,(x) =e " [cos(Sx) +sin(Bx)]
f,(Bx) = [sin(5x)]

which leads to: M _(x) = e ”* cos(Bx) M,

The moment M;(X) decreases according to a damped sinusoidal curve represented on figure below.

} f,(8x) = 1,(5x) = e cos(5X)

Ms (x) ¥

N 7

&
ot

[

!
O*iiiii—wiiin—

Ms (x=0) = Mg

0.25 +

0.2 A

0.15 +

0.1 +

-0.05 —+

-0.1 +
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The length x can be written as: X = km = px=pk \/Ds_m =1.817k

For k=10 x=10,/D,,t, M,(x)=0.040 M,

For k=14 x=14,/D, t M,(x)=0.065M,

For k=18 x=18,/D,,t M(x)=0.040M,

For k=20 x=20,[D,,t M,(x)=0.020M,

For k=25 x=25,[D,,t M, (x)=0.002M,

The value x=1.8 {/D,, t has been retained as the remaining bending moment at this distance of the shell

edge is only 4%.

Therefore, when they are integral with the TS, the shell and the channel must have a minimum length
adjacenttothe TSof I, . =18 /D, t, and I_;, =1.8/D_ ..

s,min ¢,min
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ANNEX K — FORMULAS FOR A HEMISPHERICAL CHANNEL WHEN INTEGRAL
WITH THE TS

The formulas given in Annex H are valid for a cylindrical channel. If the channel is hemispherical and
attached directly to the TS (configurations a, b or c), without any cylindrical section between the head and
the TS (Figure 60), similar formulas can be developed, based on Appendix 4.3 of Section VI1II-Div. 2
[11].

= =
-—
=

Figure 60 — Hemispherical Head ,

1 Radial Displacement Due to Internal Pressure Pc
Channel strain:
27w, (P w,_ (P p 2p
o (r)= 2 R) WB)_Lig (o) L BB, R
2ra, a, . E.| 2t 2(a, +t. /2)t,
a R . .
where: O, = is the circumferential stress in the channel

t

C

a’pP

cC C

0, = —————— is the longitudinal stress in the channel
2(a, +t. /2)t,

0, = —PC is the radial stress in the channel, which can be neglected compared to o5 .
Channel radial displacement due to internal pressure:

a
a’P 1_;?V° 2 1_1'0‘/‘: D2 1- DDC Ve
w, (P,)= EC t° 2° =5, P where: § = Eact 2c - Ect c2+tc
C C ¢ L ¢ L

2 Radial Displacement and Rotation Due to Edge Loads Qs and Ms

Radial displacement w and rotation 6. formulas are taken from Clause 4-332(b) of Appendix 4.3 of
Section VIII Div. 2 [11] :
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_25, R? 2ﬂ2 R? 2B Ry o ABPRE . D, +t
¢ T M 0. = ™M, with:R =—¢t—=°
©Et, TR E;t, ° © Et £ 2t E. t. " 2
2B,R: 1 4B8'R:Z 1 12(1- u) 1i_ 1 1
EC tC Zﬂcs EC tC Zﬂc EC tc3 ﬂ DC Zﬂf DC ﬁcz kc
2ﬁ§R;_ﬁ2ﬂcR§;_ 1 1
EC tC ’ EC tC Zﬁcz DC ﬂc kC
3 p2 2 p2
4ﬂc Rmzzﬁczﬁc Rmzzﬂc 3‘ — 1 :E
EC tC EC tc zﬂc DC ﬁc DC kC
M M M 2M
W, = ?c + zc = ?c + £ Hc: QZC + c — QC + ¢
2ﬂCDC 2ﬂCDC ﬂckc IBCkC 2ﬂCDC ﬂCDC ﬂCkC kC
These formulas are the same as for a cylindrical channel (see Section 4 of Annex H)
3 Radial Displacement Due to Internal Pressure and Edge Loads
M 2M 2
W, = ?c + - +5c Pc 90 = QC + ¢ with: |6, = D; (1_ D, ﬁ]
ﬂc kC ﬂc kC IBC kC kC 4Ectc 2 Dc+tc 2

Accordingly, the formulas are the same as for a cylindrical channel, provided in Section 4 of Annex H,

2 2
o, = D, 1- D. v P. isreplaced by |, = D: [1__D v
* 4E t, D, +t. 2 ) ° 4E 1. (2 D+t 2
D [1 v,
Note: In UHX-13, t. has been neglected compared to D.: |0, = ———
4E.t |2 2
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ANNEX L — EQUILIBRIUM OF RING SUBJECTED TO EDGE MOMENTS

(a) For configuration a
Axial equilibrium of forces

Channel head

1@
Py c
- ac =D¢/2 - g
P
Va t "
_ . N
As. : Ring -

ls
Ve

PS
Figure 61 — Configuration a

Axial force Vs in the shell:
[VI2a-1] 278V, +7(al-a])P =274V, +27a,V,+x(a’-a})P,
Axial force V. in the channel:

V22 2rav.=raiR = aV,=%R
Axi _— o . a’ a? —a’
xial equilibrium of the ring is written: [V1.2a-3] (a, V. =a, V, + > P+ 5 P
Axial equilibrium of moments
M, =+|k, (1+E] 0, +[B, k]S, P,
[VI.14] i 2)
Q=-[BKk(+t)|6-[282K]sP
M, =+|k, (1+Ej 0, +[B. k], P,
[V1.1b] i 2)]
Q=B k 1+t )]0 -[28 k|5 P,
From Figure 17 and Figure 61, ring equilibrium is written:
A0 Alc A2c
[RM,]. =_?aj’|\Ta+[a; M, —a, Q. gHM (R)-aV,(a-a,)]
[VI.2b]

- [a's M, -a, Q, g}—[l\ﬂ (P)-a,V, (a-a,)]

A2s

Als
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where: R = radius at center of ring = %

+a P
M (Pc): moment due to pressure P acting on the ring: (ac2 —af) [ac > e~ aoj EC
. . 2 2 as +ao Ps

M (Ps): moment due to pressure Ps acting on the ring: (6\S —ao) > -a, >

Derivations are performed so that the moment Mg can be calculated from V., M,, 8a and Ps, Pc.

Alc{a; [ Josd o PcHa; p )b 2ak g e
h . h
=a, k, Hu J+,B l+t)2}ec+ac kcﬁc56(1+2ﬁCEjPC

ak(l t, ]49 +a, p, B, k. S, (1+ 8, h) P,

ak(l ]t9+aa)|:’C t.=h gz w,=p, B. &k S, (1+h B,)

Als = asks(lﬁttS t2J¢9S+aOa)SF>S o, =p, P, k6, (1+h B,)

‘2

‘2
Alc- Als=a_k, (1+t'c+t°?j 0.—a, k, £1+t; +%j 0, +a, (o, P,—o, P,)

i ibili . 0, =0,
Accounting for compatibility of shell and channel rotations: {; "‘9
(Y

2 2
Alc - Alsz{a'S K, [1+t; +%J+a; k. (1+t;+%ﬂ 6,+a,(w, P,—o, P)

A2e=(a -a) (8, -a,) = -l = (a, -a,) = [ (4 ~al) (a.-a,) -2 (ai -3, )]
A2s = (a2 -a’)(a, —ao)%—[ao V,+(a’ - az)%+a2 %}(a; -a,|

——a V, (a's—ao)+% [(af—a§)(as—a0)—2(a§—a§)(a's—ao)]—2a§ (a's—ao)%
—-a,V, (a-a,)+ > (al —al) (a, +a, -2 )= [ 27 (a, -, )

A2c—A2s =+a,V, (&, —ao)—%(af—aj)(aS +a, —2a's)+%[(af -al)(a,—a,)-2a? (a,—a,)+2a] (a —ao)]
simplification of the calculations: ts<<a; — a’s=as te<<a, — a’c=ac

A2c— A2s =+a, V, (a, —ao)+% [ (P2 -1) (p, —1)]—% a| (P2 +1) (p.—1)-2(p,-1)]
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Equation [V1.2b] is written for configuration a:

[RM.].=-a M,+a’V, (ps—l)+%a§ [(pf—l)(ps—l)]—%ag (P2 +1) (2. ~1)-2(p,-1)]

) ) t'2 ) ) t'2
_{as k, (1+ts +52J+ac k. (1+tC +°2H 0,+a, (0, P.—a, P,)

(b) For configuration b:
Axial equilibrium of forces

[VI1.2b]

_ Channel he

a
Pc B.c t
f a‘c VC JC
ac = Ge /2 Yl B,
ABe
—~ Ao -— Va/[\ TVC JC
) A AL
\/V
Ps ?

Figure 62 — Configuration b
Equilibrium of the channel:

2
2raV,=2ra, B —2ra J,=xalP, = a,, B,—a, J, =%F’C
Axial force Vs in the shell:

2raV,+r(al-al)P=27a,V,+278, B ~27a J +7(a’—-a})P,

C

7ra2P
c c

Axial equilibrium of the ring remains unchanged: a V,=a,V, + % R+ 2 Z_ao R

Where (see Figure 62):

. G . .
a, = mean gasket radius = ?° J. = gasket load per unit of circumference
. : C . :
ag. =bolt circle radius = —= B, =bolt load per unit of circumference

Axial equilibrium of moments. In equation [V1.2b]:
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AO ‘ Alc A2c

[R MR]a :_ao Ma+|:a(': Mc_a(': Qc g}—l—[M (PC)_a(I;Vc (a(l;_ao):|

. .~ h ‘ ‘
- |:as Ms_as Qs §:|_|:M (PS)_aSVS (as_ao):|
Als A2s

e Terms AO, Als, A2s due to shell remain unchanged.

o Term Alc due to moments applied to the channel disappears, but can be maintained provided that
kc is taken equal to O: k.=0.

e Term A2c becomes [A2c]y:
[AZC]b =M (R:)_aBC Bc (aBC _a0)+ac ‘]c (ac _ao): M (Pc)+AB

2

AB =—ag Bc (ch _ao)+(a8c Bc_a?C ch(ac _ao)

[V1.2b]

Where:
2 2

a a
=_ch Bc ch+ch Bc ac_?c Pc (ac_ao)zch Bc (ac_ch)?c(ac_ao)

2

[A2¢c] =M (PC)—%C(aC—aO) P.+a, B, (a,—a5 )=A3+a,, B, (a, —ag,)

A3with:a;::aC
e A2c,—A2s=A2c-A2s+ag, B, (ac _ch) leads to equation R My for configuration b:
[R MR]b :[R MR]a +ch Bc (ac _ch)
Using UHX-13 notations:

[R MR:'b Z[R MR]a +;'—;[Wc Voe With k. =0 in [RMg]. equation

(c) For configuration c:
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Channel head

Be

\
" Shell

Figure 63 — Configuration c
The same applies but the bolting diameter C. becomes the midpoint of contact between flange and
G, -G,
D

[¢]

TS, G1 (see Figure 63). Thus ync becomes: 7, =

(d) For configuration d:
Axial equilibrium of forces

_ Channel head

aB.c
Pc
a'c
dc
ao ! Va/
W/,
Ps
as
[ agg
— a's

Figure 64 — Configuration d
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Axial force V¢ in the channel remains unchanged:

2 G C
a c c
a. Ve =ag B, —a. ‘Jc:7cpc ac. =—~ g =~

Axial force Vs in the shell is given by, with a5 =

2raV,+2ra J,=2ra, B, = |aV,=a, B -aJ

Axial equilibrium of moments. Comparing to configuration b:

Terms A0, Alc and [A2c], due to the channel remain unchanged.

Term Als due to moments applied to the shell disappears, but can be maintained provided that ks is
taken equal to 0: ks=0.

Term A2s becomes [A2s]q, similar to term [A2c], of the channel:
2

[AZS]d =M (Ps)_a?s(as_ao)Ps+aBs Bs (as _aBs) Pc = A28+aBs Bs (as _aBs)

A3avec a;=a,

Term: [A2c] —[A2s], = A2c+ay, B, (a, -2, )—A2s—ay, B, (a, —a,)

leads to the equation [R MR} for configuration d:
d

[R MR]d :[R MR]a +ch Bc (ac _ch)_aBs Bs (as _aBs)
Using UHX-13 notations:

aBS BS (as_aBS)Z& WS [g—&j: aO Ws (GS_CSJZZaO Ws 7bS
T

D

[o]

3 k,=0  and Vos = ———
—W_ 7, with:
s /bs
27 k. =0  and ybc=G°_C°

C

a
[R MR]d :[R MR]a—}_ﬁWc Voe —

Finally, the generic equation covering the 4 configurations a, b, ¢ and d is written:

3 3
RMg=-2a,M,+a7V, (p,~1)+P, %"[(pf -1)(p.-1)]-R %"[(pf +1)(p.-1)-2(p,-1)]

| | [VI1.2d]
. .t2 . . a
—| a, k, 1+ts+§ +a, k, 1+tc+? 0,+a, (o, P, -, Ps)+2—°[WC Yoo = We Vs |
T

In this equation:

e A, A. and w,, w,are coefficients obtained above. They are known for a given HE.

e W, and W, are bolt loads applied on shell and channel when the TS is gasketed (configurations b,
c, d).

o Coefficients y,, and y,.are defined for each configuration as follows:

Configuration a: k, giveninVl.1a k. givenin VI.1b Yos =0 Ve =0

=0 Vps =0 _G G

Configuration b: k giveninVIla  k, ==5
o
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Configuration c: k giveninVl.la k. =0 Vps =0 7be _Ge =G

C

Configuration d: k, =0 k. =0 Ybs == YheT =
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ANNEX M — DIRECT DETERMINATION OF THE EQUIVALENT PRESSURE

Equivalent pressures P’s, P’r and P’y can be obtained directly by examining the loads applied on the TS as
follows.

(a) Pressures Ps and P; acting on the perforated TS (Figure 65)
\ . [

TTT&TTM Te]

as

| ]

Figure 65 — Pressures Ps and Pt Acting on TS

2 2
d -2t
Ps(P,,R)=xP. —xP XS:l—Nt[%J xtzl—Nt[t tj
0

D,

(b) Pressures Ps and P; acting on the unperforated TS RIM
Load acting on the rim:

Fam (R, R):”(asz_ag)ljs_”(acz_ag)ﬁ =7Ta§[(pf -DP, —(/OC2 —1)P:|

N, K N, K, ,
Part of Fyim supported by the tubes: Fq ( P) K Fam ( P) R”\il”(< } t)
st

S S
Equivalent pressure acting on the unperforated RIM:

Faum (PR 2-1P. —(p’ -1P
P, (P, P)=— RIMZ( v R) =_(ps )R —(p; —DR
ral K., IK

s,t

F.u (P, P 2 -1 21
Puv (P, R)=— RIMZ(S t):_(p )ps+(p )Pt
ra K, IK,, K,

(c) Pressure Ps acting on the joint (Figure 66)
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——a = Ds 2 g =nel

‘ FlJ

F, half convolution
%L / (stiffness 2K;)
/
.

v

Ps
-~ Ry=D,/2—

F, (Ps)

Figure 66 — Pressure Ps Acting on Bellows Joint

Axial load acting on the shell:  F,(P) = @ =P, % (R} —R?)

Pr(RS-R?)/2

Axial displacement of the half-shell: A, (P,) =

2K,
. . . K, 1 1 1-J K
Equivalent pressure acting on the perforated TS: using =— and K =_"s
2K, rma; K, J YNk,
_j x(R}=R’? _ D?-D?
By (@) =k, (-1 22 TR | 19 (BD),
raj JK, 2 2JK,, D;

(d) Effect of v due to pressures Ps and Py acting on the tubes (Figure 67)

ktv Yy — |

R IR

d;
Figure 67 — Effect of vi Due to Pressures Ps and Pt

AI-T (Vt)zﬁ[ljs dtz_Pt (dt_Ztt)2:|Vt
t

N, -k
Using Kk, =—5":

7 3
7 NK 2N
R )=k () =5 3 PR (4 -2 v =3 RAE-R (620 ]
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P @)=2[R (1-x)-R A-x)]wn

(e) Effect of vs due to pressure Ps acting on the shell:

V4
In the same way as for the tubes: Al (VS):_W[PS Dsz]vS
S
N, -k k
Using k, =——* and K,,=——:
T T TN
7 NK 2 D?
P.(v)=-k AL (v,)=—— | PD? |v. =|— =Py
() =K AL )= [ RDE v =l = P
(f) Pressure P; acting on the Channel Head (Figure 68)
Channel head
‘.s Channel
- ac -1

. l Fe (P
T Fo (P)

Ps >0

Figure 68 — Pressure Pt Acting on the Channel Head
Load acting at periphery of TS: F_(R) = za?R

N, K NK,  F(R
Part of F (P,) supported by the tubes: FC(PI)%: F.(P) Jth - Jcé )

S S st

Equivalent pressure acting on the perforated TS:

F(R) a; pe
PPR)y=—-="S % p_|_& p
c(R) raldK,,  alK,, ' | IK

(g) Effect of y due to differential thermal expansion between tubes and shell
V= [at,m (Tt,m _Ta) _as,m (Ts,m _Ta):l L

Equivalent pressure acting on the perforated TS: Py =k, =

(h) The total pressure acting on the TS is written:
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R =Ps(R.R)+Paw (R.R)+P (R)+P(w)+P(v) + R (R)
2 2 _ 2_ D2 2
p xpoxp e Lip pidp 13 (OB g g e a0 a2 D
N| O K, 2JK,, D] Kt Dg
2
P N K,
~ P p
WK, ot
=R -R+P

Pt can be written:

with: [P, =P, xs+2(1—xs)vt+i

st DO JKS,t 2JKS,t D02
. 1 N, K
Pt:Pt[Xt'Fz(l_Xt)thLJKSJ:I Pv:{ﬂtagt}7

Formulas P’s, P’, P, match the formulas obtained in V11.2 above. Formulas Pw and Piim cannot be
calculated directly as they involve the edge moments at the TS-shell-channel connection.
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ANNEX N — FORMULAS TO BE USED WHEN Pe=0

The equivalent pressure Pe may be equal to O in the following loading cases:
e |oading case 1 if P=0
e |oading case 2 if Ps=0
o |oading case 3 if Ps=P;
o |oading case 4 if Ps=P;

WhenP, =0, V, =0 and Q,=Q+ Q becomes infinity. General formulas depending on Vv, and
ao Va

2+ given in VI, must be used with Vv, =0 to determine the stresses. These formulas can be written in
the general symbolic form: F(x)=K [M A(x)+(a,V,) B(x)]

with M, =(a,V,)Q +Q, :Q2 Thus [M, =Q,| and F (x)=K Q, A(x)
Accordingly, the equations givingq(X), W(X), 8(X), o(x), 7(X), o, (X) write as follows.

1 Net Effective Pressure: q(x)

a(x)=2£Q, Z,(x)

Maximum of q(x) is obtained for Z(X) maximum which is located either inside the TS (x<X,) orat TS
periphery (x=Xa).

2 Axial Displacement: w(x)

W) -2 - 20,2,

W W

Maximum of w(x) is obtained for Z,(x) maximum which is located either inside the TS (x<Xa) or at TS
periphery (x=Xa).

3 Rotation: 8(x)

0(x)=2Q, 2, (x)

Maximum of 6 (x) is obtained for Zn(x) maximum which is located either inside the TS (x<Xa) or at TS
periphery (x=Xa).

4 Bending Stress: o(x)
M. (x)=Q; Qu(x)
o ()= Qu (¥

Maximum of o(x) is obtained for Qm(x). A parametric study performed on X, =1,2,3...,20 shows that the
maximum is always located at TS periphery (x=X,) and is equal to 1 (See Annex G):

208



Copyright © 2014 by the American Society of Mechanical Engineers.
No reproduction may be made of this material without written consent of ASME. (&%

PTB-7-2014: Criteria for Shell-and-Tube Heat Exchangers According to Part UHX of ASME Section VIII
Division 1

o= 6Q,
MAX[Q,(x)]=Q,(X,)=1 Thus = N

5 Shear Stress: t(x)

Q=21

r(0)=—2-q,(x)

“pah "

Maximum of t(x) is obtained for Q.(x) maximum which is located either inside the TS (x<Xa) or at TS

periphery (x=Xa).

6 Axial Stress in Tubes: ot(x)
1

o (x) = la P -a)] 9(x)="5Q Z,(x)
1

%
a9t 0 m ok R)- X0 2,

Maximum and minimum values of oy(x) are obtained for Z,(x) maximum or minimum which are located
either inside the TS (x<Xg) or at TS periphery (x=Xa,).
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ANNEX O — TABULAR AND GRAPHICAL REPRESENTATION OF COEFFICIENT
Ft(x)
Annex O provides for 1<X,<20 and -0.8<Q:<+0.8:
o values and graphs of F(x) for 0 <x< X,
o values and graphs of the minimum and maximum of F«(X): Ftmin and Fimax
o locations of the minimum and maximum of Fi(X): Xmin and Xmax
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Fi(x) for Xa=1,5,7,10,20

F(x) for X,=1,5,7,10,20 and Q,=-0.8, 0.0 , +0.8 (v+=0.4)
Xa=1 Xa=5 Xa=7 Xa =10 Xa =20
X Q3 =-0.8 Q3=0 Q3=+0.8 X Q;=-0.8 Q=0 Q3 =+0.8 X Q3 =-0.8 Q3=0 Q3 =+0.8 Q;=-0.8 Q3=0 Q3 =+0.8 X Q;=-0.8 Q3=0 Q3=+0.8
2.00E-02 1.038118| 0.9676997| 0.8972814 1.00E-01 1.032634| -0.6066762| -2.245986 0.14| -0.8756667 -2.81E-02 0.8194348 0.2 -9.87E-02 4.48E-02 1.88E-01 0.4 7.24E-04 4.65E-05] -6.31E-04]
4.00E-02 1.038039| 0.9677894| 0.8975396 2.00E-01 1.046217( -0.6069373| -2.260092 0.28| -0.8633661 -3.16E-02| 0.8000731 0.4 -1.09E-01 4.54E-02 2.00E-01 0.8 5.27E-04 5.92E-05 -4.09E-04]
0.06! 1.037908| 0.9679389| 0.8979697 0.3 1.06879| -0.6073345| -2.283459 0.42| -0.8426553| -3.75E-02| 0.7676076 0.6 -1.26E-01 4.64E-02 2.19E-01 1.2 1.88E-04/ 7.96E-05[ -2.89E-05
0.08! 1.037724| 0.9681479| 0.8985717 0.4 1.100256 -0.607811| -2.315878 0.56| -0.8132234 -4.57E-02 0.72175 0.8 -1.50E-01 4.76E-02 2.46E-01 1.6 -3.06E-04 1.06E-04| 5.18E-04]
0.1 1.037487| 0.9684163| 0.8993454 0.5 1.140476|  -0.608287 -2.35705 0.7]10,20 an| -5.63E-02| 0.6621073, 1 -1.81E-01 4.90E-02 2.79E-01 2 -9.65E-04 1.37E-04 1.24E-03)
0.12] 1.037197| 0.9687439| 0.9002905 0.6 1.189266( -0.6086601| -2.406586 0.84| -0.7263712 -6.91E-02| 0.5881936 1.2 -2.17E-01 5.05E-02 3.18E-01 2.4 -1.79E-03 1.68E-04 2.12E-03)
0.14/ 1.036854| 0.9691301| 0.9014067 0.7 1.246399| -0.6088049| -2.464009 0.98| -0.6677723| -8.42E-02 0.4994436 14| -2.60E-01 5.18E-02 3.63E-01 2.8| -2.76E-03 1.93E-04| 3.14E-03|
0.16 1.036456| 0.9695748| 0.9026937 0.8 1.311598| -0.6085731| -2.528745| 1.12 -0.5981158 -1.01E-01| 0.3952311 1.6 -3.06E-01 5.29E-02 4.12E-01 3.2 -3.81E-03 2.04E-04 4.22E-03|
0.18 1.036004| 0.9700776| 0.9041512 0.9 1.384535( -0.6077937| -2.600122 1.26 -0.5165977 -1.21E-01| 0.2748903, 1.8 -3.57E-01 5.35E-02 4.64E-01 3.6 -4.85E-03 1.91E-04 5.23E-03I
0.2 1.035497| 0.9706377| 0.9057785 1 1.464823| -0.6062728| -2.677369 1.4] -0.4223562| -1.42E-01| 0.1377414 2|  -4.11E-01 5.33E-02 5.18E-01 4| -5.69E-03 1.40E-04| 5 97E»03|
0.22 1.034934| 0.9712548| 0.9075752 11 1.552018| -0.6037938| -2.759606 1.54 -0.3144919 -1.66E-01 -0.01688031 2.2 -4.66E-01 5.20E-02 5.70E-01 4.4 -6.10E-03 3.71E-05 6.17E-03|
0.24 1.034316| 0.9719282| 0.9095408 1.2 1.645607( -0.6001173| -2.845841 1.68[ -0.1920907 -1.91E-01| -0.189591 2.4 -5.21E-01 4.94E-02 6.19E-01 4.8 -5.71E-03 -1.34E-04 5.44E-03|
0.26/ 1.03364| 0.9726573| 0.9116746 1.3 1.745007| -0.5949817 -2.93497 1.82] -0.05425141 -2.18E-01| -0.3809201 2.6| -5.72E-01 4.50E-02 6.62E-01 52| -4.12E-03] -3.88E-04 3.34E-03]
0.28] 1.032907| 0.9734414 0.913976 1.4 1.849559( -0.5881031| -3.025765 1.96] 0.0998848 -2.46E-01| -0.5912681 2.8 -6.18E-01 3.85E-02 6.95E-01 5.6 -7.99E-04 -7.33E-04 -6.68E-04]
0.3 1.032115| 0.9742795| 0.9164441 1.5 1.95852( -0.5791762 -3.116872 2.1| 0.2710992( -0.2748804 -8.21E-01 3| -6.56E-01 2.94E-02 7.15E-01 6 4.77E-03 -1.17E-03 -7.10E-03|
0.32] 1.031264| 0.9751709 9.19E-01 1.6 2.071058| -0.5678742| -3.21E+00 2.24] 0.4600573| -0.3048178| -1.069693 3.2 -6.80E-01 1.75E-02 7.15E-01 6.4 1.31E-02 -1.67E-03 -1.64E-02|
0.34 1.030352| 0.9761147 9.22E-01 1.7 2.186247| -0.5538498| -3.29E+00 2.38] 6.67E-01[ -0.3351072 -1.33748 3.4 -0.6879466 2.12E-03[  0.6921918 6.8 2.44E-02| -2.20E-03[ -2.88E-02
0.36 1.029379 0.97711 9.25E-01 1.8 2.303055[ -0.5367362| -3.38E+00 2.52| 0.8930232( -0.3652826| -1.623588 3.6] -0.6736465 -1.70E-02 0.6396902 7.2 3.86E-02 -2.68E-03 -4.40E-02|
0.38] 1.028343| 0.9781556 9.28E-01 1.9 2.420344( -0.5161481| -3.45E+00 2.66 1.137372| -0.3948018| -1.926976 3.8| -0.631919 -4.02E-02 0.5515026 7.6 5.52E-02 -2.97E-03 -6.12E-02]
0.4 1.027244| 0.9792506 9.31E-01 2 2.536859| -0.4916826| -3.52E+00 2.8 1.400039 -0.42304| -2.246119 4| -0.5567574| -6.79E-02| 0.4210006 8 7.26E-02| -2.91E-03[ -7.84E-02
0.42 1.02608( 0.9803938| 0.9347077 2.1 2.651222| -0.4629212| -3.577064 2.94 1.680372| -0.4492831| -2.578938 4.2| -0.4417243 -1.00E-01 0.2412963 8.4 8.81E-02 -2.26E-03 -9.26E-02)
0.44 1.02485 0.981584| 0.9383183 2.2 2.761925( -0.4294315| -3.620788 3.08 1.977278| -0.4727224| -2.922723 4.4| -0.2800746 -1.37E-01| 0.005432152 8.8 9.73E-02 -7.37E-04 -9.88E-02)
0.46/ 1.023552| 0.9828199| 0.9420877 2.3 2.867325| -0.3907692| -3.648863 3.22 2.28915[ -0.4924494| -3.274049 4.6/ -0.06492908| -1.79E-01| -0.2933681 &7 9.44E-02 1.95E-03|  -9.05E-02)
0.48] 1.022186| 0.9841002| 0.9460148 2.4 2.965638| -0.3464808| -3.658599 3.36 2.613796| -0.5074518 -3.6287 4.8| 0.2104946 -2.25E-01| -0.6613804 9.6 7.15E-02 6.11E-03 -5.93E-02
0.5 1.020749| 0.9854234| 0.9500982 2.5 3.054932( -0.2961063| -3.647145 3.5 2.948359| -0.5166103| -3.981579 5| 0.5525845 -2.76E-01 -1.103985 10 1.92E-02 1.20E-02 4.76E-03
0.52] 1.01924| 0.9867884| 0.9543367 2.6 3.133124| -0.2391825| -3.611489 3.64 3.289237| -0.5186982| -4.326633 5.2 0.966963 -3.29E-01 -1.625187 10.4 -7.31E-02 1.95E-02( 0.1121317,
0.54/ 1.017658| 0.9881935| 0.9587288 2.7 3.197976| -0.1752467 -3.54847 3.78] 3.632005| -0.5123812| -4.656767 5.4 1.458035| -3.85E-01 -2.227052 10.8| -0.2150519 2.86E-02[ 0.2722115
0.56 1.016001 0.989637 0.963273 2.8 3.247089 -0.103841| -3.454771 3.92 3.971332| -0.4962205| -4.963773 5.6 2.028447 -4.40E-01 -2.909042 11.2| -0.4140377 3.84E-02| 0.4907806
0.58 1.014267| 0.9911175| 0.9679677 2.9 3.277906( -0.02451688 -3.32694| 4.06 4.300899| -0.4686789| -5.238256 5.8 2.678461| -0.4944041 -3.667269 11.6| -0.6712334 4.75E-02| 0.7662781
0.6 1.012455| 0.9926332| 0.9728113 3 3.287708| 0.06315959| -3.161389 4.2 4.613324| -0.4281282 -5.46958 6 3.40523| -0.5442125| -4.49E+00 12| -0.9773141 5.38E-02 1.084902)
0.62 1.010563| 0.9941825| 0.9778024 3.1 3.273615[ 0.1596018| -2.954412 4.34 4.900085| -0.3728624 -5.64581 6.2 4.201988| -0.5865092 -5.375007 12.4| -1.306761 5.39E-02 1.414617
0.64 1.008588| 0.9957635 0.982939 3.2 3.23259( 0.2651963| -2.702198 4.48 5.151461| -0.3011132| -5.753687 6.4 5.057155| -0.6174373 -6.292029 12.8| -1.611355 4.36E-02 1.698476
0.66! 1.006529| 0.9973744| 0.9882194 3.3 3.161443| 0.3802958| -2.400851 4.62 5.356469| -0.2110706 -5.77861 6.6 5.953367| -0.6324616 -7.21829 13.2| -1.813493 1.73E-02 1.848088|
0.68! 1.004385| 0.9990131| 0.9936417 3.4 3.056837| 0.5052112| -2.046414 4.76] 5.502823| -0.1009085 -5.70464 6.8 6.866462| -0.6263518 -8.119165 13.6 -1.80055 -3.10E-02 1.738637|
0.7 1.002152 1.000678| 0.9992042 3.5 2.915298( 0.6402039 -1.63489 4.9 5.576911| 0.03118399| -5.514544 7 7.764431| -0.5931894 -8.950809 14| -1.422138| -0.107292 1.207554]
0.72| 0.9998285 1.002367 1.004905 3.6 2.733226| 0.7854759| -1.162274 5.04 5.563787 1.87E-01 -5.189855 7.2 8.606379| -0.5264054 -9.659189 14.4| -0.4929101| -0.2165779 5.98E-02)
0.74| 0.9974129 1.004077 1.010741 3.7 2.50691| 0.9411606| -0.6245889 5.18] 5.447183 3.68E-01 -4.71098 7.4 9.341547( -0.4188564 -10.17926 14.8 1.195645| -0.360618| -1.916881]
0.76] 0.9949027 1.005807 1.016712 3.8 2.232545 1.107312| -0.01792095 5.32 5.209565| 0.5761069| -4.057351 7.6 9.908447|  -0.262948 -10.43434 15.2 3.850281| -0.5355867( -4.921454]
0.78|  0.9922957 1.007555 1.022814 3.9 1.906255! 1.283895| 0.6615336 5.46 4.832207| 0.8122958| -3.207616 7.8 10.23417| -0.05081466 -10.3358 15.6 7.63344| -0.7287403 -9.09092]
0.8 0.9895892 1.009317 1.029046 4 1.524115 1.470769 1.417423 5.6 4.295315 1.077711| -2.139894 8 10.23401| 0.2254344 -9.783137 16, 12.59882| -0.9145391 -14.4279
0.82| 0.9867812 1.011093 1.035405 4.1 1.082182 1.667682 2.253183] 5.74 3.57819 1.373051| -0.8320874 8.2 9.811359| 0.5733936 -8.664572 16.4 18.60214| -1.050529 -20.7032]
0.84| 0.9838691 1.012879 1.041888 4.2 0.5765283 1.874253, 3.171978 5.88 2.659445 1.698589( 0.7377334 8.4 8.858242| 0.9999527 -6.858337 16.8 25.18708| -1.073637| -27.33435
0.86| 0.9808503 1.014673 1.048495 4.3| 0.00327703 2.089957 4.176637 6.02 1.517277 2.054079 2.590881 8.6 7.256321 1.510795 -4.234732 17.2 31.45123| -0.8979306| -33.24709
0.88| 0.9777222 1.016472 1.055221 4.4] -0.6413519 2.314114 5.269579 6.16]| 0.1298059 2.438661 4.747516 8.8 4.87876 2.109792| -0.6591769 17.6 35.90466| -0.4153511| -36.73536)
0.9] 0.9744825 1.018274 1.062065 4.5| -1.360997 2.545871 6.45274 6.3] -1.524521 2.850749 7.226019 9 1.59297 2.798289 4.003609 18 36.34414| 0.4985645( -35.34701
0.92 0.971128 1.020076 1.069023 4.6] -2.159101 2.78419 7.727481 6.44| -3.466443 3.28792 10.04228 9.2| -2.735554 3.574282 9.884117 18.4 29.77993 1.971487| -25.83695
0.94| 0.9676566 1.021875 1.076094 4.7 -3.03885 3.027827 9.094502 6.58| -5.715328 3.74679! 13.20891 9.4 -8.238123 4.431479 17.10108 18.8 12.46808 4.110861| -4.246357
0.96| 0.9640648 1.023669 1.083273 4.8| -4.003114 3.275318 10.55375 6.72| -8.288511 4.222885 16.73428 9.6] -15.03634 5.358265 25.75287 19.2| -19.88116 6.96749 33.81614]
0.98| 0.9603503 1.025455 1.090559 4.9 -5.054369 3.524966 12.1043 6.86] -11.20056 4.710511 20.62158, 9.8| -23.23396 6.336559 35.90708; 19.6| -71.63274 10.48407 92.60088
1] 0.9565098; 1.027229 1.097949 5 -6.19463 3.774817 13.74426 7 -14.4624 5.202614 24.86763 10] -32.90709 7.340617 47.58832 20| -146.3978 14.42809 175.254|
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Fi(Xa) (v*=0.4)
Fg=Ft(min) Fg=Ft(max)

Xa\Q3 -0.8 -0.7 -0.6 -05 04 -0.3 0.2 0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
1 0.9565 0.9653 0.9742 0.9830 0.9919 1.0095 1.0184 1.0272 1.0361 1.0449 1.0537 1.0626 1.0714 1.0803 1.0891 1.0979
2 0.3868 0.5103 0.6339 0.7574 0.8809 1.1279 1.2514 1.3749 1.4985 1.6220 1.7455 1.8690 1.9925 2.1160 2.2395 2.3631
3 -1.1560 -0.7358 -0.3155 0.1048 0.5250 1.3655 1.7858 2.2061 2.6263 3.0466 3.4669 3.8871 4.3074 4.7276 5.1479 5.5682
4 -3.3304 -2.5335 -1.7365 -0.9395 -0.1426 2.2483 3.0453 3.8423 4.6392 5.4362 6.2332 7.0301 7.8271 8.6241 9.4211
5 -6.1946 -4.9484 -3.7023 -2.4561 -1.2099 2.5286 3.7748 5.0210 6.2672 75134 8.7595 10.0057 11.2519 12.4981 13.7443
6 -9.9120 -8.1122 -6.3123 -4.5124 -2.7126 -0.9127 2.6870 4.4868 6.2867 8.0866 9.8864 11.6863 13.4861 15.2860 17.0859 18.8857
7 -14.4624 -12.0043 -9.5461 -7.0880 -4.6299 -2.1718 2.7445 5.2026 7.6607 10.1189 125770 15.0351 17.4933 19.9514 22.4095 24.8676
8 -19.8122 -16.5960 -13.3799 -10.1637 -6.9475 -3.7313 -0.5151 5.9172 9.1334 12.3496 15.5658 18.7820 21.9981 25.2143 28.4305 31.6467
9 -25.9594 -21.8858 -17.8122 -13.7385 -9.6649 -5.5913 -1.5177 6.6296 10.7032 14.7768 18.8504 22.9241 26.9977 31.0713 35.1449 39.2186
10 -32.9071 -27.8761 -22.8452 -17.8142 -12.7832 -7.7523 -2.7213 7.3406 12.3716 17.4025 22.4335 27.4645 32.4954 37.5264 42.5574 47.5883
11 -40.6555 -34.5672 -28.4789 -22.3906 -16.3023 -10.2140 -4.1257 8.0509 14.1392 20.2275 26.3158 32.4041 38.4924 44.5807 50.6690 56.7573
12 -49.2043 -41.9587 -34.7131 -27.4675 -20.2219 -12.9763 -5.7307 8.7606 16.0062 23.2518 30.4974 37.7430 44.9886 52.2342 59.4798 66.7254
13 -58.5532 -50.0504 -41.5475 -33.0446 -24.5417 -16.0388 -7.5360 9.4698 17.9727 26.4756 34.9784 43.4813 51.9842 60.4871 68.9899 77.4928
14 -68.7023 -58.8422 -48.9820 -39.1219 -29.2618 -19.4017 -9.5415 10.1787 20.0388 29.8989 39.7591 49.6192 59.4793 69.3394 79.1996 89.0597
15 -79.6514 -68.3341 -57.0167 -45.6994 -34.3820 -23.0647 -11.7473 -0.4300 10.8874 22.2047 33.5220 44.8394 56.1567 67.4741 78.7914 90.1088 101.4261
16 -91.4006 -78.5261 -65.6515 -52.7770 -39.9024 -27.0279 -14.1533 -1.2788 11.5958 24.4703 37.3449 50.2194 63.0940 75.9685 88.8431 101.7176 114.5922
17 -103.9499 -89.4181 -74.8864 -60.3546 -45.8229 -31.2912 -16.7594 -2.2277 12.3040 26.8358 41.3675 55.8993 70.4310 84.9627 99.4945 114.0262 128.5579
18 -117.2992 -101.0102 -84.7213 -68.4324 -52.1435 -35.8546 -19.5657 -3.2767 13.0122 29.3011 45.5900 61.8789 78.1678 94.4567 110.7457 127.0346 143.3235
19 -131.4485|  -113.3024 -95.1563 -77.0102 -58.8642 -40.7181 -22.5720 -4.4259 13.7202 31.8663 50.0123 68.1584 86.3045 104.4506 122.5967 140.7428 158.8888
20 -146.3978|  -126.2946| -106.1914 -86.0881 -65.9849 -45.8816 -25.7784 -5.6752 14.4281 345313 54.6346 74.7378 94.8410 114.9443 135.0475 155.1508 175.2540

Fq = (Zd + Q3ZW)Xa4/ 2
Z(CODAP)>0
Xa\Q3 -0.8 0.7 -0.6 -05 0.4 0.3 0.2 0.1 0 0.1 0.2 0.3 04 05 0.6 0.7 0.8

1 0.9565 0.9653 0.9742 0.9830 0.9919 1.0007 1.0095 1.0184 1.0272 1.0361 1.0449 1.0537 1.0626 10714 1.0803 1.0891 1.0979

2 0.3868 0.5103 0.6339 0.7574 0.8809 1.0044 1.1279 1.2514 1.3749 1.4985 1.6220 1.7455 1.8690 1.9925 2.1160 2.2395 2.3631

3 -1.1560 -0.7358 -0.3155 0.1048 0.5250 0.9453 1.3655 1.7858 2.2061 2.6263 3.0466 3.4669 3.8871 4.3074 4.7276 5.1479 5.5682

4 -3.3304 -2.5335 -1.7365 -0.9395 -0.1426 0.6544 1.4514 2.2483 3.0453 3.8423 4.6392 5.4362 6.2332 7.0301 7.8271 8.6241 9.4210

5 -6.1946 -4.9484 -3.7023 -2.4561 -1.2099 0.0363 1.2825 2.5286 3.7748 5.0210 6.2672 75134 8.7595 10.0057 11.2519 12.4981 13.7443

6 -9.9120 -8.1122 -6.3123 -4.5124 -2.7126 -0.9127 0.8871 2.6870 4.4868 6.2867 8.0866 9.8864 11.6863 13.4861 15.2860 17.0859 18.8857

7 -14.4624 -12.0043 -9.5461 -7.0880 -4.6299 -2.1718 0.2864 2.7445 5.2026 7.6607 10.1189 12.5770 15.0351 17.4933 19.9514 22.4095 24.8676

8 -19.8122 -16.5960 -13.3799 -10.1637 -6.9475 -3.7313 -0.5151 2.7010 5.9172 9.1334 12.3496 15.5658 18.7820 21.9981 25.2143 28.4305 31.6467

9 -25.9594 -21.8858 -17.8122 -13.7385 -9.6649 -5.5913 -1.5177 2.5560 6.6296 10.7032 14.7768 18.8504 22.9241 26.9977 31.0713 35.1449 39.2186

10 -32.9071 -27.8761 -22.8452 -17.8142 -12.7832 -7.7523 -2.7213 2.3097 7.3406 12.3716 17.4025 22.4335 27.4645 32.4954 37.5264 42.5574 47.5883

11 -40.6555 -34.5672 -28.4789 -22.3906 -16.3023 -10.2140 -4.1257 1.9626 8.0509 14.1392 20.2275 26.3158 32.4041 38.4924 44.5807 50.6690 56.7573

12 -49.2043 -41.9587 -34.7131 -27.4675 -20.2219 -12.9763 -5.7307 15149 8.7606 16.0062 23.2518 30.4974 37.7430 44.9886 52.2342 59.4798 66.7254

13 -58.5532 -50.0504 -41.5475 -33.0446 -24.5417 -16.0388 -7.5360 0.9669 9.4698 17.9727 26.4756 34.9784 43.4813 51.9842 60.4871 68.9899 77.4928

14 -68.7023 -58.8421 -48.9820 -39.1219 -29.2618 -19.4017 -9.5415 0.3186 10.1787 20.0388 29.8989 39.7591 49.6192 59.4793 69.3394 79.1996 89.0597

15 -79.6514 -68.3341 -57.0167 -45.6994 -34.3820 -23.0647 -11.7473 -0.4300 10.8874 22.2047 33.5220 44.8394 56.1567 67.4741 78.7914 90.1088 101.4261

16 -91.4006 -78.5261 -65.6515 -52.7770 -39.9024 -27.0279 -14.1533 -1.2788 11.5958 24.4703 37.3449 50.2194 63.0940 75.9685 88.8431 101.7176 114.5922

17 -103.9499 -89.4181 -74.8864 -60.3546 -45.8229 -31.2912 -16.7594 -2.2277 12.3040 26.8358 41.3675 55.8993 70.4310 84.9627 99.4945 114.0262 128.5579

18 -117.2992 -101.0102 -84.7213 -68.4324 -52.1435 -35.8546 -19.5657 -3.2768 13.0122 29.3011 45.5900 61.8789 78.1678 94.4568 110.7457 127.0346 143.3235

19 -131.4485 -113.3024 -95.1563 -77.0102 -58.8642 -40.7181 -22.5720 -4.4259 13.7202 31.8663 50.0123 68.1584 86.3045 104.4506 122.5967 140.7428 158.8888

20 -146.3978 -126.2946 -106.1914 -86.0881 -65.9849 -45.8816 -25.7784 -5.6752 14.4281 34.5313 54.6346 74.7378 94.8410 114.9443 135.0475 155.1508 175.2540
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Fi,min vs X, and Qs

Ft'min:MlnFt(X) (v¥*=0.4)
1Fimin 1< Fimax 1 Fimin 1> Fimax 1 Fi rin I<Ft max
Xa\Q3 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
1 0.9565 0.9653 0.9742 0.9830 0.9919 0.9853 0.9765 0.9677 0.9589 0.9501 0.9413 0.9325 0.9237 0.9149 0.9061 0.8973
2 0.3868 0.5103 0.6339 0.7574 0.8809 0.7991 0.6822 0.5654 0.4486 0.3318 0.2150 0.0982 -0.0187 -0.1355 -0.2523 -0.3691
3 -1.1560 -0.7358 -0.3155 0.1048 0.5250 0.3721 0.0510 -0.2702 -0.5913 -0.9124 -1.2335 -1.5546 -1.8757 -2.1968 -2.5179 -2.8390
4 -3.3304 -2.5335 -1.7365 -0.9395 -0.1426 -0.3555 -0.7171 -1.0788 -1.4404 -1.8021 -2.1637 -2.5254 -2.8871 -3.2487 -3.6104
5 -6.1946 -4.9484 -3.7023 -2.4561 -1.2099 -0.4018 -0.6088 -0.8977 -1.2503 -1.6307 -2.0251 -2.4271 -2.8343 -3.2446 -3.6586
6 -9.9120 -8.1122 -6.3123 -4.5124 -2.7126 -0.9127 -0.2810 -0.5053 -0.9172 -1.3958 -1.9026 -2.4221 -2.9513 -3.4844 -4.0175 -4.5529
7 -14.4624( -12.0043 -9.5461 -7.0880 -4.6299 -2.1718 -0.2098 -0.5187 -1.0649 -1.6911 -2.3502 -3.0274 -3.7090 -4.3905 -5.0827 -5.7786
8 -19.8122| -16.5960| -13.3799( -10.1637 -6.9475 -3.7313 -0.5151 -0.5545 -1.2450 -2.0372 -2.8708 -3.7126 -4.5685 -5.4348 -6.3010 -7.1672
9 -25.9594( -21.8858| -17.8122| -13.7385 -9.6649 -5.5913 -1.5177 -0.5918 -1.4437 -2.4218 -3.4507 -4.4871 -5.5235 -6.5880 -7.6531 -8.7183
10 -32.9071| -27.8761| -22.8452| -17.8142| -12.7832 -7.7523 -2.7213 -0.6325 -1.6680 -2.8590 -4.0790 -5.3486 -6.6201 -7.8915 -9.1629| -10.4343
11 -40.6555| -34.5672| -28.4789( -22.3906| -16.3023| -10.2140 -4.1257 -0.6747 -1.9039 -3.3266 -4.7998 -6.3010 -7.8021 -9.3032| -10.8043| -12.3054
12 -49.2043| -41.9587| -34.7131| -27.4675| -20.2219( -12.9763 -5.7307 -0.7187 -2.1695 -3.8366 -5.5727 -7.3330 -9.0934| -10.8538| -12.6141| -14.3745
13 -58.5532| -50.0504| -41.5475( -33.0446| -24.5417( -16.0388 -7.5360 -0.7625 -2.4509 -4.4007 -6.3866 -8.4373| -10.4880| -12.5386( -14.5893| -16.6400
14 -68.7023| -58.8422| -48.9820( -39.1219| -29.2618( -19.4017 -9.5415 -0.8077 -2.7544 -5.0134 -7.2927 -9.5720( -11.9125( -14.2749| -16.6373| -18.9996
15 -79.6514| -68.3341| -57.0167| -45.6994| -34.3820| -23.0647| -11.7473 -0.4300 -0.8527 -3.0967 -5.6341 -8.2827( -10.9313| -13.5798( -16.2284| -18.8770| -21.5255
16 -91.4006( -78.5261| -65.6515( -52.7770| -39.9024( -27.0279| -14.1533 -1.2788 -0.8906 -3.4346 -6.3231 -9.2117| -12.2061| -15.2319| -18.2577| -21.2834| -24.3092
17 -103.9499| -89.4181| -74.8864| -60.3546( -45.8229| -31.2912( -16.7594 -2.2277 -0.9428 -3.8003 -7.0446| -10.3976| -13.7506| -17.1037| -20.4567| -23.8098| -27.1628
18 -117.2992| -101.0102( -84.7213| -68.4324| -52.1435| -35.8546( -19.5657 -3.2767 -0.9864 -4.1867 -7.8225| -11.4584( -15.0942( -18.7671| -22.5323| -26.2975| -30.0627
19 -131.4485| -113.3024| -95.1563| -77.0102| -58.8642| -40.7181| -22.5720 -4.4259 -1.0333 -4.6054 -8.5301| -12.7017( -16.8732| -21.0448| -25.2164| -29.3880| -33.5595
20 -146.3978| -126.2946| -106.1914| -86.0881| -65.9849| -45.8816| -25.7784 -5.6752 -1.0736 -4.9554 -9.4954| -14.0354| -18.5754| -23.1154| -27.6554| -32.1954| -36.7354
X(min)
x(min)=X, X(min)=0 0<x(min)<X,
Xa\Qs -0.8 0.7 -0.6 -0.5 -0.4 03 0.2 0.1 0 0.1 0.2 03 0.4 05 0.6 0.7 0.8
1 1.0000 1.0000 1.0000 1.0000 1.0000 0.0200 0.0200 0.0200 0.0200 0.0200 0.0200 0.0200 0.0200 0.0200 0.0200 0.0200 0.0200
2 2.0000 2.0000 2.0000 2.0000 2.0000 0.0400 0.0400 0.0400 0.0400 0.0400 0.0400 0.0400 0.0400 0.0400 0.0400 0.0400 0.0400
3 3.0000 3.0000 3.0000 3.0000 3.0000 0.0600 0.0600 0.0600 0.0600 0.0600 0.0600 0.0600 0.0600 0.0600 0.0600 0.0600 0.0600
4 4.0000 4.0000 4.0000 4.0000 4.0000 0.0800 0.0800 0.0800 0.0800 0.0800 0.0800 0.0800 0.0800 0.0800 0.0800 0.0800 0.0800
5 5.0000 5.0000 5.0000 5.0000 5.0000 0.1000 0.1000 0.1000 0.7000 1.6000 1.9000 2.1000 2.2000 2.3000 2.3000 2.4000 2.4000
6 6.0000 6.0000 6.0000 6.0000 6.0000 6.0000 0.1200 0.9600 2.5200 3.0000 3.2400 3.3600 3.3600 3.4800 3.4800 3.4800 3.6000
7 7.0000 7.0000 7.0000 7.0000 7.0000 7.0000 0.1400 2.3800 3.6400 4.0600 4.3400 4.3400 4.4800 4.4800 4.4800 4.6200 4.6200
8 8.0000 8.0000 8.0000 8.0000 8.0000 8.0000 8.0000 3.2000 4.6400 5.1200 5.2800 5.4400 5.4400 5.6000 5.6000 5.6000 5.6000
9 9.0000 9.0000 9.0000 9.0000 9.0000 9.0000 9.0000 4.1400 5.5800 6.1200 6.3000 6.4800 6.4800 6.4800 6.6600 6.6600 6.6600
10 10.0000 10.0000 10.0000 10.0000 10.0000 10.0000 10.0000 5.0000 6.6000 7.2000 7.4000 7.4000 7.6000 7.6000 7.6000 7.6000 7.6000
11 11.0000 11.0000 11.0000 11.0000 11.0000 11.0000 11.0000 5.7200 7.7000 8.1400 8.3600 8.5800 8.5800 8.5800 8.5800 8.5800 8.5800
12 12.0000 12.0000 12.0000 12.0000 12.0000 12.0000 12.0000 6.7200 8.6400 9.3600 9.3600 9.6000 9.6000 9.6000 9.6000 9.6000 9.6000
13 13.0000 13.0000 13.0000 13.0000 13.0000 13.0000 13.0000 7.5400 9.6200 10.4000 10.4000 10.6600 10.6600 10.6600 10.6600 10.6600 10.6600
14 14.0000 14.0000 14.0000 14.0000 14.0000 14.0000 14.0000 8.4000 10.6400 11.2000 11.4800 11.4800 11.4800 11.7600 11.7600 11.7600 11.7600
15 15.0000 15.0000 15.0000 15.0000 15.0000 15.0000 15.0000 15.0000 11.7000 12.3000 12.6000 12.6000 12.6000 12.6000 12.6000 12.6000 12.6000
16 16.0000 16.0000 16.0000 16.0000 16.0000 16.0000 16.0000 16.0000 12.8000 13.4400 13.4400 13.4400 13.7600 13.7600 13.7600 13.7600 13.7600
17 17.0000 17.0000 17.0000 17.0000 17.0000 17.0000 17.0000 17.0000 13.6000 14.2800 14.6200 14.6200 14.6200 14.6200 14.6200 14.6200 14.6200
18 18.0000 18.0000 18.0000 18.0000 18.0000 18.0000 18.0000 18.0000 14.7600 15.4800 15.4800 15.4800 15.4800 15.8400 15.8400 15.8400 15.8400
19 19.0000 19.0000 19.0000 19.0000 19.0000 19.0000 19.0000 19.0000 15.5800 16.3400 16.7200 16.7200 16.7200 16.7200 16.7200 16.7200 16.7200
20 20.0000 20.0000 20.0000 20.0000 20.0000 20.0000 20.0000 20.0000 16.8000 17.6000 17.6000 17.6000 17.6000 17.6000 17.6000 17.6000 17.6000
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Fi,max vs Xz and Q3

Ft max=MaxF(x) (v*=0.4)
F(,ma><>| Ft.mn | F‘,rrax<| Ft,min | Ft,rrax>| Ft,mn |
Xa\Q3 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
1 1.0381 1.0293 1.0205 1.0117 1.0032 1.0095 1.0184 1.0272 1.0361 1.0449 1.0537 1.0626 1.0714 1.0803 1.0891 1.0979
2 1.5000 1.3831 1.2663 1.1495 1.0438 1.1279 1.2514 1.3749 1.4985 1.6220 1.7455 1.8690 1.9925 2.1160 2.2395 2.3631
3 2.2987 1.9776 1.6569 1.3670( 1.1574 1.3655 1.7858 2.2061 2.6263 3.0466 3.4669 3.8871 4.3074 4.7276 5.1479 5.5682
4 2.5990 2.2601 1.9361 1.6366| 1.3897 2.2483 3.0453 3.8423 4.6392 5.4362 6.2332 7.0301 7.8271 8.6241 9.4211
5 3.2877 2.8846 2.4951 2.1198 1.7810 2.5286 3.7748 5.0210 6.2672 7.5134 8.7595 10.0057 11.2519 12.4981 13.7443
6 4.3381 3.8047 3.2892 2.7797 2.3001 1.8883 2.6870 4.4868 6.2867 8.0866 9.8864 11.6863 13.4861 15.2860 17.0859 18.8857
7 5.5769 4.8917 4.2196 3.5475 2.9076 2.3198 2.7445 5.2026 7.6607 10.1189 12.5770 15.0351 17.4933 19.9514 22.4095 24.8676
8 6.9813 6.1174 5.2535 4.4218 3.5926 2.8188 2.2248 5.9172 9.1334 12.3496 15.5658 18.7820 21.9981 25.2143 28.4305 31.6467
9 8.5253 7.4676 6.4331 5.3985 4.3640 3.3954 2.5710 6.6296 10.7032 14.7768 18.8504 22.9241 26.9977 31.0713 35.1449 39.2186
10 10.2342 8.9829 7.7319 6.4808 5.2297 4.0376 2.9645 7.3406 12.3716 17.4025 22.4335 27.4645 32.4954 37.5264 42.5574 47.5883
11 12.1389 10.6157 9.1361 7.6613 6.1866 4.7219 3.4132 8.0509 14.1392 20.2275 26.3158 32.4041 38.4924 44.5807 50.6690 56.7573
12 14.2426 12.4641 10.6857 8.9072 7.2032 5.5109 3.9181 8.7606 16.0062 23.2518 30.4974 37.7430 44.9886 52.2342 59.4798 66.7254
13 16.4752 14.4356 12.3960 10.3564 8.3168 6.3145 4.4432 9.4698 17.9727 26.4756 34.9784 43.4813 51.9842 60.4871 68.9899 77.4928
14 18.7983 16.4360 14.0736 11.7904 9.5167 7.2430 5.0294 10.1787 20.0388 29.8989 39.7591 49.6192 59.4793 69.3394 79.1996 89.0597
15 21.4523 18.7898 16.1272 13.4647 10.8021 8.1396 5.6805 3.7577 10.8874 22.2047 33.5220 44.8394 56.1567 67.4741 78.7914 90.1088| 101.4261
16 24.1031 21.0773 18.0516 15.0258 12.0815 9.2086 6.3356 4.0431 11.5958 24.4703 37.3449 50.2194 63.0940 75.9685 88.8431| 101.7176| 114.5922
17 26.9523 23.6232 20.2940 16.9649 13.6357 10.3065 6.9774 4.3578 12.3040 26.8358 41.3675 55.8993 70.4310 84.9627 99.4945| 114.0262| 128.5579
18 30.1805 26.4153 22.6501 18.8849 15.1197 11.3545 7.8050 4.6992 13.0122 29.3011 45.5900 61.8789 78.1678 94.4567| 110.7457| 127.0346| 143.3235
19 33.1856 29.0141 24.8425 20.6709 16.5078 12.5729 8.6379 5.0638 13.7202 31.8663 50.0123 68.1584 86.3045| 104.4506| 122.5967| 140.7428| 158.8888
20 36.3441 31.8634 27.3828 22.9021 18.4214 13.9407 9.4600 5.4475 14.4281 34.5313 54.6346 74.7378 94.8410| 114.9443| 135.0475| 155.1508| 175.2540
X(max)
x(max)=0 0<x(max)<X, X(max)=X,
Xa\Q3 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

1 0.0200 0.0200 0.0200 0.0200 0.3800 0.8400 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
2 0.0400 0.0400 0.0400 0.0400 0.9200 1.6400 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000
3 0.0600 0.0600 0.3600 1.0800 1.7400 2.4000 3.0000 3.0000 3.0000 3.0000 3.0000 3.0000 3.0000 3.0000 3.0000 3.0000 3.0000
4 1.8400 1.9200 2.0800 2.3200 2.5600 3.0400 3.7600 4.0000 4.0000 4.0000 4.0000 4.0000 4.0000 4.0000 4.0000 4.0000 4.0000
5 3.0000 3.0000 3.1000 3.2000 3.4000 3.8000 4.4000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000
6 3.9600 4.0800 4.0800 4.2000 4.3200 4.5600 5.1600 6.0000 6.0000 6.0000 6.0000 6.0000 6.0000 6.0000 6.0000 6.0000 6.0000
7 4.9000 5.0400 5.0400 5.0400 5.1800 5.4600 5.8800 7.0000 7.0000 7.0000 7.0000 7.0000 7.0000 7.0000 7.0000 7.0000 7.0000
8 5.9200 5.9200 5.9200 6.0800 6.0800 6.2400 6.7200 7.8400 8.0000 8.0000 8.0000 8.0000 8.0000 8.0000 8.0000 8.0000 8.0000
9 6.8400 7.0200 7.0200 7.0200 7.0200 7.2000 7.5600 8.6400 9.0000 9.0000 9.0000 9.0000 9.0000 9.0000 9.0000 9.0000 9.0000
10 7.8000 8.0000 8.0000 8.0000 8.0000 8.2000 8.4000 9.4000 10.0000 10.0000 10.0000 10.0000 10.0000 10.0000 10.0000 10.0000 10.0000
11 8.8000 8.8000 9.0200 9.0200 9.0200 9.2400 9.4600 10.3400 11.0000 11.0000 11.0000 11.0000 11.0000 11.0000 11.0000 11.0000 11.0000
12 9.8400 9.8400 9.8400 9.8400 10.0800 10.0800 10.3200 11.0400 12.0000 12.0000 12.0000 12.0000 12.0000 12.0000 12.0000 12.0000 12.0000
13 10.9200 10.9200 10.9200 10.9200 10.9200 11.1800 11.1800 11.9600 13.0000 13.0000 13.0000 13.0000 13.0000 13.0000 13.0000 13.0000 13.0000
14 11.7600 11.7600 11.7600 12.0400 12.0400 12.0400 12.3200 12.8800 14.0000 14.0000 14.0000 14.0000 14.0000 14.0000 14.0000 14.0000 14.0000
15 12.9000 12.9000 12.9000 12.9000 12.9000 12.9000 13.2000 13.8000 15.0000 15.0000 15.0000 15.0000 15.0000 15.0000 15.0000 15.0000 15.0000
16 13.7600 13.7600 13.7600 13.7600 14.0800 14.0800 14.0800 14.7200 16.0000 16.0000 16.0000 16.0000 16.0000 16.0000 16.0000 16.0000 16.0000
17 14.9600 14.9600 14.9600 14.9600 14.9600 14.9600 14.9600 15.6400 17.0000 17.0000 17.0000 17.0000 17.0000 17.0000 17.0000 17.0000 17.0000
18 15.8400 15.8400 15.8400 15.8400 15.8400 15.8400 16.2000 16.5600 18.0000 18.0000 18.0000 18.0000 18.0000 18.0000 18.0000 18.0000 18.0000
19 16.7200 16.7200 16.7200 16.7200 17.1000 17.1000 17.1000 17.4800 19.0000 19.0000 19.0000 19.0000 19.0000 19.0000 19.0000 19.0000 19.0000
20 18.0000 18.0000 18.0000 18.0000 18.0000 18.0000 18.0000 18.4000 20.0000 20.0000 20.0000 20.0000 20.0000 20.0000 20.0000 20.0000 20.0000
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Fi«(Xa) and Fq

%)

Fi(Xa) (v*=04)
Fq:Ft‘mln quFl,max

Xa\Qs 0.8 0.7 06 05 0.4 03 0.2 0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

1 0.9565] 009653] 09742] 0.9830] 0.9919 1.0095| 1.0184] 1.0272] 10361 1.0449] 10537 1.0626] 1.0714] 1.0803] 1.0891] 1.0979
2 0.3868] 05103] 06339] 0.7574] 0.8809 11279 1.2514] 1.3749] 1.4985] 16220] 17455 1.8690] 1.9925] 2.1160] 2.2395] 2.3631
3 11560 -0.7358] -0.3155]  0.1048]  0.5250 13655 1.7858] 2.2061| 2.6263] 3.0466] 34669| 3.8871| 4.3074] 4.7276] 51479 55682
4 -3.3304| 25335 -1.7365| -0.9395] -0.1426 2.2483|  3.0453| 3.8423| 46392 54362 62332 7.0301| 7.8271] 86241 9.4211
5 6.1946] -4.9484] -37023] -2.4561| -1.2099 25286]  3.7748] 50210 62672| 75134] 87595 10.0057| 112519 124981| 13.7443
6 99120 -8.1122] -6.3123] -45124] -2.7126] -0.9127 2.6870] 4.4868] 6.2867| 8.0866] 9.8864] 116863] 134861 152860 17.0859] 18.8857
7 -14.4624] -12.0043] 95461 -7.0880] -4.6209] -2.1718 2.7445] 52026]  7.6607| 10.1189] 125770 150351 17.4933| 19.9514] 22.4095| 24.8676
3 -19.8122| -16.5960| -13.3799| -10.1637| -6.9475| -3.7313| -0.5151 59172|  01334| 12.3496] 155658 18.7820] 21.9981| 252143| 284305 31.6467
9 259594 -21.8858] -17.8122] -13.7385] -9.6649] -55913] -1.5177 6.6296] 10.7032| 14.7768] 18.8504| 229241 26.9977| 31.0713] 351449 39.2186
10 329071 -27.8761] -22.8452] -17.8142| -12.7832] -7.7523| -2.7213 7.3406] 12.3716] 17.4025| 22.4335] 27.4645] 32.4954| 37.5264| 425574 47.5883
11 -40.6555| -34.5672] -28.4789] -22.3906] -16.3023] -10.2140| -4.1257 8.0509] 14.1392| 202275 26.3158] 32.4041] 38.4924] 445807] 50.6690| 56.7573
12 -49.2043|  -41.9587| -34.7131| -27.4675| -20.2219| -12.9763| -5.7307 8.7606] 16.0062| 23.2518| 304974 37.7430] 44.9886] 52.2342| 594798 66.7254
13 58.5532| -50.0504| -41.5475| -33.0446] -245417| -16.0388| -7.5360 04698 17.0727| 264756] 34.9784| 43.4813| 51.9842| 604871 68.9899| 77.4928
14 68.7023| -58.8422| -48.9820] -39.1219] -29.2618] -19.4017| -9.5415 10.1787| 20.0388] 29.8989] 39.7591| 49.6192] 59.4793] 69.3394] 79.1996| 89.0597
15 79.6514] -68.3341| -57.0167| -45.6994] -34.3820] -23.0647| -11.7473] -0.4300] 10.8874| 22.2047| 335220] 44.8394| 56.1567| 67.4741] 78.7914] 00.1088] 101.4261
16 91.4006] -78.5261| -65.6515] -52.7770] -39.9024] -27.0279| -14.1533] -1.2788| 11.5958| 24.4703] 37.3449] 50.2194| 63.0940| 75.9685| 88.8431| 101.7176] 1145922
17 -103.9499| -89.4181| -74.8864| -60.3546| -45.8229| -31.2012| -16.7594| -2.2277| 12.3040| 26.8358] 41.3675| 55.8993| 70.4310| 84.9627| 99.4945| 114.0262| 128.5579
18 -117.2992| -101.0102| -84.7213] -68.4324]| -52.1435] -35.8546] -19.5657| -3.2767| 13.0122] 29.3011| 455900 61.8789] 78.1678] 94.4567| 110.7457| 127.0346] 143.3235
19 -131.4485| -113.3024| -95.1563] -77.0102| -58.8642] -40.7181] -22.5720] -4.4259| 13.7202] 31.8663| 50.0123| 68.1584] 86.3045| 104.4506| 122.5967| 140.7428| 158.8888
20 -146.3978| -126.2946] -106.1914] -86.0881| -65.9849] -45.8816] -25.7784| -5.6752| 14.4281| 34.5313| 54.6346] 74.7378] 94.8410| 114.9443| 135.0475| 155.1508] 175.2540

Fo = (Zg + QsZ)) Xa'12
Z(CODAP)>0

X2AQs 0.8 0.7 06 05 0.4 03 0.2 0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

1 0.9565] 009653] 09742] 0.09830] o0.9919] 1.0007] 1.0095] 1.0184] 1.0272] 1.0361] 1.0449] 1.0537] 10626] 10714] 1.0803] 1.0891] 1.0979
2 0.3868] 05103 06339] o0.7574] o08809] 1.0044] 11279] 1.2514] 1.3749] 1.4985] 1.6220] 1.7455] 1.8690] 1.9925] 2.1160] 2.2395] 2.3631
3 11560 -0.7358] -0.3155] 0.1048] 05250] 0.9453] 1.3655] 1.7858] 22061 26263] 3.0466] 3.4669] 3.8871] 43074 47276] 51479 55682
4 -3.3304] 25335 -1.7365| 09395 -0.1426] 06544] 14514| 22483| 3.0453| 3.8423] 46392] 54362 6.2332] 7.0301]  7.8271| 86241  9.4210
5 -6.1946] -4.9484] -37023] 24561 -1.2099] 0.0363] 1.2825] 25286] 3.7748] 50210] 6.2672] 75134] 8.7595] 10.0057] 11.2519] 124981 13.7443
6 99120 -8.1122] -6.3123| -45124] -2.7126] 09127 08871 26870] 44868] 6.2867] 8.0866] 9.8864] 11.6863] 13.4861] 15.2860] 17.0859| 18.8857
7 -14.4624] -12.0043] -95461] -7.0880| -4.6299] -2.1718] 0.2864] 2.7445] 52026] 7.6607] 10.1189] 125770] 15.0351] 17.4933] 19.9514] 22.4095] 24.8676
B -19.8122| -165960] -13.3799| -10.1637| -6.9475| -3.7313] -05151|  2.7010|  5.9172|  9.1334| 123496 155658 18.7820 21.9981| 252143| 28.4305] 31.6467
9 259594] -21.8858] -17.8122] -13.7385| -9.6649] -55913] -15177] 25560 6.6296] 10.7032] 14.7768] 18.8504] 22.9241] 26.9977] 31.0713] 35.1449] 39.2186
10 -32.0071| -27.8761| -22.8452] -17.8142| -12.7832| -7.7523] -2.7213] 2.3097] 7.3406] 12.3716] 17.4025] 22.4335] 27.4645| 32.4954] 37.5264] 42.5574| 47.5883
11 -40.6555| -34.5672] -28.4789] -22.3906| -16.3023| -10.2140] -4.1257 1.9626]  8.0509] 14.1392] 20.2275] 26.3158] 324041 38.4924] 445807 50.6690] 56.7573
12 -49.2043|  -41.9587| -34.7131| -27.4675| -20.2219] -12.9763] -5.7307 15149|  8.7606] 16.0062| 23.2518| 304974 37.7430] 44.9886] 52.2342| 59.4798] 66.7254
13 58.5532| -50.0504| -415475| -33.0446| -24.5417| -16.0388] -7.5360]  0.9669]  9.4698] 17.9727| 26.4756] 34.9784| 43.4813| 51.9842| 60.4871| 68.9899| 77.4928
14 -68.7023| -58.8421| -48.9820] -39.1219| -29.2618] -19.4017] -9.5415] 0.3186] 10.1787] 20.0388] 29.8989] 39.7591] 49.6192] 59.4793] 69.3394] 79.1996| 89.0597
15 -79.6514] -68.3341| -57.0167] -45.6994| -34.3820] -23.0647| -11.7473] -0.4300] 10.8874] 22.2047| 33.5220] 44.8394] 56.1567| 67.4741] 78.7914] 90.1088| 101.4261
16 -01.4006| -785261| -65.6515| -52.7770| -39.9024] -27.0279] -14.1533] -1.2788| 115958 24.4703| 37.3449] 502194 63.0940| 7509685 88.8431| 101.7176] 114.5922
17 -103.9499| -89.4181| -74.8864] -60.3546| -45.8229| -31.2012| -16.7594| -2.2277| 12.3040] 26.8358| 41.3675| 55.8993] 70.4310| 84.9627| 99.4945| 114.0262| 128.5579
18 -117.2992| -101.0102| -84.7213] -68.4324] -52.1435] -35.8546] -195657| -3.2768| 13.0122] 29.3011| 455900 61.8789] 78.1678] 94.4568| 110.7457] 127.0346] 143.3235
19 -131.4485| -113.3024| -95.1563] -77.0102] -58.8642] -40.7181] -225720] -4.4259| 13.7202] 31.8663| 50.0123] 68.1584] 86.3045| 104.4506| 122.5967| 140.7428] 158.8888
20 -146.3978] -126.2946| -106.1914| -86.0881| -65.9849| -45.8816] -25.7784| -56752| 14.4281] 34.5313] 54.6346] 74.7378| 94.8410| 114.9443| 1350475 1551508] 175.2540
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PTB-7-2014: Criteria for Shell-and-Tube Heat Exchangers According to Part UHX of ASME Section VIII
Division 1

ANNEX P — TABULAR AND GRAPHICAL REPRESENTATION OF COEFFICIENT
Fm(X)
Annex P provides for 1<X:<20 and -0.8<Q:<+0.8:
e values and graphs of Fn(x) for 0< x< X,
e values and graphs of the maximum of Fn(x): Fm
e location of the maximum of Fn(X): Xmax
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%)

Xa=3

8Fm(X) for X,=1,3,5,7,10,20

X:=5

Q=08 | Q70 | Q=+08 | «x Q=08 | Q=0 | QF+08
-0.02616935| 0.08616862| 0.19850660 0.10 0.05071213 -0,00097(@ -0.05266469
-0.02675549| 0.08623743| 0.19923040| 0.20 0.05044843| -0.00082157| -0.05209158
-0.02773213| 0.08635121| 0.20043460} 0.30 0.05000487| -0.00056365/ -0.05113217f
-0.02909886| 0.08650861 O.ZOZIM 0.40 0.04937534/ -0.00020240| -0.04978014
0.30 -0.03085506| 0.08670776| 0.20427060} 0.50 0.04855138| 0.00026229| -0.04802680]
0.36 -0.03299997| 0.08694620| 0.20689240 0.60 0.04752215( 0.00083053| -0.04586110]
0.42 -0.03553258| 0.08722100| 0.20997460 0.70 0.04627452| 0.00150239| -0.04326973
0.48 -0.03845168| 0.08752862| 0.21350890} 0.80 0.04479314| 0.00227788| -0.04023738
0.54 -0.04175581| 0.08786500| 0.21748580} 0.90 0.04306055[ 0.00315686/ -0.03674683
0.60 -0.04544324| 0.08822551| 0.22189430} 1.00 0.04105721| 0.00413903| -0.03277915
-0.04951193| 0.08860499| 0.22672190} 1.10 0.03876168| 0.00522384| -0.02831400]
-0.05395950| 0.08899774| 0.23195500 1.20 0.03615077| 0.00641046| -0.02332985
-0.05878322| 0.08939743| 0.23757810} 1.30 0.03319965[ 0.00769765] -0.01780435
-0.06397994| 0.08979724 1.40 0.02988207| 0.00908375| -0.01171457f
-0.06954604| 0.09018975 1.50 0.02617054| 0.01056653| -0.00503749
1.60 0.02203660( 0.01214312| 0.00224964f
1.70 0.01745103| 0.01380992| 0.01016881]
1.80 0.01238420( 0.01556249| 0.01874078
1.90 0.00680636( 0.01739541| 0.02798446|
2.00 0.00068801| 0.01930221| 0.03791640
2.10 -0.00599970| 0.02127519| 0.04855009
2.20 -0.01328455| 0.02330535| 0.05989525|
2.30 -0.02119274 538221 0.07195716)
2.40 -0.02974840| 0.02749370| 0.08473580}
2.50 -0.03897302| 0.02962602| 0.09822506}
2.60 -0.04888477| 0.03176349| 0.11241170
2.70 -0.05949798| 0.03388843| 0.12727480]
2.80 -0.07082227| 0.03598100| 0.14278430}
2.90 -0.08286189| 0.03801908| 0.15890010}
3.00 -0.09561487| 0.03997814| 0.17557110
3.10 -0.10907220| 0.04183109| 0.19273430
3.20 -0.12321680| 0.04354820| 0.21031320}
3.30 -0.13802260| 0.04509694| 0.22821650]
3.40 -0.15345380| 0.04644196| 0.24633770}
-0.24653290| 0.07998405| 0.40650100} 3.50 -0.16946340| 0.04754493| 0.26455320}
2.16 -0.25760890| 0.07749077| 0.41259040} 3.60 -0.18599230| 0.04836452| 0.28272130}
2.22 -0.26873650| 0.07468259| 0.41810170} 3.70 -0.20296820| 0.04885636| 0.30068090}
2.28 -0.27988350| 0.07153952| 0.42296260 3.80 -0.22030430| 0.04897301| 0.31825030}
2.34 -0.29101520| 0.06804116| 0.42709750} 3.90 -0.23789830| 0.04866396| 0.33522620}
2.40 -0.30209460| 0.06416673| 0.43042810} 4.00 -0.25563120| 0.04787570| 0.35138260}
-0.31308220| 0.05989514 0.432872_50| 4.10 -0.27336580| 0.04655179| 0.36646940
-0.32393610| 0.05520504| 0.43434620} 4.20 -0.29094570| 0.04463295| 0.38021160}
-0.33461150| 0.05007482| 0.43476110} 4.30 -0.30819410| 0.04205725| 0.39230860}
-0.34506110| 0.04448269| 0.43402650} 4.40 -0.32491280| 0.03876032| 0.40243340
-0.35523470| 0.03840673| 0.43204810} 4.50 -0.34088050| 0.03467562| 0.41023180}
507930| 0.03182492 4.60 -0.35585250| 0.02973473| 0.41532200}
-0.37453870| 0.02471524 4.70 -0.36955910| 0.02386778| 0.41729460]
-0.38355400| 0.01705573| 4.80 -0.38170490| 0.01700389| 0.41571270}
206290 882453 4.90 -0.39196810| 0.00907170| 0.41011150}
-0.40000000/ 0.00000000| 5.00 -0.40000000| 0.00000000| 0.40000000}

Xa=10

Q3=-0.8

Qs=0

Qs=+0.8

-0.00243681,

0.00013826|

0.00271334]

-0.00241136

0.00012682|

0.00266499

-0.00236581,

0.00010756|

0.00258092

-0.00229549

0.00008024|

0.00245598

-0.00219397,

0.00004455|

0.00228306

-0.00205305,

0.00000011|

0.00205328

-0.00186298

-0.00005342|

0.00175614}

-0.00161255

-0.00011637|

0.00137980}

-0.00128933)

-0.00018895

0.00091142

-0.00087998

-0.00027119|

0.00033759

-0.00037059

-0.00036287|

-0.00035516}

0.00025279

-0.00046343|

-0.00117965}

0.00100361

-0.00057184|

-0.00214729)

0.00189401

-0.00068655|

-0.00326710)]

0.00293403|

-0.00080530}

-0.00454464]

0.00413047

-0.00092508|

-0.00598062}

0.00548573|

-0.00104190|
-0.00115077|

-0.00756954]
-0.00929793}

0.00699638|
0.00865158|

-0.00124551

-0.01114261)

0.01043131

-0.00131868|

-0.01306868}

0.01230449

-0.00136149|

-0.01502747

0.01422692

-0.00136373|

-0.01695438}

0.01613920)

-0.00131378

-0.01876677,

0.01796455)
0.01960682.

-0.00119868
-0.00100418

-0.02036191
-0.02161518

0.02094852

-0.00071502

-0.02237857

0.02184935

-0.00031520

-0.02247975

0.02214497

0.00021158|

-0.02172181)

0.02164662

0.00088132|

-0.01988398|

0.02014153|

0.00170900|

-0.01672352|

0.01739438|

0.00270762|

-0.01197915]

0.01315036

0.00388706

-0.00537623}

0.00713974]

0.00525278|

0.00336582

-0.00091539)

0.00680417|

0.01452373

-0.01129201

0.00853281|

0.02835763

-0.02425436

0.01042040|

0.04509516

-0.04003901,

0.01243653]

0.06491207

-0.05883651,

0.01453628|

0.08790907

-0.08076938)

0.01665769|

0.11408470}

-0.10586620)

0.01871913|

0.14330450}

-0.13403190

0.02061679|

0.17526550}

-0.16501380)

0.02222224)

0.20945820}

-0.19836390)

0.02338036

0.24512470|

-0.23339890)

0.02390770|

0.28121430}

-0.26915610)

0.02359162|

0.31633930}

-0.30434920)

0.02219032|

0.34872980}

-0.33732350)

0.01943421|

0.37619200}

-0.36601350)

0.01502885

0.39607120}

-0.38790400)

0.00865981|

0.40522360}

-0.40000000)

0.00000000|

0.40000000}
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Fn=Max|Fm(x)| vs Xa and Qs

%)

if x(Max)=Xa : Fm(X2)=1Qa/2| Frn=Max|F,(X)| if x(Max)=Xa : Fm(X2)=1Qs/2|
Xa\Qs 038 0.7 06 05 0.4 03 0.2 0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
1 0.4000 0.3500] 0.3000] 0.2500] o0.2000] 0.1500] 0.1111] 0.1602] 02094] o0.2585] 03076] 03567 04058] 04550] 05041 05532  0.6023
2 0.4000 0.3500] 0.3000] 0.2500] 0.2000] 0.1500] 0.1000] 0.1329] 04710] o0.2090] 02471] 02851] 0.3232] 0.3613] 04009] 0.4425] 0.4855
3 0.4000]  0.3500] 0.3000] 02500/ 0.2000] 0.1500] 0.1000] 0.0721] 00920] 0.1236] 0.1616] 0.2035] 0.2476] 0.2931] 0.3396] 0.3870] 0.4348
4 0.4000] 0.3500] 0.3000] 0.2500] o0.2000] 0.500] 0.1000] 0.0500] 00616] 0.0981] 0.400] 0.846] 02309] 0.2782] 0.3263] o03746] 0.4234
5 04000 0.3500] 0.3000] 0.2500] o0.2000] 0.1500] 0.1000] 00500 00490] o0.0866] 0.1297] 0.1755] 02225 o0.2707] o03189] 03681 0.4173
6 0.4000] 0.3500] 0.3000] 0.2500] 0.2000] 0.1500] 0.1000] 00500 00407 0.0789] 0.1229] 0.1694] 0.2171] 02656] 03141] 0.3635] 0.4130
7 0.4000]  0.3500] 0.3000] 0.2500] 0.2000] 0.1500] 0.1000] 0.0500] 00346] 00734] 01181 0.1652] 0.2129] 0.2621] 0.3112] 0.3604]  0.4096
8 0.4000] 0.3500] 0.3000] 0.2500] o0.2000] 0.500] 0.1000] 00500 00301] o0.0694] o0.1148] 0.1620] 02107 0.2594] 0.3081] 03579] 0.4078
9 0.4000] 0.3500] 0.3000] 0.2500] o0.2000] 0.1500] 0.1000] 00500 00266] o0.0662] o0.119] 0.1600] 0.2082] 02574 0.3071] 0.3568]  0.4066
10 04000 0.3500] 0.3000] 0.2500] 0.2000] 0.1500] 0.1000] 00500 00239] o00640] 0.1103] 01579 0.2069] 0.2565] 0.3061] 0.3557]  0.4052
11 0.4000]  0.3500] 0.3000] 0.2500] 0.2000] 0.1500] 0.1000] 0.0500] 00216] 0.0620] 0.086] 0.1567] 0.2061] 0.2555] 0.3049] 0.3543]  0.4037
12 0.4000] 0.3500] 0.3000] 0.2500] o0.2000] 0.500] 0.1000] 00500 00198] o0.0605] 0.069] 0.1561] 02053] 0.2545] 0.3037] 0.3529] 0.4021
13 0.4000]  0.3500] 0.3000] 0.2500] o0.2000] 0.500] 0.1000] 00500 00181] 00594] 0.1063] 0.1553] 02043] 02533] 0.3023] 0.3514] 0.4004
14 0.4000 0.3500] 0.3000] 0.2500] 0.2000] 0.500] 0.000] 00500 00169] 00583] 0.058] 0.1546] 0.2033] 0.2521] 0.3009] 0.3500]  0.4000
15 0.4000 0.3500] 0.3000] 0.2500] 0.2000] 0.1500] 0.000] 00500 00157 0.0571] 0.1052] 01537 0.2023] 0.2509] 0.3000] 0.3500]  0.4000
16 0.4000] 0.3500] 0.3000] 0.2500]  0.2000]  0.1500]  0.1000]  0.0500]  0.0146] 0.0563] 0.1046] 0.1529] 0.2012] 0.2500] 0.3000]  0.3500] _ 0.4000
17 0.4000] 0.3500] 0.3000] 0.2500] 0.2000] 0.500] 0.1000] 00500 00187 00559] 0.039] 0.1520] 02000 0.2500] 0.3000] 0.3500]  0.4000
18 0.4000 0.3500] 0.3000] 0.2500] 0.2000] 0.1500] 0.1000] 00500 00180] 00555] 0.033] 0.1511] 02000 02500 0.3000] 0.3500]  0.4000
19 0.4000 0.3500] 0.3000] 0.2500] 0.2000] 0.1500] 0.000] 00500 00123 00551] 0.1026] 0.1501] 0.2000] 0.2500] 0.3000] 0.3500]  0.4000
20 0.4000]  0.3500]  0.3000]  0.2500]  0.2000]  0.1500] _ 0.1000]  0.0500] _ 0.0117] 0.0547] 0.019] 0.1500]  0.2000]  0.2500]  0.3000]  0.3500]  0.4000
x(max)=X, x(max)=X,
Xa\Qs 0.8 0.7 06 05 04 0.3 0.2 0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
1 1.0000 1.0000] 1.0000] 1.0000] 1.0000] 1.0000] 00200 00200 00200 00200 0.0200] 00200 00200 0.0200] 0.0200] 0.0200]  0.0200
2 2.0000]  2.0000] 2.0000] 2.0000] 2.0000] 20000] 2.0000] 0.0400] 0.0400] o0.0400] 0.0400] 00400] 0.0400] 0.2800] 0.6800] 0.8800]  1.0000
3 3.0000] 3.0000] 3.0000] 3.0000] 3.0000] 3.0000] 30000 00600 1.3200] 1.8000] 21000 22200] 2.3400] 2.4000] 2.4600] 25200/ 25800
4 4.0000]  4.0000] 4.0000] 4.0000] 4.0000] 4.0000] 4.0000] 40000 27200 3.1200] 3.2800] 3.4400] 35200/ 35200 3.6000] 3.6000]  3.6800
5 5.0000] 50000 50000 50000/ 50000 500000 50000 50000 38000] 4.2000] 4.4000] 45000 4.6000] 4.6000] 4.7000]  4.7000]  4.7000
6 6.0000  6.0000] 6.0000] 6.0000] 6.0000] 6.0000] 6.0000] 6.0000] 4.8000] 5.1600] 5.4000] 55200 5.6400] 5.6400] 5.6400] 5.7600]  5.7600
7 7.0000 7.0000] 7.0000] 7.0000] 7.0000] 7.0000] 7.0000] 7.0000] 5.7400] 6.3000] 6.4400] 65800] 6.7200] 6.7200] 6.7200] 6.7200]  6.7200
8 8.0000 8.0000] 8.0000] 80000/ 8.0000] 80000/ 80000 s8.0000] 6.8800] 7.3600] 75200/ 7.6800] 7.6800] 7.6800]  7.6800]  7.8400]  7.8400
9 0.0000[ 9.0000] 9.0000] 9.0000] 9.0000] 9.0000] 9.0000] 9.0000] 7.7400] 8.2800] 86400/ 86400 86400 8.8200] 8.8200] 8.8200]  8.8200
10 10.0000]  10.0000]  10.0000[ 10.0000] 10.0000| 10.0000] 10.0000] 10.0000|  8.8000]  9.4000]  9.6000]  9.6000]  9.8000]  9.8000[  9.8000|  9.8000]  9.8000
11 11.0000] 11.0000] 11.0000] 11.0000] 11.0000] 11.0000] 11.0000] 11.0000] 9.9000] 10.3400] 10.5600] 10.7800] 10.7800] 10.7800] 10.7800| 10.7800] 10.7800
12 12.0000] 12.0000] 12.0000] 12.0000] 12.0000] 12.0000] 12.0000] 12.0000] 10.8000] 11.5200] 11.5200] 11.7600] 11.7600] 11.7600] 11.7600] 11.7600] 11.7600
13 13.0000] 13.0000] 13.0000] 13.0000] 13.0000] 13.0000] 13.0000] 13.0000] 11.9600| 12.4800] 12.7400] 12.7400] 12.7400] 12.7400] 12.7400] 12.7400] 12.7400
14 14.0000] 14.0000 14.0000] 14.0000] 14.0000] 14.0000] 14.0000] 14.0000] 12.8800| 13.4400] 13.7200] 13.7200] 13.7200] 13.7200] 13.7200] _14.0000] _ 14.0000
15 15.0000] 15.0000] 15.0000] 15.0000] 15.0000] 15.0000] 15.0000] 15.0000] 13.8000] 14.4000] 14.7000] 14.7000] 14.7000] 14.7000] 15.0000] 15.0000] 15.0000
16 16.0000] 16.0000] 16.0000] 16.0000] 16.0000] 16.0000] 16.0000] 16.0000] 14.7200] 15.6800] 15.6800] 15.6800] 15.6800] 16.0000] 16.0000] 16.0000] 16.0000
17 17.0000] 17.0000] 17.0000] 17.0000] 17.0000] 17.0000] 17.0000] 17.0000| 15.9800| 16.6600] 16.6600] 16.6600] 16.6600] 17.0000] 17.0000] 17.0000] 17.0000
18 18.0000] 18.0000] 18.0000] 18.0000] 18.0000| 18.0000] 18.0000] 18.0000| 16.9200| 17.6400] 17.6400] 17.6400] 18.0000] 18.0000] 18.0000| 18.0000| 18.0000
19 19.0000] 19.0000] 19.0000] 19.0000] 19.0000] 19.0000] 19.0000] 19.0000| 17.8600] 18.6200] 18.6200] 18.6200] 19.0000] 19.0000] 19.0000] 19.0000] 19.0000
20 20.0000] 20.0000] 20.0000] 20.0000] 20.0000] 20.0000] 20.0000] 20.0000] 18.8000] 19.6000] 19.6000] 20.0000] 20.0000] 20.0000] 20.0000] 20.0000]  20.0000
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PTB-7-2014: Criteria for Shell-and-Tube Heat Exchangers According to Part UHX of ASME Section VIII
Division 1

ANNEX Q—TABULAR AND GRAPHICAL REPRESENTATION OF COEFFICIENT
Fa(x)
Annex Q provides for 1<X,<20 and -0.8<Q:<+0.8:
e values and graphs of Fo(X) for 0< x< X,

o values and graphs of the maximum of Fo(X): Fq
o location of the maximum of Fo(X): Xmax
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%)

X,

Fao(x) for X.=1,3,5,7,10,20

Xa=5

Q=08 | Q0 | Q=+08 | «x Q=08 | Q0
0.04597750| -0.00541298| -0.05680346} 0.10 0.02060735( -0.01213262
0.09193687| -0.01076614| -0.11346920] 0.20 0.04148651 -0.02427055
0.13785960] -0.01509961| -0.16985880]  0.30 0.06290802| -0.03641836|
0.18372650| -0.02105345| -0.22583340) 0.40 0.08513980( -0.04857909
0.22951710| -0.02586758| -0.28125230) 0.50 0.10844580| -0.06075350
0.27520970] -0.03038173| -0.33597320]  0.60 0.13308470| -0.07293931]
0.32078050| -0.03453546| -0.38985140) 0.70 0.15930820( -0.08513048| -0.32956910)
0.36620360| -0.03826807| -0.44273970] 0.80 0.18735950( -0.09731634/ -0.38199220)
0.41145040] -0.04151859] -0.49448750]  0.90 0.21747200) 43643390
0.45648950| -0.04422573| -0.54494090] 1.00 0.24986680 160230 -0.49307130
0.50128600| -0.04632790| -0.59394180} 110 0.28475110 365150| -0.55205400]
0.54580140| -0.04776315] -0.64132770]  1.20 0.32231610] 0. 61350010
0.58999320| -0.04846917| -0.68693160) 1.30 0.36273460| -0.15737910| -0.67749280)
0.63381440| -0.04838331| -0.73058100} 1.40 0.40615810[ -0. | -0.74407580
0.67721310] -0.04744254] -0.77209820]  1.50 0.45271510| -0.18026740| -0.81325000)
0.72013270 -0.04558348| -0.81129970} 1.60 0.50250690
0.76251060| -0.04274242| -0.84799550] 170 0.55560510
0.80427890] -0.03885531| -0.88198940|  1.80 0.61204820)
0.84536300| -0.03385787| -0.91307870) 1.90 0.67183810
0.88568250| -0.02768556| -0.94105360) 2.00 0.73493580[ 0.22973880)| -1.19441300]
0.92514960] -0.02027364] -0.96569690]  2.10 0.80125750| -0.23744640| -1.27615000)
0.96366970| -0.01155732| -0.98678430]  2.20 0.87067040| -0.24410590| -1.35888200]
1.00114100| -0.00147171| -1.00408400) 2.30 0.54298810[ "
1.03745300]_0.01004802| -1.01735700]  2.40 1.01796600] -0.25360480| -1.52517500)
1.07248800] 0.02306647| -1.02635500]  2.50 1.09529500] -0.25606920| -1.60743300]
1.10612000| 0.03764805| -1.03082400) 2.60 1.17459900
1.13821400] 0.05385673| -1.03050100] 2.70 1.25542800
1.16862700| 0.07175592| -1.02511500] 2.80 1.33725200
1.19720700| 0.09140831| -1.01439000) 2.90 1.41945800
1.22379000|0.11287580] -0.99803880] 3.0 1.50134100)
1.24820700] 0.13621900| -0.97576930) 3.10 1.58210200( -0.22468660| -2.03147500)
1.27027600| 0.16149750| -0.94728120) 3.20 1.66084200( -0.20932150| -2.07948500)
1.28980700] 0.18876910| -0.91226850) 3.30 1.73655300( -0.19028430| -2.11712200)
130659800/ 0.21809000| -0.87041780) 3.40 1.80812000( -0.16725850| -2.14263700)
1.32043900| 0.24951430| -0.82141050) 3.50 1.87431000( -0.13991930| -2.15414800)
1.33110900] 0.28309390| -0.76492160) 3.60 1.93377000[ -0.10793560) -2.14964100
1.33837800| 0.31887790| -0.70062230) 3.70 1.98502300( -0.07097274| -2.12696900)
1.34200400| 0.35691240| -0.62817870) 3.80 2.02646800( -0.02869451| -2.08385700)
1.34173500] 0.39724070| -0.54725330) 3.90 2.05637100( 0.01923318| -2.01790500)
1.33731000| 0.43990170] -0.45750610]  4.00 2.07287000] 0.07313900| -1.92659200)
-0.35859530) 4.10 2.07397000( 0.13334220| -1.80728600)
-0.25017740 4.20 2.05754600[ 0.20014810)
058221160 -0.13100980]  4.30 2.02134200] 0.27384340)
-0.00345021 4.40 1.96297800( 0.35469060| -1..
1.24299500 0.13554060) 4.50 1.87995400[ 0.44292210)| -0.99410990]
1.20759000) 028539830 4.60 1.76965500] 0.53873340| -0.69218810)
1.16592700 0.44645350) 4.70 1.62936100( 0.64227670| -0.34480800)
1.11767100 0.61903010) 4.80 1.45626000[ 0.75365280| 0.05104512
1.062479000.93296140] 0.80344380]  4.90 1.24745900] 0.87290290| 0.49834700)
0.99999990( 0.99999990] 0.99999990} 5.00 1.00000000{ 1.00000000{ 1.00000000]

Xa=10

Q:=-0.8 Qs=0

Q3=+0.8

-0.00193894| 0.00089464|

0.00372823)

-0.00408697| 0.00180124|

0.00768945)

-0.00665120| 0.00273084|

0.01211288|

-0.00983450( 0.00369271|

0.01721991]

-0.01383283| 0.00469333|

0.02321949)

-0.01883181| 0.00573549)

0.03030280)

1250022 00681724
0.03249485| 0.00793082|

0.03863677|
0.04835649)

-0.04143289| 0.00906157|
-0.05190425| 0.01018679]

-0.06395109| 0.01127458|

0.05955603)
0.07227782|
0.08650026)

-0.07755814| 0.01228275

0.10212360)

-0.09263907| 0.01315772]

0.11895450)

-0.10902130| 0.01383357|

0.13668840)

-0.12642890| 0.01423129|

0.15489150)

-0.14446490| 0.01425830|

0.17298150)

-0.16259140| 0.01380827|

0.19020800)

-0.18011100| 0.01276156|

-0.19614680| 0.01098615|
-0.20962510/ 0.00833940|

0.20563420)
0.21811910)
0.22630390)

-0.21925940| 000467078

0.22860100)

0.22319090)

-0.22353960 -0.00017432|
-0.22072500] -0.00634949|

0.20802600)

-0.20884670| -0.01400068|

-0.18571850( -0.02325793]
-0.14896020| -0.03422524|

-0.09603721| -0.04696843|

0.18084540|

13920260

0.08050973)
0.00210035)

-0.02431677| -0.06150097|

0.06885336| -0.07776765|

-0.09868518)
-0.22438860)

0.18604180| -0.09562604|

-0.37729390)

0.32960290| -0.11482610|

-0.55925520)

0.50151430| -0.13498810|

-0.77149050)

0.70318190| -0.15557860|

-1.01433900)

0.93520770| -0.17588700|

1.1971220( 19500020
1.48707700| -0.21178020

-1.28698200)
58712200|
91063700

1.80150500| -0.22484280

2.13474700| -0.23254080|

25119000
-2.59982900)

2.47865200| -0.23295290|
2.82215600| -0.22388120|
3.15087000| -0.20285870|

3.44665700| -0.16717170|

94455700|
26991900|
-3.55658700)

3.68726400| -0.11389870|
3.84599800| -0.03997031|

3.89150000| 0.05774586|

3.78764400| 0.18233180|
3.49360700| 0.33667290|

2.96417000| 0.52327460|

-1.91762100)

2.15028600| 0.74403930|

1.00000000] 0.99999990

-0.66220770)
0.99999950)
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Fo=Max|Fo(X)| vs Xa and Q3

Fo=Max|Fq(x)| x(Max)=Xa Fo(Xa)=1
Xa\Qs3 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
1 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
2 1.0057 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
3 13420 1.2251] 1.193] 1.0353] 1.0000] 1.0000] 1.0000] 1.0000]  1.0000]  1.0000]  1.0000]  1.0000]  1.0000]  1.0000]  1.0000]  1.0000] _ 1.0308
4 1.7329]  15390]  1.3538] 14841 10487]  1.0000]  1.0000]  1.0000]  1.0000] _ 1.0000]  1.0000]  1.0000]  1.0000]  1.1542| 13577| 15619 1.7685
5 2.0740 1.8314 1.5932 1.3660 1.1614 1.0171 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.1549 1.4019 1.6506 1.9024 2.1541
6 2.4303 2.1378 1.8505 1.5698 1.3068 1.0852 1.0000 1.0000 1.0000 1.0000 1.0000 1.0261 1.3150 1.6050 1.9012 2.1974 2.4936
7 2.7958 2.4556 2.1155 1.7891 1.4700 1.1820 1.0000 1.0000 1.0000 1.0000 1.0000 1.1517 1.4844 1.8241 2.1664 2.5087 2.8510
3 3.1588|  2.7744] 23900  2.0055]  1.6403]  1.2033]  1.0257| 1.0000] _ 1.0000]  1.0000]  1.0000]  1.2779]  1.6619] 2.0458] 2.4297| 2.8196|  3.2123
9 3.5225 3.0843 2.6566 2.2335 1.8104 1.4120 1.0755 1.0000 1.0000 1.0000 1.0000 1.4094 1.8371 2.2648 2.6966 3.1353 35741
10 3.8915 3.4123 2.9331 2.4538 1.9850 1.5343 1.1335 1.0000 1.0000 1.0000 1.0706 1.5393 2.0145 2.4896 2.9648 3.4402 3.9259
11 42515| 37207 3.1899] 2.6763] 2.667] 1.6570] 1.1980]  1.0000]  1.0000]  1.0000]  1.1569] 1.6651| 2.1912] 2.7172| 3.2433]  3.7693|  4.2953
12 4.6077 4.0416 3.4755 2.9094 2.3433 1.7842 1.2689 1.0000 1.0000 1.0000 1.2427 1.8012 2.3598 2.9257 3.5027 4.0798 4.6568
13 4.9889 4.3696 3.7504 3.1311 25118 1.9196 1.3443 1.0000 1.0000 1.0000 1.3224 1.9318 2.5491 3.1665 3.7838 4.4012 5.0185
14 5.3440 4.6754 4.0067 3.3381 2.6890 2.0548 1.4224 1.0000 1.0000 1.0000 1.4157 2.0670 2.7183 3.3697 4.0210 4.6858 5.3545
15 56689 49552 4.2629] 35713] 2.8798] 2.4882] 15049] 1.0000]  1.0000]  1.0000] 14983 2.1818] 2.8955] 3.6092| 4.3229] 50366  5.7503
16 6.0529] 53060] 45501 3.8122| 3.0652] 23183] 15899 1.0146] 1.0000]  1.0000]  1.5802| 2.3343| 3.0884| 3.8424] 45965 53506  6.1046
17 6.4433 5.6434 4.8435 4.0437 3.2438 2.4439 1.6768 1.0385 1.0000 1.0000 1.6787 2.4682 3.2577 4.0471 4.8366 5.6261 6.4156
18 6.8142 5.9642 5.1141 4.2640 3.4139 2.5639 1.7651 1.0644 1.0000 1.0000 1.7633 2.5831 3.4029 4.2368 5.0868 5.9369 6.7870
19 7.1635] 6.2662] 53689  4.4717| 35744] 26783] 18541 1.0921] 1.0000]  1.0000]  1.8342] 2.7064| 3.6036] 45009] 53982| 6.2954] 7.1927
20 7.4889 6.5477 5.6065 4.6654 3.7242 2.8262 1.9433 1.1215 1.0000 1.0268 1.9228 2.8640 3.8052 4.7463 5.6875 6.6287 7.5699
X(Max)=X, Fo(Xa)=1 x(max) x(max)=X, Fo(Xa)=1
Xa\Qs 0.8 0.7 0.6 05 0.4 0.3 0.2 0.1 0 0.1 0.2 0.3 0.4 05 0.6 0.7 08
1 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
2 1.8800 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000 2.0000
3 2.2800]  2.4000]  25200] 2.7000]  3.0000]  3.0000] 3.0000] 3.0000] 3.0000] 3.0000] 3.0000] 3.0000] 3.0000] 3.0000] 3.0000] 3.0000]  1.5600
4 3.1200]  3.2000]  3.2800] _ 3.4400]  3.6800] _ 4.0000] _ 4.0000] _ 4.0000] _ 4.0000] _ 4.0000] _ 4.0000] _ 4.0000] _ 4.0000]  2.4000]  2.4000]  2.4800|  2.4800
5 4.1000 4.1000 4.2000 4.3000 4.5000 4.8000 5.0000 5.0000 5.0000 5.0000 5.0000 5.0000 3.4000 3.4000 3.5000 3.5000 3.5000
6 5.0400 5.0400 5.1600 5.1600 5.4000 5.6400 6.0000 6.0000 6.0000 6.0000 6.0000 4.3200 4.4400 4.5600 4.5600 4.5600 4.5600
7 6.0200]  6.0200]  6.0200]  6.1600]  6.3000]  6.4400] 7.0000]  7.0000]  7.0000]  7.0000]  7.0000] 5.4600] 5.4600] 56000] 56000] 56000 56000
B 7.0400] _ 7.0400] _ 7.0400]  7.0400]  7.2000] _ 7.3600] _ 7.8400] _ 8.0000] _ 8.0000] _ 8.0000]  8.0000]  6.5600|  6.5600|  65600]  65600]  6.7200]  6.7200
9 7.9200 7.9200 8.1000 8.1000 8.1000 8.2800 8.6400 9.0000 9.0000 9.0000 9.0000 7.5600 7.5600 7.5600 7.7400 7.7400 7.7400
10 9.0000 9.0000 9.0000 9.0000 9.2000 9.2000 9.6000 10.0000 10.0000 10.0000 8.4000 8.6000 8.6000 8.6000 8.6000 8.8000 8.8000
11 9.0000]  9.9000]  9.9000] 10.1200] 10.1200] 10.1200] 10.5600| 11.0000] 11.0000] 11.0000]  9.4600]  9.6800]  9.6800]  9.6800]  9.6800]  9.6800|  9.6800
12 11.0400] 11.0400] 11.0400] 11.0400] 11.0400] 112800 11.2800] 12.0000] 12.0000] 12.0000] 10.5600] 10.5600| 10.5600| 10.8000| 10.8000] 10.8000] 10.8000
13 11.9600 11.9600 11.9600 11.9600 11.9600 12.2200 12.2200 13.0000 13.0000 13.0000 11.4400 11.7000 11.7000 11.7000 11.7000 11.7000 11.7000
14 12.8800 12.8800 12.8800 12.8800 13.1600 13.1600 13.4400 14.0000 14.0000 14.0000 12.6000 12.6000 12.6000 12.6000 12.6000 12.8800 12.8800
15 13.8000] 13.8000] 14.1000] 14.1000] 14.1000| 14.1000] 14.4000] 15.0000] 15.0000] 15.0000] 13.5000] 13.8000| 13.8000] 13.8000] 13.8000] 13.8000] 13.8000
16 15.0400] 15.0400] 15.0400] 15.0400] 15.0400] 15.0400| 153600 156800 16.0000] 16.0000] 14.7200] 14.7200] 14.7200] 14.7200] 14.7200] 14.7200] 14.7200
17 15.9800 15.9800 15.9800 15.9800 15.9800 15.9800 16.3200 16.6600 17.0000 17.0000 15.6400 15.6400 15.6400 15.6400 15.6400 15.6400 15.6400
18 16.9200 16.9200 16.9200 16.9200 16.9200 16.9200 17.2800 17.6400 18.0000 18.0000 16.5600 16.5600 16.5600 16.9200 16.9200 16.9200 16.9200
19 17.8600] 17.8600] 17.8600] 17.8600| 17.8600| 18.2400] 18.2400] 18.6200| 19.0000] 19.0000] 17.4800] 17.8600| 17.8600| 17.8600] 17.8600] 17.8600] 17.8600
20 18.8000] 18.8000] 18.8000] 18.8000] 18.8000] 19.2000] 19.2000] 19.6000] 20.0000] 18.4000] 18.8000] 18.8000] 18.8000] 18.8000] 18.8000] 18.8000] 18.8000
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Fo vs Xaand -0.8<Qs<0
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Graph Fg vs Xz and 0<Q3<+0.8

0<Q;<08;v*=04
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Fo/ Fm
Xa\Q3 -0.8 -0.7 -0.6 -05 04 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
1 2.5 2.857143| 3.333333 4 5| 6.666667| 8.998657| 6.240394| 4.77635| 3.868719| 3.250954| 2.803314| 2.464029| 2.198006| 1.983826| 1.807681| 1.660265
2 2.51432| 2.857143| 3.333333 4 5| 6.666667 10| 7.523566| 5.848846| 4.783954| 4.047103| 3.506946| 3.093006| 2.767785| 2.494105| 2.250883| 2.05077
3 3.35501| 3.500383| 3.73087| 4.141388 5| 6.666666 10| 13.86455| 10.87076| 8.003174| 6.187600| 4.914857| 4.039271| 3.412036| 2.944306| 2.58420] 2.371012
4 | 4332008 4.397226| 4.512783| 4.736272| 5.24374| 6.666666 9.999999 20| 16.22084| 10.19497| 7.142984| 5.417763| 4.330065| 4.148806| 4.161247| 4.170054| 4.176638
5 | 5.184925| 5.232549] 5.310653| 5.46412| 5.80719| 6.780873 10 20| 20.41941| 11.54908| 7.711372| 5.697706| 5.190115| 5.178172| 5.175274| 5.16785| 5.162176
6 | 6.075725| 6.108031| 6.168247| 6.2791| 6.534085| 7.23438 10 20 12.67999| 8.133738| 6.055543| 6.057201| 6.043075| 6.052838 6.045625| 6.037508
7 | 6.989305| 7.016077| 7.051653| 7.156484| 7.35005| 7.87972 10 20 13.61935| 8.465816| 6.970071| 6.971029| 6.950758| 6.960386| 6.960843| 6.96119
8 7.89696| 7.926760| 7.96651] 8.022152| 8.20139| 8.622153| 10.25692 20 14.41635| 8.714232| 7.888013| 7.886964| 7.886306| 7.885861| 7.878157| 7.877766
9 8.80632| 8.812226| 8.855463| 8.934016| 9.051845| 9.413327| 10.75545 20 15.10373| 8.940473| 8.806101| 8.822027| 8.798765| 8.780189] 8.786229| 8.790792
10 9.72875| 9.749374| 9.77687| 9.815368| 9.92494| 10.22883| 11.33498 20 15.61794| 9.707451| 9.747581| 9.734529| 9.705679| 9.686176| 9.672886| 9.688325
11 | 10.62868| 10.63051| 10.63296| 10.70518| 10.83327| 11.04675| 11.98035 20 16.14145| 10.64935| 10.62359| 10.62964| 10.63336| 10.63587| 10.63769| 10.63906
12 | 11.51017| 11.54736| 11.58494| 11.63755| 11.71648| 11.80494] 12.6891 20 16.52118| 11.62482| 11.54198| 11.49611| 11.49684] 11.53397| 11.56074| 11.58006
13 | 12.47236| 12.48471| 12.50117| 12.52422| 12.5588| 12.79733| 13.44304 20 16.83206|  12.438| 12.43668| 12.47522| 12.49884| 12.51481| 12.52633| 12.53502
14 | 13.36011| 13.35825| 13.35577| 13.3523| 13.44501| 13.6986| 14.22442 20 17.16312| 13.38468| 13.37383| 13.3682| 13.36474| 13.3624| 13.38801| 13.38615
15 | 14.17231| 14.15778| 14.20962| 14.28528| 14.30875| 14.58788| 15.04863 20 17.51477| 14.24479| 14.19137| 14.31318| 14.38781| 14.40064| 14.30027| 14.37574
16 | 15.13227| 15.15097| 15.19691| 15.24862| 15.32618| 15.45545| 15.80881 20.29252 17.7724] 15.11083| 15.26828 15.3501| 15.36974| 15.32167| 15.28733| 15.26158
17 | 16.10813| 16.12396| 16.14506| 16.1746| 16.21892| 16.29277| 16.76836| 20.77014 17.8918| 16.15014| 16.23864| 16.28462| 16.18856| 16.12208| 16.07459| 16.03898
18 17.0356| 17.04047| 17.04695| 17.05604| 17.06966| 17.00236| 17.65105| 21.28718 18.01652| 17.07245| 17.09924| 17.01448| 16.94706| 16.95614| 16.96263| 16.96749
19 | 17.90864| 17.90342| 17.80646| 17.88672| 17.87211| 17.85515| 18.54106| 21.84126 18.14656| 17.87644| 18.03008| 18.01824| 18.00362| 17.99388| 17.98693| 17.98171
20 | 18.72217| 18.7077| 18.68842| 18.66142| 18.62003| 18.84149| 19.43208| 22.43002 18.77245| 18.86903| 19.09339| 19.02589| 18.98530| 18.9584| 18.93911| 18.92465
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ANNEX R — DETERMINATION OF THE ALLOWABLE BUCKLING STRESS LIMITS

If the tubes are under compression, tube buckling may restrict the tube’s load carrying ability. If a
substantial number of tubes are above their buckling limit, it is possible that the bundle cannot sustain the
required loading. This is true for either pressure or thermal load conditions. For this reason, no
distinction is made between primary and secondary allowable compressive loads in the tubes.

The maximum permissible buckling stress limit in UHX parallels that as given in TEMA [12] .

(a) When tubes are under compression, the axial tube stress 6:(X) is negative and must be limited

to:
7’ E, |
2

—

where: A is the slenderness ratio of the tube: 4, =

e The critical Euler’s stress o, =

—_

_ \/dt2 +(dt _Ztt)z
B 4

|t =k 1 isthe largest unsupported buckling length of the tube, obtained from the unsupported tube

spans, I, and their corresponding method of support k, where:
k= 0.6 for unsupported spans between two tubesheets,
k= 0.8 for unsupported spans between a tubesheet and a tube support
k= 1.0 for unsupported spans between two tube supports.
e The yield strength,Sy of the tube material to prevent entering in the plastic range, which might
lead to the failing of the tube bundle.
Figure 69 shows the forbidden range for o: represented by the hatched areas.
So as to ensure a smooth transition, TEMA has drawn a line from point A, (Ao ; Sy/2 ) to point A (0O;
Syt ) which equation is written:

27° E
Oun =S, (1—%} with: 4, = [~
0 y.t

i is the tube radius of gyration: r
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Ucr‘
o, > Sy.t
‘ _ Plastic Buckling
Sy‘t ke \ } - .T.‘.‘l. - - - -~ -
‘ ...“\.
|
|
} Ot = Oc
Syt /2 } WA, Elastic Buckling
\
S, /3 .
yot o < Ucr‘ A:T q-
No Buckling o,
o/ B ;
‘ ~ .
| |
o} -
AU )\1 A

Figure 69 — Tube Buckling
(b) Accordingly, the buckling stress limit ok IS given by:

* Oy =S, 1-%} if At<Ao. The tubes have a low slenderness ratio and plastic buckling

prevails.
7 E,

e O =7 if A:ho The tubes have a high slenderness ratio and elastic buckling prevails.

S
Note: The slope of line AA, is written: —2—21 The slope of Euler’s curve at point Ao is Written:

0

2

do =_ 27" B =— Sye which is half of the slope of line AAo

dA | A

A smoother transition would be obtained if the line was tangent to the Euler’s curve, at point A1 0n
Figure 69,

(o]

. do,, 2% E, . _ . 2% E,
with a slope: =————_. Equation of line AA; is written: &, =S, ———
d% z )
A
2n* E ’E
The abscissa 41 of point A1 Ay is obtained from: S, , — T = A= T =
y;t //113 112

which leads to: 4, = x/l._Sio

7’ E, B 7’ E, B Sy,t

The ordinate of point A; is obtained from: [Gcr]p1 - Al h 154 3

Line AAy, starting at Sy,/3 instead of Sy /2, would ensure a better transition between elastic and
plastic buckling.
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(c) The safety factor applied to otk used in UHX is based on TEMA approach as follows.
The tube stress distribution throughout the tube bundle is given in Section 8.5 of PART 3:

ot(x):x “x

x=kr

[(xP.—%P)=F. (x) P, with |F, (x) = X23 [Q, Z, (x)+2,(x)] [VIII5]

4
At periphery (x=ka,=Xa): |F (X,)= F, = %[Q3 Z,+ Zd]

The following simplifications are made in TEMA.

. a, =a =1
(1) No unperforated rim: ° =P }ao =a,=a =a =>Q =—
a,=a, =>p =1

DZ,
1+dZ,

*2
(2) No flange is considered: W=0, A=D, =K =1 :>cp=1_E—‘f[1$+/16]

(3) Radial displacement due to pressures Ps and P; acting at TS-shell-channel connection is ignored:

W,=0=26,=020,=0=>a0, =0 dZ,

WC:0:>5C:O:>a)C:O:>a)*:O} 2 T l+oz,

C
X2 DZ,
5 {—m Z,(x)+Z4 (x)}
(4) The maximum of Fi(x) appears either inside of the tube-bundle (r<R) or at its periphery (r=R).
TEMA considers only the outermost tube row.
X: DZ,
2 [_ 1+ 27,

F.00 -

At periphery x=Xs=kR: F (X,)=F, = zZ, +Zd}

(5) The TS is considered
o either simply supported: 4 =0,4=0=>0=0=0Q,=0

Z
e orclamped: 4 =, 4 =oo:>(1)=oo:Q1:_Z_V
m
Curves Fy(x) as a function of x=r/R for various values of X.=kR (Xa=1, 2, 3, ...., 20) represent the tube

stress distribution o(X) throughout the tube bundle given by [V111-5] above. Examination of these curves
shows that:

The stress distribution varies smoothly throughout the tube bundle when X, is low, i.e. when the tube
bundle rigidity is significantly lower than the TS rigidity:

X, =3 when the TS is simply supported, which leads to F, =2.25

. . in both cases F, is about 2.5.
X, =7 when the TS is clamped, which leads to K =27 K

In that case, a large amount of adjacent tube rows may not take over the extra compressive load,
which would lead to a general buckling of the tube bundle.
Accordingly, a higher safety factor Fs=2.0 is used.

The stress distribution varies significantly throughout the tube bundle when X, is high, i.e. when the
tube bundle rigidity is significantly higher than the TS rigidity:
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X, =5 when the TS is simply supported, which leads to F, =3.79
X, =10 when the TS is clamped, which leads to Fq =3.83

In that case, if the outermost tube row buckles, the adjacent tube rows can take over the extra
compressive load. Accordingly, a lower safety factor Fs=1.25 is used.

}in both cases Fq is about 4.

In the intermediate range of Fq (2.5 < Fq<4), a linear interpolation is used (see Figure 70):
F; =3.25—0.5F,

Thus, the safety factor is written: F, = MAX [(3.25—0.5Fq),(1.25)J

Fs i
2.0

T
|
|
1280 . ,
|
101 |
|
|
|
|
|
|

1.0 2.5 4.0 F
q

Figure 70 — Determination of Buckling Safety Factor, FS

(d) Moving to UHX/TEMA notations (F&=As ; Ci=ho), the maximum permissible buckling stress limit is
written, having in mind that it cannot exceed the allowable stress of the tube material:

B 2
Se =MIN1| 27 5| rs 1l whenc < F
LFs R

B F
S, = MIN Fi’t[l——‘ﬂ,[st] when C; > F
L S

2C,
| \/— )
with: F =— = d? +(dy -2t C = 2n” B
I 4 Sy,t

q

X 4
F, =MAX[(325-05F,),(125)]  F,= Qs 2, +2,]
The minimum value of 6¢(x), given by: &, .. =MIN I:(Gt,l ).(cw. )] must not exceed the

<$,

buckling stress limit: ‘Gt,min
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ANNEX S — COMMON INTERSECTION OF CURVES Zi(x)

1 General

Numerical calculations of H.E. according to UHX-13 show that o¢(X) curves (0<x<X.,) intersect at the
same point X=X, for the 7 loading cases (ASME 2013) , whatever the Qs value is for each of these loading
cases (see Figure 71).

o ()=—=— [P % R -x)-P. - F (x)

X = X
x 4
o(x) is calculated from Fy(x): F (x)=[z,(x)+Q,-Z,(x)] =2
t d 3 w 2
5 Tube stress Coefficient Ft{x)
15-18 T T T 6
=gl Fiel21
swidz 1.00% - = Fiu( )2
— — +
oyl €3 Fiul )z
]
ol e 5000 ] Fiel iy
oplEs Fiyl 1
ol g Figl s
Sl o N Figl®)
- - a
—apt 1 1 1 _
= 2 = § - ! 0 1 2 3 4 5 & 7 ]
% ®
O=x<Xa D<x<ia

Figure 71 — Graphs Giving ot(x) and Fi(x) for the 7 Loading Cases (ASME 2013)

2 Determination of Common Intersection Xo for ot(x)

Curves Fy(x) will intersect at the same point of abscissa x,, whatever Qs value is, if:

2
FFt (Xo): Zd(xo)+ Q3 ’ Zw(xo) =K

a
Where K is a constant independent of Qs . This is only possible if  Zw(X,) =0 , which means that the
value x, of common intersection is obtained for value(s) of X, which make Z,(X) equal to 0.
Parametric calculations on X, show that there is always at least 1 value of X, which makes Z,(xo) = 0. For
high values of X, (Xa>6), there are 2 values of X,. For Example E4.18.7 (Xa=7): Zu(X) = 0 for x,=1.68
and x,=5.97.

The curves oy(X) for the 3 pressure loading cases (ASME 2013) intersect at the same point of abscissa
x1.This point is different from the intersection point X, of Fi(x), due to the presence of Pe.

The curves oy(x) for the 4 pressure and thermal loading cases (ASME 2013) intersect at the same point of
abscissa x1, but their values are generally higher than for the 3 pressure loading cases due to higher values
of P for thermal loading cases.

For Example E4.18.7 (2013):
e curves relative to pressure loading cases 1, 2 and 3 intersect at the same point (x1 =5.5; 6:=0)

254



Copyright © 2014 by the American Society of Mechanical Engineers.
No reproduction may be made of this material without written consent of ASME. (&%

PTB-7-2014: Criteria for Shell-and-Tube Heat Exchangers According to Part UHX of ASME Section VIII
Division 1

e curves relative to pressure and thermal loading cases 4, 5, 6 and 7 intersect at the same point (X1
=5.5; o= 1700 psi)

3 Generalization to Other Stresses
The same principle applies also to:
the tubesheet bending stress o(x), calculated from: F, (x)=[Q, (x)+ Q, - Q, (x)]- %

Value of intersection is obtained for Qm(X0)=0. There is no value of x, for X.<5, and one value of x, for
X5
the tubesheet shear stress t(x), calculated from: F(x)=|Q,(x)+Q, - Q,(x)|
Value of intersection is obtained for Q,(X,)=0. There is always one solution for X,=Xa (as Q.(Xa)=0), and
a 2" value of x, for X:>7

3
the tubesheet slope 0(x), calculated from: F,(x)=[Z, (x)+Q, - Z,,(x)]- X2a
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ANNEX T — DETERMINATION OF STRESSES IN U-TUBE TS HES USING THE
FIXED TS RULES

UHX -12 rules can be obtained using the fixed TS analysis developed in PART 3, provided that the tubes
have no axial rigidity, which implies that they do not play the role of an elastic foundation.
N. k
! 2‘ =0 =X,=0
7 a;
Modifications of PART 3 analysis are as follows.
(a) Equilibrium of the Unperforated Rim (see Sections 6.2 and 6.3 of PART 3)

Accordingly: k, =0 = Kk, =

. . N : 2 2
(1) due to axial loads axial equilibrium of the shell: 27T615VS = 7a, Ps leads to: a v, = % P

(2) due to applied moments: explicating V,,
equation [VI.2b’] of PART 3 becomes:

[RM,]=-a, Ma+%a§ [(ps ~1)(p2+1) ]—%aj |:(pc ~1)(p2+1) }

, , t'2 ) . t'2
_[as K, (1+tS +SE]+aC k. (1+tc +%H 0, +a, (o, P.—a, P,)
equation [VI1.3a’] of PART 3 becomes:
* * 1
CD[Ma Zm +(aova)zv]:_Ma +(a)s Ps — R:)+Z[WC Ve _Ws 7bs]

. a,*_azlm “1)(p7 1) ]w w*_azrpc P ]w

S 0 4 c 0 4 c

(b) Stresses in the Tubesheet (see Section 6.3 of PART 3)
(1) moment at TS periphery
Equation [V1.3a] of PART 3 becomes:
* * ybc 7bs
P—w P)+|W, Zbc W, Zbs
M :(azpj —(DZV +(a)s s — W c)+( 027[ 5272')

0

2 1+ Z, 1+ Z,
%,_J
Ql QZ
Y (@ B = R)+(W,-w,) b
Ma :(aova)Q1+Q2 le : Q2: 2r
1+ Z, 1+®Z,
From Annex F, for X;=0:
Zm= 1* (DZmZF ZV:;* (I)ZV=E
1+ 4(1+0") 4
’ (0 P = B+ (W, -w,) Lo
Q _ 4 Q — 271'
' 1+F ? 1+F
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Explicating «, and e, Q; is written:

) Psaj[(ps ~1)(p2 +1) |- R 2 (2. -1) (02 +1) |+ (@, - P + (W, —Ws)ZL;

(=3l N

4
Q= 1+F
M*
MTS
2 2 2 * a
Pl 0y R (e (o +Y [+ (@R —0R) (W W) -F P M —F(g
: 1+F 1+F

W; and W values to be used in UHX-12 are given in Section 5.2(d) of PART 5.

(2) moment at TS center is given by Annex F when x=0

* 2
Mon(O)ZajpeFm(O) with: Fm(o):%+31—61) Q3:Q1+a§—PQ2

e

_': ) (a):Ps—a):PC)+(WC—WS);/—b
Usi d bove: = Z
sing Q1 and Q; above: Q, 1+F+(a§Pe) 11 F
F 2 * * Y
——aP+(o P -, P)+(W,-W,) 2> 2
Mo: 4 o' e ( s s c C) c S 27T+a_o(3+u*)pe=|\/|a+a_0(3+u*)a
1+F 16 16

(3) maximum moment in TS
Annex P shows that for low values of X, (Xa<1), the maximum of the TS moment M(x) appears

either at the center or at TS periphery: |M = MAX UM p‘,‘MOH

(c) Stresses in the Shell and Channel (see Section 8.6 an 8.7 of PART 3)
(1) axial membrane stress
From [VII1.6a] of PART 3:

o —a—g[(P—P)+( 2-1)(R-R) |+ L _p__ 2 [Z(P—P)]+L
(D)Ll Px oYl (D ) (D) £ (D, +t,)t,

o —a—i[ 2(P—P)}+LP
(D, + )t AR (D, +t,)t, '

2
Ogm = & P.| which is the classical formula for cylinders
(D, +t)t,

Axial membrane stress in the channel is written in the same way:

aZ

— C

Tem (D, +t,)t,

(2) bending stress
From [VI11.6¢c] of PART 3:
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6 1_ *2 3
Oy :t%ks {,BS o, PS+%[%} (1+hfsJ[pe (ZV+Q1 Zm)+§(Q2 Zm)}}

From Annex F, for X,=0: Z = 1 7 = 1

1+0° ! 4(1+U*)
Gs,b Zt%ks {ﬂs

IS S L ]
E h 2 4(1+v) (l+v)) & Ql+ov)

6 1-v?2(a Y(, hp) 1 2|_a a’
=—K O,P+6—| = |1+— -—| P, —=+PQ =+
Tw =gk A RO (h]( 2j1+ua2 g TRA 1R
M
a

2 32
Axial bending stress in the channel is written in the same way:

_ 2 ]
Gcbzézkc ﬁcécPc—Gl 4 3; 1. N5 Ma+D° P
b E* h 2 32 )|

) ; =
sb :tgks {ﬂﬁsps +61E—1:%(1+ hﬂSJ[MaJ, D, pe]

(d) In conclusion the general formulas of PART 3, applied to U-Tube TS HE, match the UHX-12
formulas obtained in Section 6 of PART 5. This implies that UHX-12 rules could be written in the

same way as UHX-13 rules, using for (a):, a):) and (Q1, Q2) the formulas given here above.
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ANNEX U — CALCULATION OF A U-TUBE TS USING FLOATING OR FIXED TS HE
SOFTWARE

A U-Tube HE can be calculated using a floating TS HE software, such as the Mathcad software used in
Section 11.3 of PART 4 as follows:

e use an immersed floating head TS HE as explained in Section 3.5.1 of PART 4.

e use N=0 so that the tubes have no axial rigidity.

Calculation could be also performed using a fixed TS HE software, such as the Mathcad software used in
Annex V as follows:

o use a bellows of rigidity close to 0 to simulate an immersed floating TS

e use L=infinity (Lt=10%), so that the tubes have no axial rigidity.

e USe Pe=Ps-P;
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ANNEX V — UHX-13 — EXAMPLE E4.18.7 (PTB-4 2013 EDITION) WITH GENERAL
EQUATIONS

This Annex provides a Mathcad calculation sheet for the fixed TS HE defined in Example E4.18.7 (PTB-
4 2013 Edition).The TS is integral with shell and channel (configuration a). The data are shown in the
calculation sheet, which is divided in 2 parts.

Part 1 follows strictly the steps 1 to 11 of UHX-13.5 calculation procedure. It includes the use of the

elastic-plastic procedure at the TS-shell-channel connection.

Part 2 provides the equations which enable to calculate at any radius of the perforated tubesheet:
e the net effective pressure q(r),

the deflection w(r),

the rotation 0(r) ,

the bending moment M((r), and the bending stress o(r),

the shear force Qr(x) and the shear stress t(x),

the tube axial stress 6(r)

These quantities are also given in graphical format. Their maximum values are determined and they
match the maximum stress values obtained in Part 1. The positive directions of these quantities are
shown on Figure 45.

The equations are taken from Section 8 of PART 3 and therefore depend on axial load V. and bending
moment M, acting at the periphery of the tubesheet (see Figure 40) which are determined from the
equivalent pressure Pe:
a
V,=—-P, Ma:(aova)'Ql-l_QZ

a e

These equations are general and do not depend on coefficient Qs.Thus, they apply whether P#0 or P.=0.
The calculation sheet provides also the determination of the moment Mr acting on the unperforated rim
and the edge loads Qs, Qc, Ms, M. and axial force V; and elastic stretch As of the shell. The positive
directions of these quantities are shown on Figure 40. See Annex Y for UHX-13- Example E4.18.7
(PTB-4 2013 Edition) with General Equations.

A fixed tubesheet heat exchanger with the tubesheet construction in accordance with Configuration a
as shown in VIII-1, Figure UHX-13.1, Configuration a.

o For the Design Condition, the shell side design pressure is 325 psig at 400°F, and the tube side
design pressure is 200 psig at 300°F.

e There is one operating condition. For Operating Condition 1, the shell side design pressure is 325
psig at 400°F, the tube side design pressure is 200 psig at 300°F, the shell mean metal
temperature is 151°F, and the tube mean metal temperature is 113°F. For this example, the
operating pressures and operating metal temperatures are assumed to be the same as the design
values.

e The tube material is SA-249, Type 304L (S30403). The tubes are 1 in. outside diameter and are
0.049 in. thick.

e The tubesheet material is SA-240, Type 304L (S30403). The tubesheet outside diameter is 43.125
in. There are 955 tube holes on a 1.25 in. triangular pattern. There is no pass partition lane and the
outermost tube radius from the tubesheet center is 20.125 in. The distance between the outer
tubesheet faces is 240 in. The option for the effect of differential radial expansion is not required.
There is no corrosion allowance on the tubesheet.
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e The shell material is SA-240, Type 304L (S30403). The shell inside diameter is 42 in. and the
thickness is 0.5625 in. There is no corrosion allowance on the shell and no expansion joint in the
shell. The efficiency of shell circumferential welded joint (Category B) is 0.85.

e The channel material is SA-516, Grade 70 (K02700). The inside diameter of the channel is
42.125 in. and the channel is 0.375 in. thick. There is no corrosion allowance on the channel.
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FIXED TUBESHEET RULES according to UHX-13 (July 2013 Edition)
Example E4.18.7 (PTB- 4 2013 edition) Fixed Tubesheet configuration "a"

1 - GEOMETRIC Data (from Fig.UHX-13.1)

Types of Operating Conditions

x=1 NORMAL  operating condition
x=2 STARTUP operating condition
x:=1 x=3 SHUTDOWN operating condition
x=4 UPSET operating condition
x=5 CLEANING operating condition

Configuration types: a, b, c, d

"a" for shell/channel integral both sides

"b" for shell integral channel gask - TS extended
"c" for shell integral channel gask - TS not extended
"d" for gasketed both sides

Config := "a"

x=6 OTHER operating condition ~ YELLOW :most important data and results

Tubesheet Data (from Fig.UHX-13.1)
h := 1.375:in Tubesheet thickness

For triangular pitch : "Layout"=0
For square pitch : "Layout"=1

Layout := 0
lo = 20.125-in Radius to outer tube

A = 43.125.in Outside Diameter of Tubesheet
C:=0:-in Bolt Circle Diameter

Cp = 126.4in Perimeter of the tube layout

Ap = 1272.4-in°> Total area enclosed by Cp

AL = 0-in” Total Untubed Lanes Area
= 0-in Tubesheet Corr. Allow. (Tubeside)
Cg = 0-in Tubesheet Corr. Allow. (Shellside)

Tube Data (from Fig.UHX-11.1)
p:=1.25in Tube Pitch
N; == 955 Number of Tubes
di:=1-in Tube OutsideDiameter
t; := 0.049-in Tube Thickness
L;:=240-in Tube Length
L:=L{-2-h L =237.250in Effective length of tubes
p:=0.909 Tube expansion depth ratio
li := 1.25-in  Length of Expanded Portion of Tube

kl:=48.in  k=0.6 for spans between Tubesheets
k=0.8 for spans between TS/support plate
k=1.0 for spans between support plates
| unsupported tube span

h -0 Groovedepth  [§8i-*NG" SS='VESfor TS calculated as Simply Supported ace. to UHXC139.

Shell Data (from Fig.UHX-13.1)
Dg := 42:in Shell ID
ts:= 0.5625-in  Shell Thickness away from TS
Gg = 0:in Shell Gasket Diameter
ts; == 0.5625-in  Shell Thickness near TS

Cq:=0-in Shell Corrosion Allowance

Egw :=0.85 Shell joint efficiency

[1:=0-in Thick Shell Length @ one end

I'; == 0-in Thick Shell Length @ other end
Corroded thicknesses:

h:=h-cg-c; Tubesheet thickness

tg:=tg— Cg Shell Thickness away from TS

ts1 =153 — Cg Shell Thickness near TS

to:=t.— C¢ Channel Thickness

ExampleE4.18.7-FIXED TS(AnnexV) from PTB4

Channel Data (from Fig.UHX-13.1)
D¢ := 42.125.in  Channel ID
to == 0.375-in Channel Thickness
G = 0.1:in Channel Gasket Diameter
Gy :=0.1in Channel Contact mid-point TS/Flange
Cc=0-in Channel Corrosion Allowance

CHAN :="CYL" "CYL" for Cylindrical Channel
"HEMI" for Hemisherical Channel

Corroded length:

h = 1.375in Ly:=Li—2¢, Ly = 240.000in

ts = 0.563in Corroded diameters:

ty; = 0.563in Dg:=Dg+2:Cs  ShellID  Dg=42.000in

t. = 0.375in Dc:=D¢+2:C, Channel ID D, =42.125in
1/44

262



ExampleE4.18.7-FIXED TS(AnnexV) from PTB4

Expansion Joint data

(

Copyright © 2014 by the American Society of Mechanical Engineers.
No reproduction may be made of this material without written consent of ASME.

%)

DJ =0-in

Maximum and Minimum DESIGN PRESSURES (D)

Ib
Psp_max = 325—

Ib
PtD_max = 200—2

n

maximum Shellside Design Pressure

minimum Shellside Design Pressure

maximumTubeside Design Pressure

2/a4

Inside Diameter of Bellows

Ky=10".—

Pso_x = 325—

PtO_X = 200—2

20 Ib

Bellows Axial Rigidity

In

2 - Design (D) and Operating (O) PRESSURES data (from UHX-13.3

OPERATING PRESSURES (O) for Operating Condition x

Ib

Shellside Operating Pressure
n

Ib

Tubeside Operating Pressure
n

Ib
Po_min = 0'7 minimum Tubeside Design Pressure
n
DESIGN PRESSURES P and P,y (from Table UHX-13.4-1)
Psp_min ) 0.000 ) PiD_max ) 200.000)
o Psb_max o 325.000 | b o Pto_min o 0.000 | Ip
2 Pep max 0" | 325.000 1, 2 P max | 200.000 ', 2
PsD_min) 0.000 ) I:)'(D_min) 0.000 )
OPERATING PRESSURES P, , and P, , for oper.cond. X (from Table UHX-13.4-2)
LR Pio_x )
.2
in 0.000 0.2 200.000)
o Pso_x o 325.000 | b o in” o 0.000 | Ip
07 Peo « 0" 325000 | 2 © 7 P« © " 200,000 | 2
b 0.000 ) b 0.000 )
0— 0—
in ) in )

Determination of DESIGN and OPERATING PRESSURES P and P,

F)sD_min\\ F>tD_max\\
PsD_max 0.0 \\ PtD_min 200 0\
Design LC1= 2010 Design LC1 P ' P '
: - : sb_max 325.0 tb_max 0.0
Design LC2= 2010 Design LC2
Design LC3= 2010 Design LC3 Psp_min 325.0 Pto_min 200.0
Design LC4= not explicited in 2010 b 00 | 1b Pio 00 | b
0— Ps = —  P= - P = —
Operating LC5= 2010 Operating LC in 00 |, 0. b 200.0 | i,
Operating LC6= 2010 Operating LC6 Peo » 3250 m_z 0.0
Operating LC7= 2010 Operating LC - 395.0 200.0
Operating LC8= 2010 Operating LC4 Pso x ' Pio x '
- 0.0 ) - 0.0 )
Ib Ib
0— 0—
in2 ) in2 ]
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3 - TEMPERATURE Data for Design (D) and Operating (O) conditions

set Farenheit temp.
degF =R

TS Oper.Temp. for Oper. Cond. x

Design conditions

Tubesheet Tp := 400-degF

Tubes Tip = 300-degF  Tube Design Temp.
Shell Tsp := 400-degrk  Shell Design Temp.
Channel T.p:=300-degk Channel Design Temp.

Ta

Tim x = 113-degF Mean Tube temp. along L
Tsm_x = 1561-degF Mean Shell temp. along L

Tubesheet Design Temp.

Operating conditions

To x = 400-degF
Tio_x = 300-degF Tube Oper. Temp. for Oper. Cond. x
Tso x = 400-degF  Shell Oper.Temp. for Oper. Cond. x

Tco x:= 300-degF  Channel Oper.Temp. for Oper. Cond. x

= 70-degF Ambient temperature

Tim.=Tim x  Tgm. =113.0 degF

Tsm.==Tsm x Tsm. = 151.0degF

Additional Temperature Data for Radial Thermal Expansion from UHX-13.8.4 (if required)

Tubesheet T', := 70-degF TS temp.@ rim T:=Ty T =70.0degF
Shell T'sy == 70-degF  Shell temp. @ Tubesheet T's:=Tg Tg=70.0degF
Channel T'ex == 70-degF  Channel temp.@ tubesheet Te=Tc T¢=70.0degF
4 - MATERIAL Data
TUBESHEET Material is SA-240/304L
Sp = 15800-£ TS allowable stress @ Ty Sps = 47400-£ TS allowable P+S stress @ T
in’ in®
Ib
Sy = 20000-—2 TS allowable stress @ Ta
in
6 Ib . 6 Ib .
Ep:=26.410 -— TS elastic modulus @ T Eo:=26.410 -— TS elastic modulus @ T ,
in® in®
v:=0.3 TS Poisson's ratio o' ==18.984.10 . TS coeff. expansion@ rim

b
Sip = 16706~—2
in

6 Ib
EtD :=27.0-10 —2

In

Tube allowable stress @ T,
Tube elastic modulus @T,p

Ib
Syp = 19200—

Tube yield stress @T,p
in

Ib
Syt = 15765—

In

Tube allowable stress @ T

vi:=0.3 Tube Poisson's ratio

ExampleE4.18.7-FIXED TS(AnnexV) from PTB4

in-degF
TUBE Material is SA-249/304L

b
Sio = 16706~—2
in

Tube allowable stress @ T,

6 Ib
Eto :=27.0-10 —2

In

Tube elastic modulus@ T,g

Ib
Syto = 19200—

Tube yield stress @ T,g
in =

6 Ib
EtT = 264 10 —2

in

Tube elastic modulus @ Ty

oy = 8.652:10 %

Tube coeff. expansion@T, ,
in-degF '

3/44
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SHELL Material is SA-240/304L

S<p = 15800 b Shell allow. stress @ T Spgs = 47400 Ib
sb -~ T2 ' sD PSs -~ e} Shell allowable P+S stress @ T¢q
n In -
6 Ib . 6 Ib .
Esp := 26.4-10 — Thin Shell elast mod. @ T, Eso == 26.4-10 — Thin Shell elast mod. @ T¢q
in in
Ib . Ib .
Sysp = 17500-—2 Shell yield stress @ T¢p Syso = 17500-—2 Shell yield stress @ Tqq
in in
vg:=0.3 Shell Poisson' ratio Ogm = 8.802:10 6_ I Shell coeff expansion @ T
in-degF '
SHELL Band Material is SA-240/304L
Sq1 = 15800-£ Shell allow. stress @ T Sys1 = 17500.£ Shell yield stress @ T,
in2 in2
Es1 = 26.4-10%  Thick Shell elast mod. @Ts.  agmp=8.802:10 6_ I Thick Shell coeff. expansion @T,
in2 in-degF
vg1 :=0.3 Thick Shell Poisson' ratio o'y = 8.984.10 °.— " Shell coeff. expansion @ rim
in-degF
CHANNEL Material is SA-516/grade70
Sep = 20000 b Channel allow. stress @ T Spgc = 67200 b
b= T2 ' cD PSc -~ "2 Channel allowable P+S stress @T,q
n In -
5.2 Channelel dul 5.2 Channelel dul
Ecp:=28.3-10 — Channel elast. modulus @ T, Eco:=28.310 — Channel elast. modulus @ T
in in
Ib .
Sycd = 33600-—2 Channel yield stress @ T,
in
ve:=0.3 Channel Poisson's ratio a'c = 6.666.10 0. Channel coeff. expansion @T
in-degF
ExampleE4.18.7-FIXED TS(AnnexV) from PTB4 4/44
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5 - Flange Design and Operating BOLT LOADS data (from UHX-13.3)

Maximum and Minimum Flange DESIGN BOLT LOADS Flange BOLT LOADS for GASKET SEATING Condition

W1 == 0.0-b Shell flange Design bolt load Wj := 0.0-lb Shell flange bolt load for Gasket Seating
W1ce == 0.0-b Channel flange Design bolt load W, := 0.0-lb Channel flange bolt load for Gasket Seating
Wintmax = Max(Winzs, Win1c) Winimax = 0.0001b Winax = max(Ws, W) Wiax = 0.0001b

Determination of EFFECTIVE BOLT LOAD W* for each Configurationa,b,c,d

O.Oilb\ Wmlc\ Wmlc\ Wm1e \
o 0.0-Ib 0.0-Ib Winas
0.0-1b Winie Wie Vmamax
0.0:1b 0.0-1b 0.0-1b 0.0:1b

W*a _ o W*b = WC W*C = WC W*d = WmaX
0.0-Ib We We e
0.0-b We We Vi
0.0-Ib) W, We ) Wmax )

0.000)
0.000
w*:= |wx, if Config ="a" 0.000
W=, if Config = "b" 0.000
W if Config="cr . |oooo |"
W+y if Config = "d" 0.000
0.000
0.000 )

Minimum required thickness h of the TS flanged extension (from UHX-9)

For flanged Config. b , d (extended as a flange) For unflanged Config.c For unflanged Config.d
from UHX-9.5a See UHX-9.5b See UHX-9.5¢
— GC
hg := Gasket moment arm  hg = -0.050in
2
1.9W,
hg:= -h h,g = 0.000in
rG S,-Ge G rG

1.9Wna1c
ho:= |——h h,o = 0.000in
ro SD'Gc G ro

he:= max(hg.hio)  hy=0.000in

ExampleE4.18.7-FIXED TS(AnnexV) from PTB4 5/44
266



Copyright © 2014 by the American Society of Mechanical Engineers.
No reproduction may be made of this material without written consent of ASME.

%)

ExampleE4.18.7-FIXED TS(AnnexV) from PTB4

6/44

Start of Calculations

L = effective length of shell/tubes

D, = equivalent diameter of outer tubes

L:=L-2h

DO = 2'r0 + dt

L = 237.250in lgg =Ll —I'; lg; = 237.250in

D

Do = 41.250in ag = TO a, = 20.625in

UHX-13.5.1 |§tep 1| Determine Do, p, u* and h'g from UHX-11.5.1 :

lex
p ::T p = 0.909

p - dy
po=
p
Shell Radial Dim.
Gs
ag = |— if Config ="d"
2 ag = 21.000in
DS
— otherwise
2
ag
ps:=— pg=1.018
=N
ac
pci=— pc=1021
=N

ExampleE4.18.7-FIXED TS(AnnexV) from PTB4

ED) SD)

Eq) (S
d* = max{dt - 2~tt-[—ﬂ-\~(—ﬂ-\-p (de- 2tt)} d* = 0.91111n

P p* = 1.250in
4-min(A(_,4D-p)
1-—

p*i=

2
Dy

B p* —d*
p*

* .

0.200 e

u* = 0.271

Chan Rad. Dim.

DC
ac = |— if Config ="a"
2 ac = 21.063in

Ge
7 otherwise

2

Xg:=1 N[dt\
s = + TN

2)

6/44
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UHX-13.5.2 Etep 2| Calculate the shell axial stiffness Ks, tube axial stiffness Kt, and stiffness factors Kst and J

TC'(Ds+ ts) 6 1b Tf'tt'(dt— tt)'EtD 4 1b
Krg = K*s = 8.3695 x 10° — Kpm—— 7 2 — 1.666x 10" =
—(|1+|'1) |1+|'1 n L in
+
Espls Esits1 K*g 1
K = = 0.526 J=—— =1

N¢- Kt K*g

1+——

Kj

Calculate shell and channel parameters:

3
Esits1 5 3
R - Ecpfe
Ke = Bs - (1 2) ke = 3.1971x 10” I .. : . = 1.245 10° b
Al-v
s 6-(1—\)0)
hg:=hpBg h'g=0.511 he:=hpBe he=0.626
2 .2
6-Ds h's \ 7 lb 6'Dc h'e \ 7 lb
kszz—k 1+hy +— ks—50868><10— Ao = kel 1+ h'e +— kc—22049><10—2

n

ExampleE4.18.7-FIXED TS(AnnexV) from PTB4 7/44
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UHX-13.5.3 Etep 3| _Determine E*/

8/44

E and v* relative to h/p from UHX-11.5.2. Calculate Xa

h * Ib .
—=1100 p*=0.271 =0.275  E*=7259614.115— v* = 0.3404 ( From right pages above )
p ED in2
P .25
2 EtD‘tt'(dt - tt)‘ao
Xq =1 241 - v*|.N, - X, = 7.016
E*-L-h
UHX-13.5.4 |§tep 4| Calculate diameter ratio K and coefficient F:
A
K:=— K = 1.045
DO
1-v*
F=— (hs+ac+Epin(K)) F=6.732
O :=(1+v)F @ =9.024
Xa
Calculate 2, ,2,,2,,Z, N := arrondi| 4 +7) +1 N =9.000
X\4~n X\\4~n—2
N E) N . E)
ber,(x) = Z (-1)" 22| ber:= bery(X,) beiy(x) = Z (-1)" | bei = beiy(Xy)
"2 5 :
n=0 (@MD" pers 3432 n=1 (@n=DD" I pei = 21.480
4.n-1 4.n-3
X -1 X
N (—1)”-(2-n)-@ N (D) (2N 1).@
ber'y(x) = Z ber' := ber'y(Xy) bei'y(x) := Z bei' := bei'y(Xy)
i 9 Y
n=1 ((2:m1) ber' — 13.068 n=1 ((2n-1)1) bei’ = ~16.061
. 1-v), | 1-ve
¥ 1(X) = beiy(x) + - )~ber () P1 =P Xa) W, (X) = bery(x) — beiy(X) Pz = o Xa)
¥, = -20.260 ¥, =-1.922
Zy = bei"¥, - ber'- ¥, Zy = 295.626
ber” + bei” ber'-¥'5 + bei" ¥4
Iy ———— Zm = 0.207 Z, = . Z,=0.021
Xa'Za Xa -Za
ber-¥; + bei-¥' 1 ber'-ber + beibei
Zg=—————— Z4=0.004 W E————— 7,=0.021

3
Xa "2y
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Calculate Qq, Q,;, Q,,, and U:

ps—1-®-2,
Qi=———— Qq = -0.059
1+d-7,
4
(Zd + Ql'ZW) Xa
Q,q = Q,; = 3.778
2
4
(Zy+ Q1-Zm) - Xa
Q, = > Q,, = 10.312

[Zy+(ps—1)Zn]Xa"
1+d-7,

U:= U = 20.625

UHX-13.5.5 [Step 5 UHX-13.5.5.(a) Calculate y:

0-in)

0-in
0-in
0-in
7p = (Tum. = Ta)-com L = (Tom. - Ta)'[“sm'('- ~1y=1'7) + agmp(lg + |'1)] Y= Yo
T*p
Y*p
Y*p)
UHX-13.5.5(b) Calculate parameters o, o', o, , 0", and:
Wg = Ps'ks'Bs'Ss'(l + h's) W¢ = Pc'kc'Bc'Sc'(l + h'c)
2 L2
wg =4.612in oc = 3.344in
2 2
2 (ps _1)'(95_1) 2 (Pc +1)'(Pc_l) ps—1
(D*S =ag — g (D*C =ag - _
4 4 2
. .2 .2
o*g = —4.541in o*c = —-2.603in

UHX-13.5.5(c) Calculate v,

yp:= |0 if Config ="a" yp = 0.00000
G.-C
if Config = "b"
Do
Gc - G1
if Config = "c"
Do
G.-G
if Config = "d"
Do
ExampleE4.18.7-FIXED TS(AnnexV) from PTB4 9/a4
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0.0000 )
0.0000
0.0000
0.0000
-0.0809
~0.0809
~0.0809
-0.0809 )

in
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Calculate P*; and P*.from UHX-13.8, if required by the user (for configurations a,b,or c only)

T+Ts+ T
T, = T if Config = "a"

T+Ty T, = 70.0degF
if Config = "b" v Config = "c"

T, if Config = "d"

Ts+ T, Te+ Ty
T = . T*, = 70.0degF T = . T*. = 70.0degF
Esl'tsl EcD'tc
Psp1 = — Los(Tr = Ta) = (Tr-Ta) | P*cp1 = Loe(Tre=Ta) — o (Tr-Ta) ]
S C
) Ib ) Ib
P*sp1 = o.ooo—2 P*cp1 = o.ooo—2
in in
[ i [ i ) )
P¥gp = O-—2 if Config = "d" P¥ep = O-—2 if Config = "d" v Config = "b" v Config = "c"
in in
P*sp1 otherwise P*cp1 otherwise
Ib Ib
0'_2\ 0=
in in
Ib Ib
0— 0.000) 0— 0.000)
n 0.000 n 0.000
o.'_b2 0.000 0.'_bz 0.000
in 0.000 | Ip in 0.000 | Ip
P*g = P* = — P*. = P*. = —
o-ﬂ 0.000 |, 2 o-ﬂ 0.000 | ;.
in” 0.000 in 0.000
P*sp 0.000 P*ep 0.000
Prep 0.000) Prep 0.000)
P*sp P*ep
P*sp) P’kcp)
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UHX-13.5.6 Etep 6| Eor each loading case, calculate P's and P't, Py, Py*, Pw, Prim, and effective pressure Pe

2 2 2 2
Plyi=| xe +2:(1 - x) LY Ds)" ps =1 1-9 Dy -Ds P Pho= X+ 2:(1 = x) v+ L e
s = | Xst &L~ Xg) Vi =, - - Fs t-= | Xt (L= X) Vi Tt
Kst (Do)  IKgt 23Ky 2 Kst
(0]
0.000 ) 543.676
613.671 0.000
613.671 543.676
0.000 | Ib 0.000 | Ip
P = — P = _
0.000 |, 543.676 | ;-
613.671 0.000
613.671 543.676
0.000 ) 0.000 )
NeKe u v U . . . .
Py = 2! Pw = __2'2_W Po = _2'(ms'P s—ocP c) Prim := 2'((” sPs-o c'Pt)
T-ay a, " a, ao
0.000 0.000) 0.000) -25.238)
0.000 0.000 0.000 71.560
0.000 0.000 0.000 46.321
0.000 | Ip 0.000 | Ib 0.000 | Ip 0.000 | Ib
P17 os2077| 2 w1000 | 2 Po =1 0000 |2 Pim=| o5 238 | 2
TR in ' in ' in e in
-962.977 0.000 0.000 71.560
-962.977 0.000 0.000 46.321
-962.977) 0.000) 0.000) 0.000 )

Calculate P, for Pressure and Operating Loading Cases 1 through 8:
J-Kgt

Pe = - J-Ksr[Qzl - (ps_ 1)~Q22] .(P'S— P+ P, + Py + Py + Prim)

-96.973 )
116.800
19.826
0.000 | Ip
| -261.115
~47.343
~144.316
-164.142)

PRESSURE DESIGN Loading cases :terms 1,2 3, 4

PRESSURE OPERATING Loading cases : terms 5,6,7, 8
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UHX-13.5.7 Etep 7| Determine Q2 and Q3 for Loading Cases 1 through 7:

12/a4

Q3 :

O

Qz_:

[(0%sPs— 0% Py) - (05 P*s— 0P| + o

2
Q2 =
1+d-Z,
0if P. =0 : 0 if P =0
el Q32 eZ
2.Q21 \ 2'Q22 3
Q1 +—| otherwise Q1 +—| otherwise
P. - P. -
e 8o ) e, 8o )
0if P. =0 =10 if P =0
e4 Q35 85
2:Qz, ) 2:Qz )
Q1 +—2| otherwise Q1 +—2| otherwise
P. - P. -
e, ao ) eg ao )
0if P. =0 : 0 if P =0
e7 Q38 e8
2.Q27 \ 2'Q28 3
Q1 +—2| otherwise Q1 +—2| otherwise
Pe7'ao ) I:)es'ao )
181.674 )
-515.107
-333.433
0.000
Q1 =-0.059 Qo Ib
181.674
-515.107
-333.433
0.000 )
ExampleE4.18.7-FIXED TS(AnnexV) from PTB4 12/44
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181.674 )

-515.107

-333.433
0.000

Q2= Ib

181.674
-515.107
-333.433

0.000 )

Qs = |0 if Pe =0

3
2:Qz, )
Pe3~a0)
Qs = |0 if Pe =0
2:Qz, )
F)e6'30)

~0.06746 )
-0.07938
-0.13772
0.00000

-0.06192
-0.00749
-0.04778
~0.05865 )

Q3 =

Q+—m | otherwise

Q1+ — | otherwise
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Determine Coefficient F  for Load Cases 1 through 7:

i1
numpoints := 20 j = 1.. numpoints Xj = J— X = X-Xg
numpoints
0 Wou(X)- W1~ W 1,(0)- ¥ 0 W ox(X)-bei' = ¥ 1,(x)-ber"
viX) = m(X) =
Xa-Za Zy )
Fmx1(X) = |0 if Pel =0 Frmxa(X) .= |0 if Pe4 =0
Qu(x) + QSl'Qm(X) Qu(x) + Q34'Qm(x)
otherwise otherwise
2 2
Fmx2(X) .= |0 if Pez =0 Fmxs(X) :== |0 if Pe5 =0
Qu(x) + QSZ'Qm(X) Qu(x) + Q35'Qm(x)
otherwise otherwise
2 2
Fmxa(X) :== |0 if Pe3 =0 Fmxe(X) :== |0 if Pea =0
Qu(x) + QSS'Qm(X) Qu(x) + QSG'Qm(X)
otherwise otherwise
2 2
Fmx7(X) .= |0 if Pe7 =0 Fmxg(X) :== |0 if Pes =0
Qu(x) + Q37'Qm(x) Qu(x) + QSS'Qm(X)
otherwise otherwise
2 2
|me1(x) \
Frnx1 (%) ) — max(absFmy(X)1) )
|Frnx2(®) ( ) 0.0337)
Frmx2(X) m max(absFmX(x)z) 0.0397
Frxa(X) mx3 max( absF () 3) 0.0689
Fmxa(X) |me4(x) maX(abSme(X)4) 0.0000
Frx(X) = absF (X)) = _ | Fm= Fm=
F X 1 max|{ absF y(X 0.0310
mx5(X) |me5(x) ( mx( )5)
Frx6(X) |7 max(absFmX(x)G) 0.0318
Fmxe(X)
Fone7(X) , max(absFmy(x)7) 0.0239
0.0293
Fmxa(X) ) |Finx7 () max(absF y(X)g) ) )
|me8(x) }
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me( Xa) =

-0.034)
-0.040
-0.069
0.000
-0.031
-0.004
-0.024
-0.029)
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14/a4

Calculate the Maximum Tubesheet Bending Stress

Effective Groove depth hy == max(hg - ct,o)

_
G'Qzl
c1:= || —— | if Pe =0
p* (i 2 !
i I’Tllnl
'1.5-le 285 )2
(0}
_ -Pe | otherwise
u* hminlj
_
G'Qz3
63:= ||—— | if Pg_=0
3 (e 5 €3
i I’TIII’13
_1.5-Fm3 285 )2
(0}
_ -Pe | otherwise
u* hminsj
_
6'Q25
og:= || ———— | if Pe_ =0
5 (e 5 eg
i I’TIII’15
_1.5-Fm5 285 )2
(0}
_ -Pe | otherwise
u* hmin5)
_
G'Qz7
=||———— | if Po_=0
o7 ol P e,
i I’TIII’17
_1.5-Fm7 285 )2
(0}
-Po_| otherwise
u* Nmin
i 7)

Ib
67 =-17169.269—

.2

In

ExampleE4.18.7-FIXED TS(AnnexV) from PTB4

Gp !

G4

Og -

og:

h-hg)
h-hy
h-hy
h'g = 0.000in hrmin = h=hg
h
h
h
h )
|
G'Qz2
—— | if Pg_ =0
p* (i 2 2
i I’TIII’12
_1.5-Fm2 285 )2
(0}
_ -Pe | otherwise
u* hmin2)
|
G'Qz4
— | if Pg =0
e )2 €4
i I’TIII’14)
_1.5-Fm4 285 )2
(0}
_ -Pe | otherwise
u* hmin4)
|
G'Qz6
— | if P =0
b )2 6
i I’Tllne)
L5Fm. (2.a \2
(0}
_ -Pe | otherwise
u* hminsj
|
G'Qz8
— | if P =0
b )2 g
i I’Tllns)
_1.5-Fm8 285 )2
(0}
-Pe | otherwise
u* Nmin
i 8)

Ib
cg = —23967.249—
.2

In

14/44
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%)

1.3750)
1.3750
1.3750
1.3750 |
Mmin =11 3750 "
1.3750
1.3750

1.3750 )

Ib
6, =-16286.147—

.2

In

Ib
6o = 23084.127—

.2

In

b
63 = 6797.980—

.2

n

Ib
64 = 0.000—

Ib
o5 = —40253.396—

.2

In

b
cg = —7493.724 —

.2

In

~16286.147)
23084.127
6797.98

0 Ib
~40253.396
~7493.724
~17169.269
~23967.249)
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TUBESHEET MAXIMUM STRESS for DESIGN LOADING CASES 1, 2,3, 4

op=max([oq] . |o] |03 . ou]) op = 230841
in
Ib
Gallowd = 1.5°Sp  Gallowd = 23700-0_2
in

TUBESHEET MAXIMUM STRESS For OPERATING LOADING CASES 5,6,7,8

Ib
Qo = max( |G5| , |66| , |c7| , |68|) o = 40253.4—2
in
Ib
Callowo = Sps  Callowo = 47400-0_2
in
UHX-13.5.8 Etep 8| _Calculate the maximum tubesheet shear stress
If |Pe|<1.6Sph/a, , the TEMA formula
is not required to be calculated
h Ib . (i\.i i\.|p |
1.6-Sp-p-— = 337.067— ") nlc e
ao inZ ) p}
Pe, \ 3549.7)
4275.5
Pe, 96.973 ) 725.8
Pe, 116.800 00 | 1b
T = —_—
5 19.826 9558.2 in
e
4 0.000 | |p
absPg = absPg = — 1733.0
Pe, 261.115 | ;2 52827
47.343
Pe 6008.5 /
6 144.316 N b
Pe7 164142) Tmax = max( |‘C|) Tmax = 95582—2
in
Peg ) Ib
Tallow = 0.8-SD Tallow = 12640.0—2
in

UHX-13.5.9 Etep 9| Determine the minimum and maximum stresses in the tubes for Load Cases 1to 8

Wo-bery,(X) + ¥ 1-beiy(X) ber'-bery(x) + bei'beiy(x)
Zgy(X) = 3 Zy(X) = >
Xa 'Za Xa 'Za
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Fix1(X)

Fixa(X) :

Fia(X) =

Fi7(X)

Fix(X) =

th(xa) =

a) :Determine Coefficients F

4

4
X

4

4

Foa () )
Fix2(X)
Fea(X)
Fixa(X)
Fixs(X)
Fixa(X)
Fix7(X)
Fia(X) )

3.558 )
3.260
1.802
24.996
3.696
5.057
4.050
3.778 )

Xa
Zyx(X)—— if Po =0
wx(X) > e

4
X

a
(de(x) + Q31'wa(x)>‘7
zWX(x)-Ta if P, =0
Xa
(de(x) + Q32'wa(x)>‘7

Xa
Zyx(X)—— if Po =0
wx(X) > e,

4
X

(de(x) + Q33- wa(x)> .Ta

Xa
Zyx(X)—— if Po_=0
wx(X) > e,

4
X

(de(x) + Q37 . wa(x)> .Ta

Ftmin =

Fmin =

ExampleE4.18.7-FIXED TS(AnnexV) from PTB4

otherwise

otherwise

otherwise

otherwise

min{ Fiyq(X) \
min{ Feyo(X)

min{ Fex3(X)

min{ Fs(X)

min| Fg(X)

min{ Fe7(X)

(Foa()
(Foe()
(Foa()
min( Fixa(X) )
(Fos(0)
(Foe()
(For()

)

min( Fa(x)) )

-0.270)
-0.242
-0.190
-7.048
-0.282
-0.489
-0.329
-0.293)

and F

t,min

16/44

t,max

Fixa(X)

Fixs(X)

Fixe(X) =

Fixa(X) :

Ftmax =

Ftmax =

16/44
277

for Load Cases 1to 8:

4

4

X

4

4

max| Fexa(X) \\

3

ax| Fyo(X)

3

ax| Fua(x)

(Foa()
(Foa¥)
(Foa¥)
ax(Fpea(¥))
(Fes()
(Fos()
(Focr()

)

3

3

ax| Fys(X)

3

ax| Fxg(X)

max|{ Fe7(X)
max( Fixg(X) )

3.558 )
3.260
2.097
24.996
3.696
5.057
4.050
3.778 )

Xa
Zyx(X)—— if P =0
wx(X) > e,

X

a
Zyx(X)—— if Po_ =0
wx(X) > eg

Xa
Zyx(X)—— if Po =0
wx(X) > €

X

Xa
Zyx(X)—— if P =0
wx(X) > eg

4

(de(x) + Q34- wa(x)> .Ta

(de(x) + Q35' wa(x)> ‘XTa

4

(de(x) + Q36- wa(x)> .Ta

(de(x) + Q38' wa(x)> ‘XTa

%)

otherwise

otherwise

otherwise

otherwise
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b ) Determine tube stresses o, and o;,,, for Load Cases 1 to 8 (continued)

1 2'Q21
= | (Ps. Xg— Py X¢) — ‘Fimi if Pg =
thl Xe— Xs ( sy %™y t) R 5 "tming e
0
1
I:(Ps Xs — Py ‘Xt) = Pe -Fimin ] otherwise
Xt — Xg 1
— ..
! Ps -Xg— P¢_-X Q22 F if P
Gy = Ke— Py %) — E .
tlz X — Xs ( 32 S tZ t) . tm|r12 eZ
0
1
I:(Ps Xs — Py ‘Xt) = Pe_-Fimin ] otherwise
Xt — Xg 2
— ..
! Pg -Xg— Pt -X Q23 F if P
Gy = Ke— Py %) — E .
tl3 X — Xs ( 33 S t3 t) . tm|n3 e3
0
1
I:(Ps Xs — Py ‘Xt) - Pe_-Fimin ] otherwise
Xt — Xg 3
— ..
! Pg -Xg— Pt -X Q24 F if P
Gy = Ke— Py %) — E .
tl4 X — Xs ( S, s t4 t) . tm|n4 e,
0
1
| (Ps, %s = Pt Xt) = Pe -Fimi otherwise
Xt — Xs [( S48 Ty t) €4 tm'”4ﬂ
— ..
! Pg_-Xg— Pt -X Q25 F if P
Gy = Ke— Py %) — E .
tlS X — Xs ( 35 S t5 t) . tm|n5 e5
0
1
I:(Ps Xs — Py ‘Xt) = Pe_-Fimin ] otherwise
Xt — Xg 5
— ..
! Pg -Xg— Pt -X Q26 F if P
Gy = Ke— Py %) — E .
tl6 X — Xs ( 36 S tS t) . tm|r16 eS
0
1
I:(Ps Xs — Py ‘Xt) - Pe -Fimin ] otherwise
Xt — Xg 6
— ..
! Ps_-Xg — Pi_-X Q27 F if P
Gy = Ke— Py %) — E .
tl7 X — Xs ( S7 S t7 t) . tm|r17 87
0
1
I:(Ps Xs — Py ‘Xt) — Pe_-Fimin ] otherwise
Xt — Xg 7

ExampleE4.18.7-FIXED TS(AnnexV) from PTB4
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0

0

b
ctll = —1288.776—2
in

b
thz = 1633.647—2
in

b
ot = 360.212—
in

Ib
th4 = 0000—2

in

b
ths = —1743.547—2
in

b
the = 1141.626—2
in

b
ot = ~129.351—
in
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i L i 2:Qa
Gy = . (PS 'XS — Pt ~Xt> — 'thin if Pe =0 b
8 X — % |\ 8 8 a 8 8 ou, = ~459.775—
: - in
1 —
d(Pe Xe =Py X\ = Pa -Fip: otherwise
Xt _ XS _( 58 S t8 t) 68 tm|n8:|:|
i L i 2:Qa,
o = : (ps Xg — P .xt> ———Fimax, || if Pe. =0 b
1 Xe—Xg |\ 1 1 ag’ ! ! Orp, = 2259.338—
: - in
1
(ps Xs— Py 'Xt) - Pe -Frmax ] otherwise
Xt— Xg L
i L i 2:Qz,
= | (Ps_-xs — Pt %) ————F if Po =0
c¥t22 X¢ — Xs ( s, "'s t2 t) . 5 tmax2 e, b
L L ° otp, = ~2276.563—
S in
(ps Xs— Py 'Xt) ~ Pe_-Fimax ] otherwise
Xt— Xg L
i L i 2:Qa,
G = J(Pe Xe=P; X)) ————.F if Po =0
23 Xi— Xs ( 37 T t) L2 °3 Ib
L L ° o, = ~73.142—
S in
'[(Ps Xs— Py 'Xt> - Pe_-Fimax ] otherwise
Xt — Xg
i L i 2:Q,
= | (Ps -xg— Pt %) ————F if Po =0
c¥t24 X¢ — Xs ( 54 S t4 t) . 5 tmax4 e4 b
L L 0o Gt24 = 0000—2
S in
(ps Xs— Py 'Xt) - Pe -Frmax ] otherwise
Xt— Xg L
i L i 2:Qa,
G = J(Pe Xe=P; X)) ————.F if P =0
25 Xi— Xs ( %5°° s t) N %5 Ib
L L ° oip, = 8187.390—
S in
(ps Xs— Py 'Xt) ~ Pe_-Frmax ] otherwise
Xt— Xg L
i L i 2:Qa
G = J(Pe Xe=P; X)) ————F if P =0
2 Xi— Xs ( %° t) NE %6 Ib
L L ° oip, = 3651.489—
S in
J(Ps Xe =Py %)= P. -F otherwise
Xt _ XS _( 56 S t6 t) 66 tmax6:|:|
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— — )
! P -Xs — Py -X Q27 F if P 0
(e} = . . —_ . —_ . =
t27 X — Xs ( s7 S t7 t) tmax7 e7
L L o Ib
Gip. = 5910.827 —
B ! in2
: (PS Xg — Py -xt> - P ~thax] otherwise
Xt — Xg 7 7 7 7
— — )
! P -Xs — Py X Q28 F if P 0
(e} = . . —_ . —_ . =
t28 X — Xs ( 58 S t8 t) . tmax8 e8 b
L L 0 Gp = 5928.052—
8 .2
T in
: (PS Xs — Py -xt> - Peg ~thax] otherwise
Xt — Xg L 8 8 8 8
max , min ,
( thl Gtzl )\ (thl thl)\
max( (ot |, |ot2 ) min(cstl 75t2>
-1288.8) 2259.3 ) ( 2 2 272
1633.6 _2276.6 maX( ou,| Gt23> min<6t1375t23>
360.2 -73.1 max( R ) ) min(cstl ,ct2>
0.0 0.0 4 4 4’4
Ot1 = . £ Ot2 = . £ Ftmax = max( |c c @tmin = min( oy ,o
~17435 | 8187.4 | ( ) - ‘25> ( g tzs)
1141.6 3651.5 max( ou - ct26> min<ct16,ct26)
-129.4 5910.8 .
max( |6y1_|, [Ot2 ) mm(atl ,Gt2>
-459.8 ) 5928.1 ) ( 7 7 7T
max( (o , lo minf(cy ,o
2250.3) ~1288.8) ( el | )) (t18 tzB))
2276.6 -2276.6
360.2 -73.1
0.0 Ib 0.0 Ib
Otmax = —— Otmin = -
8187.4 in -17435 in
3651.5 1141.6
5910.8 -129.4
5928.1 ) -459.8 )
TUBE MAXIMUM STRESS for DESIGN LOADING CASES 1,2,3,4 b
= max s s s s i | i | in |, ; = 2276.6 —
OtD_max (|Gtmaxl |5tmax2| |C’tmax3 |5tmax4| |C’tm|n1 |C’tm|n2 |Gtm|n3 |Gtm|n4) OtD_max in2
Ib
otaliowd = 1.0-Sip otaliowd = 16706.0—2
in
TUBE MAXIMUM STRESS for OPERATING LOADING CASES 5,6,7,8 b
= max s R s R i | in |, in |, ; =8187.4—
Ot0_max (|Gtmax5 |5tmax6| |C’tmax7 |5tmax8| |C5tm|n5 |Gtm|n6 |Gtm|n7 |5tm|n8) Ot0_max in2
Ib
otaliowo = 2.0-Sip otallowo = 33412.0—2
in
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lt =kl lt =48.000in

FSl .

FSZ .

FSS .

I’t =

125 if Pe =0

3.25-.25.

it Pe, =0

max

1.25

3.25-.25.

it P, =0

max

1.25

max| 3.25 - .25.

125 if Pe =0

3.25-.25.

it Pe =0

max

1.25

3.25-.25.

it Pe =0

max

1.25

max| 3.25 - .25.

125 if Pe =0

max’r3.25— 2=l
125 if Pe_

max[3.25— .z

Fs:

20/44

Step (b) : check the tubes for buckling if 6;; <0 or o, <0

dtz + (dt - 2tt)2

M

Fsl\;_'.
Fs2
Fs3 '8
Fsa
Fss

FsG

Fs7
Fsg )

ExampleE4.18.7-FIXED TS(AnnexV) from PTB4

7)) %,"].1.25]

(zd + QBG'ZV)'Xa

4

r = 0.337in

otherwise

otherwise

otherwise

otherwise

otherwise

otherwise

otherwise
1.471)
. 1.620
-Zy rtherwise
] 2.000
1.250
Fs =
1.402
1.250
1.250
1.361)
Stmin =
20/44

281

2
2.n"-Epp

Sytb

S

Sytp
yio [
F

C, = 166.608

I
Fii=— Fy=142571
It

Fep = 1.471
Fep = 1.620
Feg = 2.000
Feq = 1.250
Fes = 1.402
Feg = 1.250
Fe7 = 1.250
Feg = 1.361

)1 2Eo

, b
2‘Ct) Fs 2

Fy

Allowable Buckling Stress, S,

Fq1 = Si(FSl >2,2, FSl)
Fgo = Si(FSZ >2,2, Fsz)
Fg3 = Si(FSS >2,2, Fsg)
FS4 = Si(Fs4 > 2, 2, Fs4)
Fg5 = Si(FSS >2,2, FSS)
Fgg = Si(FSG >2,2, Fse)
Fg7 == Si(Fs7 >2,2, Fs7)
Fgg = Si(FSB >2,2, Fsg)
Stb = Si Ct > Ft,
-1288.8)
—2276.6
-73.1
0.0 b .
17435 | tb
1141.6
-129.4
-459.8 )

7467.8)
6780.7
5492.5
8788.0
7836.5
8788.0
8788.0
8071.9)
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UHX 13.5.10 w Determine the shell membrane stress : 1830.579 \
. 2287.188
In the main shell 4117.767
a Covs(p2-1) ] ag’ 0.000 | I
Osm ::m- Pe+{ps -1 -(Ps—Pt) +m'Pt Osm = 1085.899 :
-629.290
1201.289
SHELL MAXIMUM STRESS for DESIGN LOADING CASES 1,2,3,4 —2916.478}
b Ib
OsmD = maX(|Gsml| ) |Gsm2| 8 |Gsm3| > |Gsm4|> OsmD = 4117-8in—2 Ssallowd ‘= Esw Sp Osallowd = 13430-0m_2

SHELL MAXIMUM STRESS for OPERATING LOADING CASES 5,6,7,8

Gsmo = max(|csm5| ) |Gsm6| ) |Gsm7| > |Gsm8|> GsmO = 2916-5_2 Osallowo ‘= Sps OsallowO = 47400-0_2

in in
— loin i iy = _ : 1830.579 )
0 e sl [sen ts7 :== | Oin if Config ="d ts7 = 0.5631in
tsy otherwise 2287.188
4117.767
2 2
P [P +( 2 1) (P F>)]+—aS P 0000 1o
Osmi = : ps —1)\Ps— : Osm1 = —
M D+ tg) ity b o VT S Dgr )t ™ | -1085.800 | .
-629.290
1201.289
SHELL MAXIMUM STRESS for DESIGN LOADING CASES 1,2,3,4 _2016 478)
max 4117.8 b
c = c , |lo ,|lo ,lo c = 88—
smb (| sml| | sm2| | sm3| | sm4|> smb inz OsallowD = Esw'SD  Osallowd = 13430-0_2
in
SHELL MAXIMUM STRESS for OPERATING LOADING CASES 5,6,7,8
Ib Ib
Gsmo = max(|csm5| , |Gsm6| , |Gsm7| > |Gsm8|> Gsmo = 2916-5_2 OsallowO = Sps  OsallowO = 47400-0_2
in in

UHX 13.5.11 [Step 11] Determine the shell stresses if integral to the tubesheet : l; = 0.000in  lgmin = 1.8/ Dg-ts;
minimum lengths of shell band for config. a,b orc I, = 0.000in  Igyi, = 8.749in

bending stress:

2 3
Gsh1 = i.ks. Bs| 85 Ps+ % -P*s\ + 6'(1 _ V*z) . ai\-(l +E\ Pe~(ZV+ Zm~Q1) +L~Zm~Q2
tslz Esotsr ) ol h’ ) 2) ao2

14014.879) ~12184.300)
30035.554 27748.366
19681.834 15564.066

total shell stress: o := ( |ogm| + |osb1|; Gg = 0000 1 b Gsb1 = 0000 ) b
39504.060 | ;2 -38418.161 | ; 2
2143.795 1514.505
11871.084 ~10669.795
29150.339) ~26233.861)
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SHELL MAXIMUM STRESS for DESIGN LOADING CASES 1,2,3,4

Ib Ib
) Gsp = 30035.6— Ssallowd = 1.5:Sp Gallowp = 23700.0—

In n

Ogp = max( Os,[+[Os,| [Os4| *|Os,

SHELL MAXIMUM STRESS for OPERATING LOADING CASES 5,6,7,8

Ib Ib
Osg| > [Csg| 7 |°4]° 558) Os0 = 39504-1_2 Osallowo = Spss Tallowo = 47400-0_2

650 = max(
in in

UHX-13.5.11 [Step 11 (cont'd)| Determine the channel stresses if integral to the tubesheet

channel membrane stress: 5567.108 )
0.000
2
ac . . 5567.108
Oem:= | ——FP; if Config ="a"
(Dc+tc)~tc 0.000 | Ip
Scm = -
Ib . 5567.108
0-— otherwise In
in2 0.000
5567.108
0.000 ) 28345.980)
channel bending stress: —8492.472
19853.508
2 3 .
6 ke'| Ber| 8¢ P o p*\ 6'(1—v*2) ao\(lJrhC\ P (z +Z Q)+ 2 ZnQ 0.000 o
Och = — K| Pe| Oc Pt c, i — | Fe\avt em L) +—— &m <2 Ocb = -
) 2
2 Eple ) E* W) 2) 2,2 52379.190 | .
15540.738
43886.718
total channel stress: 33913.088)
8492.472 24033.210 )
25420.616
(Joen) + fowe] o |
Op = (o) + |G O = —_—
© em| ™ [7eb °"|s7046.208 |
15540.738
49453.826
24033.210)
CHANNEL MAXIMUM STRESS for DESIGN LOADING CASES 1,2,3,4
Ib Ib
Gcp = max( Sc,| > (%c,| - GC3 , 004) Gcp = 33913.1—2 GeallowD = 1.5-S¢p  Geallowd = 30000.0—2
in in
CHANNEL MAXIMUM STRESS for OPERATING LOADING CASES 5,6,7,8
Ib Ib
6co = max( Se |- [ocy|-[oc.| - 008) Gco = 57946.3— Scallowo = Spsc  Teallowo = 67200.0—
in in
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_UHX13.7 Simplified Elastic Plastic Procedure

Calculation procedure for the effect of plasticity at the tubesheet, channel or shell joint.

This procedure applies only to Configurations a,b,c and Design Loading Cases 1,2,3,4
in the following conditions: -for integral shell (config. a,b,c) when 1.5S ;<o < Spg 5

-for integral channel (config. a) when 1.5S <o, < Spg

SPSS\\

)

S*g = min(sysl,

Ib
S*g = 17500.000—

.2

n

0.4-[ogpa|

factgy = [1.4 -
S*s )

min(factsv

,1)\
,1)

min(factsv3 , 1)

min(factsv4, 1) )

1

min(factsv

N

factg =

Calculate reduced values of Eg and E_ for each loading case:

1.122)
0.766
1.044
1.400
0.522
1.365
1.156
0.800)

factg, =

1.000)

0.766
factg =

1.000

1.000)

2.6400x 10" )

E*Sl = E51~facts E*Sl =

2.0216 x 107 b

2.6400x 10" | in®

2.6400 x 10’ )

From Step 2, recalculate:

3
E*s1ls1
kkg := Bs-—z Kkg =
6-(1 - Vg )
3
E*ete
kke := B¢ kke =

ExampleE4.18.7-FIXED TS(AnnexV) from PTB4

3.1971x 10°)

2.4482 x 10°
5

3.1971x 10

3.1971x 10°)
1.2446x 10° )

1.2446 x 105
5
1.2446 x 10

1.2446 x 10°)

" . SPSC\\
S*. = min Sch,T)
Ib
S*c. = 33600.000—2
in 1.0625 )
1.2989
1.1636
0.4- o] ) 1.4
facty, =| 1.4 - — factg, =
st ) 0.7764
1.215
0.8775
1.1139 )
min(factCvl , l)\
1.000)
min(factcvz, 1) 1.000
facte=| fact; = '
m|n<factcv3 , 1) 1.000
1.000
min(factcv4,1) ) J
2.830x 10" )

E*Cl = ECD-fath E*Cl =

2.830x 10 | Ib
2.830x 10" | in®

2.830x 10" )

5.0868 x 10"

2

hs ) 3.8952x 10" | Ib
Mg = =

2 ) 5.0868 x 10" | in

5.0868 x 10’ )
2.2049x 10" |

2
h'e ) 2.2049x 10" | Ib

2.2049x 10’ | in®

22049 x 10" )
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From Step 4, recalculate:

Fie 2V (dg+ Mg+ EpIn(K)) F-
= = | Alg + Ao + Ep-In(K) =
_
Ope = Ps_l_q)‘zv\ 0
te 1+ 07y te”
4
(Zd + Qle'zw)‘xa
z1e = 5 Qz1e =
I:ZW+(ps—1)-Zm:|-Xa4
Ue = Ue

1+d-7,

From Step 6, recalculate P, P;.,, and P .

0.000)
0.000 | Ip
0.000 |, 2
0.000)

J-Kgt

Pe =
© |:l+‘]'Kst’|:Qzle+(ps_ 1)‘Q22e:|

ExampleE4.18.7-FIXED TS(AnnexV) from PTB4
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6.732) 9.024)
5.649 7.572
O:=(1+v)F &=
6.732 9.024
6.732) 9.024)
~0.059)
-0.054 ‘
-0.059
-0.059)
3.778) 10.312)
4
3.899 ‘ (zy+ QueZi)Xa o, | 11518 ‘
3.778 zze 2 2¢ 110312
3.778) 10.312)
20.625) W) 0.000)
23.037 W, 0.000
W = W = Ib
20.625 Wy 0.000
20.625 ) oy 0.000 )
P P P! P!
;) L) ) )
Ps, P P, Py
Pse Pie = P'se = , Ple = ,
Ps Pt P's, P,
P P P P!
54) t4) 84) t4)
~25.238)
Ue (e P ' 79.928 | Ip
\07s Fse = 07c e rim = -
a 46.321 |2
. 0.000 )
~96.973)
' o 115.426 | |p
(Pse_Pte+Pw+Prim) 19.826 -
) in
0.000 )

24/44
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From Step 7, recalculate Q, ,Q5 , F, and the tubesheet bending stress for load cases 1, 2, and 3

(0% Pse — 0P )+£~w*' 181,674 1
STse e T ~575.344
Q= Qs = Ib
1+®-Z, -333.433
0.000 )
—\> ~0.0675)
2.Q",
Q3:=| Qe+ . —-0.0773
D2 Q3=
Pe-ao ) -0.1377
-0.0586 )
Fmy(x) = [0 if P =0
Q) + Q3 -Qm(¥) Fmlj = |F ()| Fimy == max(Fml)  Fyy = 0.034
otherwise
2
Fma(x) = [0 if P =0
Q) + Q3 Qm(¥) Fm2; = |F ()| Fmz = max(Fm2)  F'yp = 0.039
otherwise
2
Fmg(x) = [0 if P =0
Q) + Q3 Qm(¥) Fm3; = |Fg(x))| Fmg = max(Fm3)  F'yg = 0.069
otherwise
2
Frmna(x) = [0 if Pl =0
Q) +Q3, Qm(¥) Fma; = |F ()| F'mg = max(Fm4)  F', = 0.000
otherwise
2
Fimg ) 0.0337)
- Fim2 - _|00388 ‘
SR = ™ 10.0689
Fna ) o )
Tubesheet Bending Stress for the Elastic-Plastic Solution
-16286.147)
2
1.5Fn ( 2-a5 ) o 22204.445 | |p (o). |2l 4] 7220444512
c = . — P o' = — 6'max = Max| [o'1], [o'9| , [0'3 & (s = 445—
we (h-hyg) 6797.980 | 2 2
0.000 b
Gallow = 1.5~SD Gallow = 23700.0—2
in
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UHX13.9 Simply Supported Tubesheet Procedure

This procedure applies only when the TS is integral with the shell or channel,
i.e.:

- shell of configurations a, b or c

- channel of configuration a

To perform this calculation, use the option : [SS=¥No*

Calculation must be performed in 2 phases :

Phase 1) Perform Steps 1 to 11 with SS="NON" (normal calculation) with the following modifications in Step 11:

- minimum length requirement |
- minimum length requirement |

of shell band for configurations a,b,c do not apply
of channel band for configuration a do not apply

smin

cmin

if oy < Spss and o, < Spg . . the shell and/or channel designs are acceptable.
Otherwise increase the thickness of the overstressed components (shell and/or channel) and return to Step 1.

Phase 2) Perform Steps 1 to 7 using SS="0OUI" (Simply Supported calculation) for loading cases 1,2 and 3 only

If |o] < 1.5S, the calculation procedure is complete.
Otherwise, increase the assumed tubesheet thickness h and repeat Steps 1 to 7.

Note: If |6|<1.5S , the tubesheet thickness can be optimized to a value h , till |6|=1.5S
provided that, for that optimized thickness h,, the stresses in the tubesheet,shell and channel
, calculated by the normal calculation (see Phase 1), remain respectively below Spg Spg g, Sps ¢
for each of the 8 loading cases.

ExampleE4.18.7-FIXED TS(AnnexV) from PTB4 26/44
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Distribution of Moments and Loads in the Tubesheet |

The 2nd part of this Mathcad software provides general basic equations without using coefficient Qg
They are taken from Item 04-1401 and enable to calculate q(x) , w(x) , 6(x) , () , ©(X) , o,(x) at any

radius of the Tubesheet , depending on Loads V, and M  acting at periphery of the perforated
tubesheet (r = a,) . It provides also the axial deplacement and axial load acting in the shell.

A, = elastic stretch of shell

N = axial force in shell  (per unit of citcumference)

N. = axial force in channel (per unit of circumference)

K, = elastic foundation modulus of the heat exchanger (based on L)
ky = 2K,, = elastic foundation modulus of the half H.E.(based on L/2)
D* = Tubesheet flexural rigidity

YELLOW :most important data and results Limit Conditions Results obtained fromUHX-13
Perforated Tubesheet|

0.25
Ky = Nk Ky = 2-K Dro— = w k= o) ints = 20
w = 2 w = 2-Ky = ﬁ = ;} numpoints =
na, 12\1-v*
Ib Ib 6. . -1
Ku=11905554— k= 23811.107— D* = 1.779x 10 lb-in k = 0.340in
in in
ber'-ber'y(x) + bei'bei'y(x) Wo-ber'y(x) + W q-bei'y(X)
Zinw(¥) = Zu (%) =
mx Xa-Za VX X 2 5
a "“a
Zm(Xa) = 0.207 Zm = 0.207 Zyx(Xa) = 0.021 Z,=0.021
Wo-ber,(X) + ¥ 1-beiy(X) ber'-bery(x) + bei'beiy(x)
Zgy(X) = 3 Zy(X) = >
Xa 'Za Xa 'Za
ZguXa) = 0.004 Z4 = 0.004 Zy(Xa) = 0.021 Zy = Zyx(Xa)  Zy=0.021

Loads V, and M, acting at periphery of perforated tubesheet (r = ao)|

T —
V, = TPe) My = (a0 V' Qs)
~1000.036) 1391.316
1204.496 ~1972.064
204.460 -580.747
0.000 | Ib 0.000
Va= = Ma = b
-2692.753 | in 3438.824
-488.221 75.445
-1488.257 1466.761
-1692.717 ) 2047.508 )

Replace V, by: P.a,/2 and M, by: a,V, Qs in formulae below to obtain UHX-13 formulae used in previous section
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a(x) =

28/44

| Net Tubesheet Pressure

Tubesheet net pressure

110 I

Net pressure, Ib/in"2

ExampleE4.18.7-FIXED TS(AnnexV) from PTB4

0<x<Xa

Umax =

Umax =

~345.033)
380.756

35.723

0.000 | Ip
-965.193
~239.405
-584.437
~620.160 )

Q(Xa) =

28/44
289

Umin =

Umin =

Fq =

0.000 | |b
~965.193
-239.405
~584.437
~620.160 )

(Zd + Q3‘Zv)‘xa4

2
~345.033)
380.756
35.723
0.000
~965.193
~239.405
~584.437
~620.160 )
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W(X) :=

Deflection, inches
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Deflection w(x) of the perforated tubesheet (0 <= x <= Xa) |

K )
1\.

2

2

.\ N\ 7\
S
N

1) a02
k_WJQ4 —

1) aoz
(k_wj
( 1) A

2
3o

2
3o

=
L

(i\-Ql —aDLf-[Mal-zwx(x) (30 Va, ) 2 |
Q —%{Mazzwx(x) *(30Va, ) Zax |
Qs —%{M%-zwx(x) + (30 Va, ) Zad®) |
o | Ma, Zux() + (20 Va, ) Zad) |
Qs = Mag Zux) + (0Vag ) Zax() |
— Qe —F{Maezwx(x) + (ao~va6)-zdx(x)]
[klw)@ = Ma, Zun) + (0'Va, ) Zan0)|

(ki\.QS - F-[ Ma, - Zun(X) + (ao-Va8)~de(X)]

Tubesheet deflection

~0.004
0

0<x<Xa

29/44
290

p2i=Zg+(ps—1)-Z, py=0.005

2

| Determination of Q |

a
Q2 [+ (3 Vel 2]

0.351

0.702

1.052

1.403

1.754

2.105

2.455

2.806

Ol N0 ]| W|N|F

3.157

[y
o

3.508

[EEN
BN

3.859

[EEY
N

4.209

=
w

4.560

[EEN
H

4911

=
(6)]

5.262

=
»

5.612

w(0.0) =

-0.015)
0.017
0.002
0.000
-0.043
-0.011
-0.026
-0.028)

in

w(x)q =

W(Xa) =

-359.327 )
391.631
32.304

0.000

-1010.264

~259.306

-618.633

-650.937

1

-1.550-10 -

-1.556-10 -

-1.564-10 -

-1.576-10 -

-1.589-10 -

-1.602-10 -

-1.613-10 -

-1.619-10 -

Ol N0 B[ W| N

-1.617-10 -

10(-1.601-10 -

11]-1.569-10 -

12(-1.512-10 -

13|-1.427-10 -

14{-1.308-10 -

15]-1.153-10 -

Wl N N N N N N NN NN DN NN NN

16(-9.609-10 -

6.003x 1074
4567x10

1.436x 10 *
0.000

-1.893x10 °
-8.358x 10

_1.436x10 °

1.203x 10 °)
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Slope 0(x) of the perforated tubesheet (0 <= x <= Xa) |

_'[Mal'zmx(x) + (ao'val) va(X)]
N
—*~|:M32~me(x) + (ao'Vaz)va(X)]
a 1601x10°°)
— | My -Zyy(X) + (ag-Va |- Zyx(X _
*|: a3 mx() (o a3> vx( )il 1.218 x 10 3
8o ~3829x10
E'[Ma Zmx(X) + (ao'va4>'zvx(x)] oI
0(x) = 0.000
=N O(Xa) = -3
> [Ma Zimx(X) + (ao'VaS) va(x)] -5.048 x 10
a ~2229%x10 °
0
E Ma - Zmx(X) + (ao Vaﬁ)'zvx(x) _3.830x 10—3
do _3447x10 °
E Ma_-Zmx(X) + (ao Va7)'zvx(x) * )
ao
— | My -Z(X) + (8 V. Zyx(X
o | Mag Zm) + (20Vag) Zn( ] |
Slope of the perforated tubesheet
I I I
0(x),
e 0.002 —
e(x)2
L]
005, ° T
L]
(0]
& 940,002 —
[ —
8035
e(x) 0.004 —
0(x)-
_______ -0.006 —
-0.008 ' ' '
0 2 4 6 8
X
0<x<Xa
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Bending Moment M, (x) of the perforated tubesheet (0 <= x <= Xa)

| Ma,-Qu) + (30-Va, ) Qulx) |
max|{ M (X min{ M(X
Ma, Q) + (30 Va, ) Qu) (M) (M09:))
max(Mr(x)z) mln(Mr(x)z)
Ma “Qm(x) + (ao Va3) Qu(x) .
max(Mr(x)3) mln(Mr(x)3)
Ma4'Qm(X) + (ao Va4> Qu(x) max(Mr(x)4) min(Mr(x)4)
M((X) := Mrmax = Mrmin =|
Mag Q) + (39'Vag )-Qul) max(Mi(x)s) min(M(x)s)
MagQm(X) + (30"Va ) Qu¥ max(M(x)o) min( M)
max(Mr(x)7) min(Mr(x)7)
Ma “Qm(X) + (ao Va7> Qu(x) _
max(M,(x)g)) mln(Mr(x)S))
Mag Qm() + (20 Vay) Qu(x) |
- 1391.316 ) —680.624
722.607 ~1972.064
76.920 -580.747
0.000 0.000
Mrmax = Ib Mrmin = b
4000 Perforated tubesheet moment 3438.824 -1963.244
75.445 -640.185
: 1466.761 -1269.260
3000 ," 2047.508 ) ~1282.621 )
i 1391.316
,5 ~1972.064
i -580.747
5 ! l 0.000
o5 ! M| X,) = Ib
g : (xa 3438.824
2 ; 75.445
j 1466.761
2047.508 )
-1000 NN A
—2000
0 2 4 6 8
X
0<x<Xa

ExampleE4.18.7-FIXED TS(AnnexV) from PTB4 31/44

292



ExampleE4.18.7-FIXED TS(AnnexV) from PTB4

(

Copyright © 2014 by the American Society of Mechanical Engineers.

No reproduction may be made of this material without written consent of ASME.

%)

32/44

Bending Stress o,(x) of the perforated tubesheet (0 <= x <= Xa)

H*(hminl)

H*(hminZ)

6

H*'<hmin3>

H*'(hmin4)

o(Xx) =
H*(hminS)
6

H*(hmine)

H*'<hmin7>

6

Bending stress, Ib/in"2

ExampleE4.18.7-FIXED TS(AnnexV) from PTB4

2 “Mi(x)1

2 “Mi(X) 2

> ‘Mi(X)3

> “Mi(X) 4

> ‘M((X)5

> ‘M((X)6

2 ‘M((X) 7

> ‘M((X)g

or(X)1 =

Tubesheet bending stress

0<x<Xa

1
1 963.111
2 885.777
3 744.88
4 523.371
5 199.45
6| -251.022
7| -851.001 b
8 | -1.617-103 —
9 | -2.554.103| N
10| -3.645-103
11| -4.841.103
12| -6.052-103
13| -7.131.103
14| -7.867-103
15| -7.967-103
16| -7.061-103
|
8
32/44

293

Ormax =

Srmax =

16286.147
8458.521
900.392
0.000
40253.396
883.122
17169.269
23967.249)

16286.147
-23084.127
~6797.980
0.000
40253.396
883.122
17169.269

23967.249 )

Ormin *

Srmin =

~7967.088 )
-23084.127
-6797.980
0.000
~22980.892
~7493.724
~14857.408
-15013.804

From Step 7

~16286.147 )
23084.127
6797.980
0.000
-40253.396
—7493.724
~17169.269
-23967.249 )

min(o(x)g) |
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|Shear Load Q(x) of the perforated tubesheet (0 <= x <= Xa)|

ber'-bei'y(x) — bei"ber'y(x)

¥ y-bei'y(x) — P 1-ber'y(x)

Qu(x) =X - Qp(x) = :
a a
- i}
a_o'[Mal'Qa(X) + (ao'val)'Qﬁ(X)] 1
1 4.925
1
— | Mg -Qu(x) + (ay-Va_)-Qp(x) 2 10.531
ao[ : <0 az) " J 3| 17.452
1 4| 26.218
— M V.
ao|: : Q“(X)+(a° a3> N (X)] 5| 37187
1 6| 50451
a_0'|:Ma Qa(x)+(a0 Va4)'Q[i(X)j| 7 65.731 b
Q(x) = Qx)1=|8| 82232 —
1 in
a—o-[Ma Qa<x)+(ao vas) Qﬁ(x)] 9| 98.496
10| 112.232
1
—| Ma_-Qq(X) +(a9-Va_)-Qp(X) 11| 120.166
ao [ ( 6) ] 12| 117.926
1 13| 100.008
1M o VAN
ao[ a; Qu() + (30Va, )- Q9| Y
1 15| -9.748
_a—o-[MagQa(x)+(ao-va8)-oﬁ(x)]_ 16] -116.288
5000 mm(Q(X)1>\
min(Q(x)2)
0 — .
mln(Q(x)3)
Q)  -5000 - — ) mm(Q(X)4) )
— Qrmln - mln(Q(X)S) Qrmax T
iagh i
o min(Q(x)G)
15108 | min(Q(x)7)
0 5 10
3 min(Q(x)sg) )
~1000.036)
~128.010
-13.919
o - 0.000 |Ib o _
™ _2692.753 | in mex
-488.221
~1488.257
-1692.717 )

ExampleE4.18.7-FIXED TS(AnnexV) from PTB4
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120.166
1204.496
204.460
0.000
341.939
112.018
223.416
224.013 )

b
in
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T2010(X) =

34/44

|Shear Stress 1(x) of the perforated tubesheet (0 <= x <= Xa) |

Q)1 )
p-h
Q(x)2
p-h
Q(X)3
p-h
Q(X)4
p-h
Q(X)s
p-h
QX
p-h
Q(X)7
p-h
Q(X)g
wh )

T2010(X)1 =

1
1 17.908
2 38.294
3 63.462
4 95.340
5| 135.225
6 | 183.459
7| 239.021
8| 299.027
9| 358.168
10| 408.117
11| 436.968
12| 428.823
13| 363.666
14| 217.723
15( -35.448
16| -422.864

él’ ubesheet shear stress
I

110

12010(X)1

5 '105

12010(X)2

Shear stress, |b/in2

12010(X)3

12010(X)4

12010(X)5 5

—5:10

12010(X)6

-15'10

5
X

0<x<Xa

ExampleE4.18.7-FIXED TS(AnnexV) from PTB4

Tmax2010 =

Tmax2010 =

max

wh )
Q)2 )
wh )
QX3 )
w-h )
Q)4
wh )
QX)s )
uwh )
QX)e )
w-h )
Q)7
wh )
QX)g )

max

max

max

max

max

max

max

436.968
4379.985
743.490
0.000 b
1243.416
407.336
812.423
814.593 )

" Ib
max| |t maxz010| = 4379.985—

34/44
295

In

— >
10  Tmax2010 = max(max(|r maXZOlOD , max<|r min2010| D

Q1))

“wh )

Tmin2010 =

Tmin2010 =

~3636.495
~465.492
-50.615
0.000
-9791.830
~1775.350
~5411.845
-6155.335 )

in

— Ib
max| |tmin2010| = 9791.830—

In

Ib

Tmax2010 = 9791.8 —

in
Ib

Tmax = 9558.2—

In
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Ps, "Xs — Ptl’xt> - Q(X)l]

35/44

Tube Sress o,(x) of the Tube-Bundle (0 <= x <= Xa) |

min(op(¥)1) )

o(X)1 =

1
Xt — Xg [( 1
1
| (Ps_-Xg— Pt _-Xt) —
X—X IK s, Xs T, t) q(X)z]
S
1
'IKPS Xs — Py 'Xt> - Q(X)3j|
Xt — Xg 3 3
1
-[(Ps Xg — Pt X
Xt — Xg 4 4
ox(X) = 1
| (Ps_-Xs — Pt -X
(e P
1
-KPS X — Py
Xt — Xg 6 6
1
~[(Ps Xg — Pi_-X
Xt — Xg 7 7
1
d(Pe Xe— Py - _
Xe—X IK sg%s ™ g Xt) Q(X)8:|
L S
2259.338 )
~2276.563
-17.225
ou(Xa) = 0.000 | Ib
7 s187.300 |
3651.489
5910.827
5928.052 )
~1127.96)
1484.92
356.96
0 lb
R PR
B ' in
1349.03
221.08
-135.88 )
Ib
ow(0)1 = ~1127.96—
in

ExampleE4.18.7-FIXED TS(AnnexV) from PTB4

min(ctx(x)z)
min(o(X)3)
min(G(x)4)
OCitxmin = .
min(G(x)s)
min(ctx(x)e)
min(ctx(x)7)
min(o,(x)g) )
-1288.776)
~2276.563
| -73.142
0.000 b
R ]
Xmin = 1743547 -
1141.626
-129.351
-459.775 )
1
1|-1132.22
2 | -1144.74
3| -1164.71
4 | -1190.64
5 | -1220.15
6 | -1249.81
7 | -1274.82 g
Ib S
8| -1288.78| — -
: %]
9| -128353| N %
10| -1249.14
11| -1174.08
12| -1045.82
13| -851.85
14| -581.34
15| -227.56
16| 208.92
35/44

296

<

<

<

(¢ = (
txmax -~ (

<

<

<

2259.338)
1633.647
360.212
0.000 | Ib
Otxmax = "
8187.390 i
3651.489
5910.827
5928.052 )
6 Tube stress
1.5-10 T T T
otx(X)1
6
otx(x)2 110"
L] 1
ctx(X)3

0<x<Xa
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A+2-a,
R:= — R =42.188in

-9.647
7.339

-2.307
3

Ep-h - In(K) 0.000

R = —-GR MR = Ib

12-R -30.417

-13.431

-23.078

-20.770 )

ExampleE4.18.7-FIXED TS(AnnexV) from PTB4 36/44
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|Shell and Channel |

-642.531 -642.531
1463.293 1463.293
05 1= 0(Xa) 820.761 820.761
Mg := (1 +E\-k Og+ Bsrk Bg P mo=| %% i —tﬂz'csm _| 00y
2 ) S s rssTSeS * | -2025.958 6 ~2025.958
79.866 79.866
~562.665 -562.665
-1383.426 ~1383.426 )
Verification from o
664.359 664.359
~199.042 ~199.042
0c = -0(X,) 465.317 465.317
Mg := (1 +E\-k O¢+ Berke S P mo=| 2% o | %0y
2 ) e ererent | 1227.637 6 1227.637
364.236 364.236
1028.595 1028.595
563.278 ) 563.278 )
Qs = —~(1+hg)-BsksBs— 2B ke 85 Ps Qe = —~(1+h¢)-Bokebe— 2B ke8¢ Py
287.279 ~514.307)
-942.614 112.243
-655.335 ~402.065
o 0000 | -1 o - 0000 | -1
905.817 -831.948
-324.077 ~205.397
-36.797 ~719.705
618.538 ) -317.640)
ExampleE4.18.7-FIXED TS(AnnexV) from PTB4 37/44
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Qs
We = ——+
B ks Psks

+ 84 Pg

6-Mg
GOgp = >
ts1
Mc
GG¢p = 6~—2
e

GO¢p =

ExampleE4.18.7-FIXED TS(AnnexV) from PTB4

0.0011
-0.0008
0.0003
0.0000
0.0035
0.0015
0.0026
0.0024 )

Il
5

~12184.300)
27748.366
15564.066
0.000
-38418.161
1514.505
~10669.795
-26233.861)

28345.980 )
~8492.472
19853.508
0.000
52379.190
15540.738
43886.718
24033.210 )

lbin

lbin 2

38/44

~12184.300)
27748.366
15564.066
0.000
-38418.161
1514.505
~10669.795
-26233.861)

Osbl =

~0.0011)
0.0008
-0.0003
0.0000
" | -0.0035
-0.0015
-0.0026
-0.0024 )

eEE e

1830.579 )
2287.188

4117.767
0.000

" | -1085.899

-629.290

1201.289

-2916.478 )

28345.980 )
~8492.472
19853.508
0.000
52379.190
15540.738
43886.718
24033.210

Och =

38/44
299
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|Axial force in the SHELL |

Calculation from direct formula
2 2 2
N as — 3o
ag Vg +— P+ -P
v o VvVa 2 t 2 S v
s Ds+t51 S
2
J-Kgt
KK :=

1+ J'Kst'[Qzl + (Ps - 1)'Q22:|

1029.701
1286.543
2316.244

0.000

-610.818
-353.975

675.725
-1640.519 )

Ib
in
Vosm = Osm'ls1

V, due to pressures P, P, and thermal expansion y

2
3o

Ds+ts1

2

Ps

Vgy = | KK [ % +2:(1 ~ xg) v~

V, due to Poisson’s ratio v of the shell
2

2
Vot .L.{E\ o,
Ds + 151 Kst \ Do )
1029.701 0.000
631.846 654.698
1661.547 654.698
0.000 Ib 0.000 |Ib
VsiZ| 610818 |in 27| 0.000 |in
-1008.673 654.698
21.028 654.698
-1640.519 ) 0.000 )
1830.579 )
2287.188
4117.767
0.000 b
7sm = _1085.899 2
-629.290
1201.289
-2916.478 )

ExampleE4.18.7-FIXED TS(AnnexV) from PTB4

-1

Kt

Vs3 1=

‘Ps=P't+ Py + Py + Py + Prim +Pt+(ps

V, due to pressure P acting on Bellows

ao2 KK 1-J DJZ_DSZ.PS
De+tey  2JKy p 2
0.000)
0.000
0.000
0.000 | Ip
Vss =1 6,000 |
0.000
0.000
0.000)
|Verification o,
1830.579 )
2287.188
4117.767
Ver 0.000 | Ip
Fsm=T T OsmT1 _1085.899 2
~629.290
1201.289
-2916.478 )
39/44

300

1029.701 )
1286.543
2316.244

0.000

-610.818
-353.975

675.725
-1640.519)

Ib
in

Vosm =

2—1>PS

V, TOTAL

Vgt = Vg1 + Vg2 + Vg3

1029.701
1286.543
2316.244

0.000

-610.818
-353.975

675.725
-1640.519 )

Ib
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_ |SHELL Axial displacement |
a
Ta a) Total Axial displacement Agtqi4 Of the shell of length L
Ta
2 2 2
T e 0g:=Tem—T L v HDs b B2 7D o a8
sm = S = sm~— 'a ASTO'[«’:1| e s VS'—' S t—— S + 'Otsm' S
Tsm, J-Esprts 2EsD‘ts'(Ds + ts) 8 Kj
Tsm. 0.0 ) 0.0165 )
Tsm. 0.0 -0.0117
Tsm. ) 0.0 0.0047
) 0.0 doar 0.0000 |
= eg A = In
*"|81.0 sTotal = | 1504
81.0 0.1312
81.0 0.1477
81.0) 0.1429 )

b)Total Axial displacement of the half-shell of length I=L/2 : SsTotaFSS(VS)+85(GS)+65(VS)+65(J:}% | = 118.625in

d¢ due to axial load V dg due to O d¢ due to Poisson's ratio vg ds due to pressure Pg acting on Bellows J
2 2 2
Ssys = ;VS 8gps = l-olgm Og Ssys = —Vg s Pd 8gy = iﬁPs
JEsprts 2Espts(Ds + ) 8 2K
0.008225 ) 0.0000) 0.0000 0.0000 )
0.010277 0.0000 -0.0161 ~0.0000
0.018503 0.0000 -0.0161 ~0.0000
e 0.000000 y o= 0.0000 y . 0.0000 y . 0.0000 y
-0.004879 0.0846 0.0000 0.0000
-0.002828 0.0846 -0.0161 ~0.0000
0.005398 0.0846 -0.0161 ~0.0000
-0.013105 ) 0.0846 ) 0.0000 ) 0.0000 )
TOTAL DISPLACEMENT 8,74y OF HALF SHELL 0.0082 ) 0.008 )
-0.0059 -0.006
0.0024 0.002
dsTotal = Osvs + Osps + Osvs + 853 SsTotal = 0000 in SsTo = 0000 in
0.0797 2 0.080
0.0656 0.066
0.0738 0.074
0.0715 ) 0.071 )
ExampleE4.18.7-FIXED TS(AnnexV) from PTB4 40/44
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3, due to axial load V,

Tim :

Syt = 6pvt(0)

dpvt =

-0.00496
0.00652
0.00157
0.00000
~0.00555
0.00593
0.00097
~0.00060 )

in

A41/44

| Axial displacement of the HALF TUBES of length I=L/2

70.0 )
70.0
70.0
70.0
113.0
113.0
113.0
113.0)

Tim

degF

Vi(0) =

0t:= Tim—

-165.1272)
217.3845
52.2574
0.0000
~185.0198
197.4919
32.3647
-19.8927 )

Ta

Ib

Total Axial displacement of the half-tubes of length [=L/2

at TS center (X=0) : 8;1yia=0; (Vy) + 8,(6,) + 5,(v,)

3, due to 6,

St = - o gm 64

0.0000)
0.0000
0.0000
0.0000
0.0441
0.0441
0.0441
0.0441)

dior =

ExampleE4.18.7-FIXED TS(AnnexV) from PTB4

0.0 ) .
|:=— |=118.625in
0.0 >
0.0
2
0.0 d Tag
0 = 430 egF AA ,:_Nt AA:1.399in2
" St= mt'(dt - tt) s¢ = 0.1464 in?
43.0
43.0)
~0.004956 )
0.006524
0.001568
Sovi(X) Vi) 504(0) 0.000000 |
X) = V(X _ i
" oSt M -0.005553
0.005927
0.000971
~0.000597 )
From Page 33 :
Ib
ot(0)y = ~1127.96— ~1127.96)
in 1484.92
356.96
) tvt(X) © 0.00 b
o(X) = G — 1
t e -1263.84 | .
1349.03
221.08
~135.88

8, due to Poisson's ratio v,

6t\/t = ;—2[(1 — Xt)'Pt— (1 — XS)'PS] Vt

W

Byt =

41/44

302

~0.0023)
0.0046
0.0023
0.0000
-0.0023
0.0046
0.0023
0.0000 )

dTotal = dtvt + Otet + St

-0.0073)
0.0111
0.0039
0.0000
0.0363
0.0547
0.0474
0.0435 )

dtTotal =
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TS DEFLECTION w(x)

TOTAL DISPLACEMENT OF TUBES 8y705(X) IS EQUAL TO :
TOTAL DISPLACEMENT OF SHELL .7y, + TS DEFLECTION w(r)

sTotal

Sev(X) = S Vi(X)  B¢rotal(X) = Spvi(X) + Stpr + Stut dsTotal = Osvs + Osps + Osys + 3
tD"St
W(X) := STotal(X) ~ dsTotal Calculated from Page 27
~0.0155) ~0.0155)
0.0170 0.0170
0.0015 0.0015
0.0000 0.0000
w(0) = in ww(0) = in
—0.0434 —-0.0434
—-0.0110 —-0.0110
—-0.0264 —-0.0264
-0.0279) -0.0279)
The difference §(x) between w(x) and §u,(x) is constant
8(x) = W(X) = Spye(X) ddirect := Stpt + Syt — SsTotal

-0.011) -0.011) -0.011)

0.010 0.010 0.010

—-0.000 —-0.000 —-0.000

0.000 0.000 0.000

5(0) = in  8(7) = in ddirect = in

—-0.038 —-0.038 —-0.038

-0.017 -0.017 -0.017

-0.027 -0.027 -0.027

-0.027) -0.027) -0.027)

ExampleE4.18.7-FIXED TS(AnnexV) from PTB4 42/44
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Determination of effective elastic properties :
From figure UHX-11.2 - Polynomial equations for the determination of E*/E and v* for triangular pattern

Equations for E* for triangular pitch
-0.0958 0.6209 -0.8683 2.1099 —1.6831\
0.0353 1.2502 -0.0491 0.3604 —0.6100\\

0.8897 -9.0855 36.1435 -59.5425 35.8223
0.0135 0.9910 1.0080 -1.0498 0.0184

E*TriPitch := Tripih 0.7439 -4.4989 12.5779 -14.2092 5.7822
_ v*TriPitch :=
0.0054 05279 3.0461 -4.3657 1.9435 0.9100 -4.8901 12.4325 -12.7039 4.4298

~0.0029 0.2126 3.9906 -6.1730 3'4307) 0.9923 -4.8759 12.3572 -13.7214 5.7629

0.9966 -4.1978 9.0478 —-7.9955 2.2398)

From figure UHX-11.3 - Polynomial equations for the determination of E*/E and v* for square pattern

-0.0791 0.6008 -0.3468 0.4858 —0.3606\

00676 15756 -1.2119 1.7715 —1.2628\ 0.3345 -2.8420 10.9709 -15.8994 8.3516

| 0.0250 19751 _3.5030 6.9830 —5.0017 V*SquPtch - 0.4296 -2.6350 8.6864 -11.5227 5.8544
E*SquPitch := 0.3636 -0.8057 2.0463 -2.2902 1.1862

0.0394 1.3024 -1.1041 2.8714 -2.3994
00372 1.0314 —06402 2.6201 —2-1929j 0.3527 -0.2842 0.4354 -0.0901 -0.1590
0.3341 0.1260 -0.6920 0.6877 —0.0600)

Equations for E* for square pitch

Elay := si(Layout > 0, E*SquPitch, E*TriPitch)

2 3 4 Ib
E*l = (Elayl’l + Elayl’z-p.* + Elayl’3~p* + Elay1’4-p.* + Elay1’5-p* )ED E*l = 9887462429—2
2 3 4 in
E*Z = (Elayz’l + E|ay2’2'}.l.* + Elay2’3~p* + Elay2’4-p.* + Elay2’5-p* )ED b
E*, = 8855755.287 —
* * *2 *3 *4 H 2
E*3 = \Elayz 1 + Elays o-u* + Elayz 3-p* + Elays 4-u* +Elayz 5-u* J-Ep in
2 3 4 Ib
E*4 = (Elay4’1 + Elay4’2-p.* + Elay4’3~p* + Elay4’4-p.* + Elay4’5-p* )ED E*3 = 7812317136—2
in
=) Z-1a E*, = 6430559584
E*, P 01) ~ 47 RAAPY
interE* := For h/p lower than 0.1,use h/p = 0.1 . 0.25 in
E*3 For values of h/p higher than 2, use h/p =2.0  hpratio :==| _ ‘
Ex Otherwise perform a linear interpolation :
1)
2.0 )
(h (h _ _ o h\)) Ib E*
E* = si| — > 2,E*,4,si| — < 0.10, E*y, interplin| hpratio, interE*,— E* = 7259614.115— =0.275
p p p))) 2  Ep
vlay := si(Layout > 0, v*SquPitch, v*TriPitch)
N 2 3 4
V¥ = V|ay1’1 + vlayl’zu* + vlay1’3~p* + vlay1’4-u* + vlay1’5-u* V*l = 0.042
N 2 3 4
Vig = vlay2.1 + vlay2‘2~u* + vlay2.3~p* + vlay2.4-u* + vlay2.5-u* V*Z = 0.090
2 3 4
V*3 = vlay3’1 + vlay3’2~u* + vlay3’3~p* + vlay3’4-u* + vlay3’5-u* V*3 =0.197
N 2 3 4
Vg = vlay4’1 + vlay4’2~u* + vlay4’3~p* + vlay4’4-u* + vIay4’5-u* V*4 = 0.269
N 2 3 4
Vig = vlay5’1 + vlay5’2~u* + vlay5’3~p* + vlay5’4-u* + vIay5’5-u* V*5 = 0.336
N 2 3 4
Vig = vlaye’l + vlay6’2~u* + vlay6’3~p* + vlay6’4-u* + vlay6’5-u* V*6 = 0.376
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* 0.1
v 1\ \
0.15
V2 h For h/p lower than 0.1,use h/p = 0.1 . 0.95
Vg — =11 For values of h/p higher than 2, use h/p =2.0 nhpratio :==|
intery := p Otherwise perform a linear interpolation : 0.50
Via 1.00
Vs 2.00)

V*Gj
h))

h h
V¥ o= si(— > 2,\/*5,8(— < 0.10,v*1,interplin(hpratio, interv,— v = 0.340
p p

p)))
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PTB-7-2014: Criteria for Shell-and-Tube Heat Exchangers According to Part UHX of ASME Section VIII
Division 1

ANNEX W — UHX-14 — EXAMPLE E4.18.8 (PTB-4 2013 EDITION) STATIONARY

The floating tubesheet exchanger with an immersedThe floating head is to be designed as shown in VI1I-1,
Figure UHX-14.1, Configuration a. The stationary tubesheet is gasketed with the shell and channel in
accordance with configuration d as shown in VIII-1, Figure UHX-14.2, sketch (d). The floating tubesheet
is not extended as a flange in accordance with configuration C as shown in V111-1, Figure UHX-14.3, sketch
(c). There is no allowance for corrosion.

306



Copyright © 2014 by the American Society of Mechanical Engineers.
No reproduction may be made of this material without written consent of ASME. (&%

ExampleE4.18.8-STATIONARY TS(AnnexW) from PTB4 1/28

FLOATING TUBESHEET RULES accord. to UHX-14 (July 2013 Edition)
Example E4.18.8 (PTB- 4 2013 edition) Floating Head H. E. - STATIONARY TS config. "d"

1 - GEOMETRIC Data (from Fig.UHX-14.1)

Types of Operating Conditions Types of Heat Exchanger
x=1 NORMAL  operating condition ExchType := "a* EXCHANGER types : a, b, c
x=2 STARTUP operating condition o : .
x:=1 x=3 SHUTDOWN operating condition S1acliig = 6 Je A IO ol Dea sl a il |
x=4 UPSET operating condition FLOconfig:="C" FLOATING Config.types:A, B, C, D

x=5 CLEANING operating condition

x=6 OTHER operating condition Lo Sliconic ot ok

highlighted in yellow :most important data and results

Tubesheet Data (from Fig.UHX-14.1) Tube Data (from Fig.UHX-11.1)

h:= 1.75in Tube;heet Ith|ck-nehs§ ) N b= 1.0:in Tube Pitch
Lavout .= 0 For triangu ar pitch : Layout"=0

yout: For square pitch  : "Layout"=1 N; == 466 Number of Tubes
lo := 12.5-in Radius to outer tube

di = 0.75-in Tube OutsideDiameter

t; == 0.083:in Tube Thickness

L;:=256.0-in  Tube Length

Cp :=78in Perimeter of the tube layout
) L:=L;—2h L = 252.500in Effective length of tubes
Ap = 490-in Total area enclosed by C b =08 Tube expansion depth ratio
AL = 64.375.n° Total Untubed Lanes Area lg == 1.40-in Length of Expanded Portion of Tube
¢t = 0.0:in Tubesheet Corr. Allow. (Tubeside) kl := 15.375.in  k=0.6 for spans between Tubesheets
Ce = 0.0:in Tubesheet Corr. Allow. (Shellside) k=0.8 for spans between TS/support plate

k=1.0 for spans between support plates

_ I unsupported tube span
Shell Data (from Fig.UHX-14.1) Channel Data (from Fig.UHX-14.1)

SHELL data which are not
used for Floating Tubesheet

Ds := 0-in Shell ID

tg == 0.1-in Shell Thickness away from TS

Gs = 29.375-in Shell Gasket Diameter

Gy := 0-in Shell Contact mid-point TS/Flange

Cs:=0.:in Shell Corrosion Allowance

CHAN :="CcYL" "CYL" for Cylindrical Channel

Corroded length: HEMI" for Hemisherical Channel

bo=him 2 L = 256.000n Corroded thicknesses:

Corroded diameters: h:=h-cg—¢ Tubesheet thickness h =1.750in
Dg:=Ds+2:Cs  ShellID  Dg=0.000in tg:=tg— Cg Shell Thickness away from TSt = 0.100in
D¢:=Dc+2:C. ChannelID D =0.000in te:=t.— C¢ Channel Thickness t = 0.100in

ExampleE4.18.8-STATIONARY TS(AnnexW) from PTB4 1/28
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2 - Design (D) and Operating (O) PRESSURES data (from UHX-14.3

Maximum and Minimum DESIGN PRESSURES (D) OPERATING PRESSURES (O) for Operating Condition x
PsD max = 250.0~£ maximum Shellside Design Pressure b
- inz Pso x:= 250.0.—  Shellside Operating Pressure
- 2
n
PsD min = o_o.ﬂ minimum Shellside Design Pressure
in2
PiD max = 150,04£ maximumTubeside Design Pressure b
- 2 o il
in Pio_x = 150.0 _ 2  Tubeside Operating Pressure
n
P min = o,gﬂ minimum Tubeside Design Pressure
- 2

In

DESIGN PRESSURES P and P,y (from Table UHX-14.4-1)

PsD_min\ 0.000 ) I:)tD_max\ 150.000)
o Psb_max o 250.000 | b o Ptp_min o 0.000 | Ib
D= = JE— = = R
2 Pep max 2" 250.000 | , 2 P max 150,000 |, 2
PsD_min) 0.000 ) I:)'(D_min) 0.000 }

OPERATING PRESSURES P, , and P, , for oper.cond. X ( from Table UHX-14.4-2)

N I_b2 Pio_x )
in 0.000 0.2 150.000)
o Pso_x o 250.000 | |p o in® o 0.000 | |p
07 Peo « 0" 250,000 | 2 © 7 P« © " 150,000 | 2
b 0.000 ) b 0.000 )
in“ ) in” )
Determination of DESIGN and OPERATING PRESSURES P and P,
I:)SD_min \\ PtD_max\
P Pid mi
. . sD_max 0.0 \\ tD_min 150.0\
Design LC1= 2010 Design LC1 =) P
. _ . sD_max 250.0 tD_max 0.0
Design LC2= 2010 Design LC2
Design LC3= 2010 Design LC3 Psp_min 250.0 Pto_min 150.0
Design LC4= not explicited in 2010 b 00 | 1p Pio 00 | 1p
. X .
= 00— Ps = — Py = - P = —
Operating LC5= 2010 Operating LC in 0.0 |2 0.2 150.0 | ;2
Operating LC6= 2010 Operating LC6 Pso 250.0 .2 0.0
Operating LC7= 2010 Operating LC soX 250.0 n 150.0
Operating LC8= 2010 Operating LC4 Pso x ' Pto_x '
0.0 ) 0.0 )
Ib Ib
in” ) in~ )
ExampleE4.18.8-STATIONARY TS(AnnexW) from PTB4 2/28
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ExampleE4.18.8-STATIONARY TS(AnnexW) from PTB4 3/28

3 - TEMPERATURE Data for Design (D) and Operating (O) conditions

set Farenheit temp.

SHELL data which are not used for Floating Tubesheet degF =R

Design conditions Operating conditions

Tubesheet Tp:=70.0.degF Tubesheet Design Temp. To x = 70.0-degF TS Oper.Temp. for Oper. Cond. x

Tubes Tip == 70.0-degF  Tube Design Temp. Tio_x := 70.0-degF Tube Oper. Temp. for Oper. Cond. x
Shell Tsp := 70.0-degk  Shell Design Temp. Tso x:= 70.0-degF  Shell Oper.Temp. for Oper. Cond. x
Channel  Tep:=70.0-degF  Channel Design Temp.  Teo = 70.0-degF Channel Oper.Temp. for Oper. Cond. x -
T, = 70-degF Ambient temperature
Additional Data for Radial Thermal Expansion from UHX-13.8.4 (if required)

Tubesheet  T',:=70.0-degF TS temp.@ rim T:=Ty T'x = 70.0degF

Shell T'sx := 70.0-degF  Shell temp. @ Tubesheet T'g =T T's = 70.0degF

Channel  To=700degf Channel temp.@ twbesheet  Tei=To  Te=700degF

4 - MATERIAL Data

TUBESHEET Material is SA-516/gr70

Sp:= 19000_0,2 TS allowable stress @ T Spg = 0~£
2 2

In In

TS allowable P+S stress @ T

| . . .
S, = 20000.0.—b TS extension allowable stress @ TS extension design temperature
2

n
6 Ib . 6 Ib .
Ep:=27-10 — TS elastic modulus @ T, Eop:=27-10 — TS elastic modulus @ Tq
in in
v:=0.32 TS Poisson's ratio a':=0- n TS coeff. expansion@ rim
in-degF
TUBE Material is SA-214 welded
Sip = 13350'ﬂ Tube allowable stress @ T, Sio = 13350.£ Tube allowable stress @ T,q
in® in®
6 Ib : 6 Ib .
Epp = 2710 -— Tube elastic modulus @ T,y Eip =27-10 -— Tube elastic modulus@ T,g
in® in®
Syip := 20550 b Syto := 20550 b
yib = "2 Tubeyield stress @ T yio = T2 Tube yield stress @ T,q
n n -
Ib 6 Ib .
Si = 13350.—  Tube allowable stress @ T E¢r:=2710— Tube elastic modulus @ T,
in® in®
vii=0.32 Tube Poisson's ratio

ExampleE4.18.8-STATIONARY TS(AnnexW) from PTB4
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4 - Flange Design and Operating BOLT LOADS data (from Table UHX-8.1)

Maximum and Minimum Flange DESIGN BOLT LOADS Flange BOLT LOADS for GASKET SEATING Condition
Wpic == 211426.lb  Channel flange Design bolt load W, := 211426.Ib Channel flange bolt load for Gasket Seating
Wintmax = Max(Winis, Winze) ~ Wmimax = 211426.01b Winax = max(We, We) ~ Wipax = 211426.01b

Determination of EFFECTIVE BOLT LOAD W* for each Configurationa,b,c,d

Configuration a Configuration b Configuration c Configuration d Configuration e
0.0-1b) Winic ) Winie ) Wmic ) 0.0-1b)
0.0-1b 0.0-b 0.0-b Wis Whis
0.0-Ib Whice Whic Wmimax Whis

W, = 0.0-Ib - 0.0-Ib - 0.0-Ib - 0.0-1b - 0.0-Ib
00|b b= WC c-— WC d-= Wmax e - Ws
0.0:1b

We We Wnax Ws
0.0:lb W W W
W
0.0-b) ¢ c max s
We We W, Ws
Wy = Wy / / mex /
WHp = Wy Wg = W Wre = W W= W¥e
211426.000)
W*:= | W*, if Config ="a" v Config = "A" v Config = "D" 0.000
. . . 211426.000
W+, if Config = "b" v Config = "B"
0.000
W+ if Config = "c" v Config = "C" W* = Ib
211426.000
Wrg it Config = "d" 211426.000
W+, if Config = "e" v Config = "f" 211426.000
211426.000 )

Minimum required thickness h of the TS flanged extension (from UHX-9)

For flanged Configurations b , d (extended as a flange) , e For unflanged Config.c , f For unflanged Config.d , C
from UHX-9.5a See UHX-9.5b See UHX-9.5¢
C-Gc

hg := Gasket moment arm  hg = 1.021in
2
1.9W1c

hp:= |[———h h,p = 0.857in

D SD'Gc G D

1.9W,

hrG = 'hG hrG = 0.836in

he:= max(hyp.hyg)  hy=0.857in

ExampleE4.18.8-STATIONARY TS(AnnexW) from PTB4 5/28
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Start of Calculations

L = effective length of shell/tubes

L:=L{—-2-h L =252500in
. . DO
D,=equivalent diameter of outer tubes D, := 2.r, +d; Dy = 25.750in ap:=— ag = 12.875in
2
UHX-14.5.1 |§tep 1| Determine Do, p, p* and h'g from UHX-11.5.1 :
lix Eqr) ((Sir) .
p=— p=0.800 d* = max| dy - 2ty | — | — -p,(d; - 2t) d* = 0.657in
h ED) SD)
p* = d
. 4-min(A(_,4D-p) p* = 1.068in
TE-D02
p* _d* P- dt
p* = pu* = 0.385 p=—— upn=0.250
p* p
Chan Rad. Dim_
D
ac = 7 if Config = "a" v Config = "e" v Config = "f* v Config = "A"
Gc a. = 14.688in
7 if Config = "b" v Config = "¢" v Config = "d" v Config = "B" v Config = "C" c— =
A )
— if Config ="D"
2
Shell Radial Dim.
DS
ag = 7 if Config = "a" v Config = "b" v Config = "c"
GS
— if Config = "d" v Config = "e" v Config = "f*
2 ag = 14.688in
ac if Config = "A" v Config = "B" v Config = "C" v Config = "D"
2
ag di )
pg=— pg=1141 Xg:=1-N¢ Xg = 0.605
ag 2-ay
ac di— 2'&\2
pe=— pc=1141 Xt :=1—N¢ Xt = 0.760
ao 2-a,

ExampleE4.18.8-STATIONARY TS(AnnexW) from PTB4 6/28
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UHX-14.5.2 Etep 2| Calculate shell and channel parameters:

3 3
Espls Ecpfe
kg == ST ks=0Ib ke = BC-—z ke.=0Ib
6-(1—\)5 ) 6-(1—\)0)
n's n-Pg
h's = 0.000 h'c:=h-B. h'c=0.000
2 L2
6-Ds h's \ olb 6-D¢ h'e \ olb
hgi=—— kg 1+Ng+—o hs=0x10 — ho=——ko| L+ Mot — Ae=0x10 —
h 2 ) in h 2 ) i

n

ExampleE4.18.8-STATIONARY TS(AnnexW) from PTB4
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UHX-14.5.3 Etep 3| __Determine E*/E and v* relative to h/p from UHX-11.5.2. Calculate Xa

h Ib .
—=1.750 p*=0.385 =0.4039 E* = 10905320.515— v* = 0.3084 ( From right pages above )
p ED inz
P .25
2 EtD‘tt'(dt - tt)‘ao
Xg = 24\1 - v*")-N; - X, = 3.610
E*.L-h
UHX-14.5.4 |§tep 4| Calculate diameter ratio K and coefficient @
A
K:=— K =1.284
DO
1-v*
F=— (hs+rc+Epin(K))  F=0.428
O :=(1+v)F @ = 0.561
{ Xa)
Calculate 2, ,2,,2,,Z, N := arrondi 4+7)+1 N=7
X\4~n X\\4~n—2
N 2) ! 1 \2)
ber,(x) = Z (-1)" =L |  ber:= ber,(X,) beiy(x) = Z ()" | bei=beiy(Xy)
2.n)1)° 2.n-1)1)°
n=0 ((2:m)1) ber = —1.461 n=1 ((2n-1)1) bei = 2.323
4.n-1 4.n-3
n X n-1 X
N (-D) -(Z-H)(E) N (1) (2n- 1)-(3)
ber'y(x) = Z ber := bery(Xs)  beiy(x) = Z bei' := bei'(Xa)
"2 2 " 2
n=1 (Zm") ber' = —2.515 n=1 ((Zn=1) bei’ = 0.278
. 1- v*\ , -V
¥ 1(X) = beiy(x) + - )~ber () W= X W, (X) = bery(x) — beiy(x) W= ¥aXa)
¥, =1.841 ¥, =-1515
Z, = bei"¥,—ber-¥; Z,=4.210
ber” + bei” ber-¥' + bei'¥';
Zm = Zyn=0.421 Z, = . Z,=0.079
Xa'Za Xa -Za
ber-¥'; + bei-¥ 1 ber'-ber + beibei
Zg=————— Zg=0033 Zy=—————— Zy=0.079
Xa Za Xa Za
ps—1-®-2,
Q= Q; = 0.078
Calculate Q; 1+®-Z,
ExampleE4.18.8-STATIONARY TS(AnnexW) from PTB4 8/28
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UHX-14.5.5 Etep 5

* *
a) Calculate parameters oy o', o, , @,

. . 2 .
0s=psksPsds(1+hs)  wg=0.000in 0c=pekeBede(l+hy)
2 2
2 (ps —1)'(95—1) .2 2 (Pc +1)’(Pc—1) ps—1
O*g == Ay 2 - Og o*s = 1.758in W*c=ag - 2 T - ¢

b) Calculate parameter y,:

Yp:= |0 if Config ="a" v Config = "A" v Config = "D"
G.-C
if Config = "b" v Config = "B"
o
Ge -Gy
if Config = "c" v Config = "C"
DO
GC _ GS Yp = 0.000
if Config = "d"
DO
C-G
if Config = "e"
DO
Gy - Gs
——— if Config ="f"
DO
ExampleE4.18.8-STATIONARY TS(AnnexW) from PTB4 9/28
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Calculate P*; and P*.from UHX-14.8 , if required by the user (for configurations a,b,or ¢ only)

T+Tg+ T
T= | ————
T+ Ty

2
T+T,

2

0-degF otherwise

. T+ T,
T*g =

OdegF otherwise

if Config = "a"

if Config = "b" v Config = "c"

. T+ T,
T* =
OdegF otherwise
Espt
Pep1 = — S.[a's.(T*s—m-degF) ~ o"+(T, - 70-degF) |
S
Ecpt
P*ep1 = — C.[a'c.(T*c—m-degF) ~ o"+(T, - 70-degF) |
C
L Ib
P sp - 0—2
n
P*sp1 otherwise
L Ib
P cp - 0—2
n
P*cp1 otherwise
Ib
0-—\
.2
n
o1
2 0.000)
b 0.000
2 0.000
* 0.000 | |b
P*s: b P, = o
0-— 0.000 | ; 2
2 in
n 0.000
P*sp 0.000
P*sp 0.000)
P*sp
P*sp )

ExampleE4.18.8-STATIONARY TS(AnnexW) from PTB4
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if Conflg ="e" v Conflg ="y Conﬂg = "A"

if Config = "a" v Config = "b" v Config = "c"

if Config = "a" v Config = "e" v Config = "f" v Config = "A"

T, = 0.000 degF

T*s = 0.000 degF

T*. = 0.000 degF

ag = 1.224ft

Ib

P*p1 = 0.000—

in
Ib

Pcp1 = 0.000—

P*c =

n

if Config = "d" v Config = "B" v Config = "C" v Config = "D"

Ib
0—
2
in

Ib
0—
2
in

Ib
0-—
.2
in
Ib
0-—
.2
in

P*

P, =

cp
P*ep

P*ep

P*ep )

0.000)
0.000
0.000
0.000
0.000
0.000
0.000
0.000)

if Config = "d" v Config = "A" v Config = "B" v Config = "C" v Config = "D"
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UHX-14.5.6 Etep 6| For each loading case, calculate effective pressure Pe

Calculate P, for Pressure and Operating Loading Cases 1 through 8:
Pe:= |(Ps—Py) if ExchType ="a"
[PS~ (1 - psz) - PJ if ExchType ="b"
[( Ps— Pt)(l - psz)] otherwise

~150.000
250.000
100.000
0.000 | Ip
| -150.000 | . 2
PRESSURE OPERATING Loading cases : terms 5,6,7, 8 250.000
100.000
0.000 )

PRESSURE DESIGN Loading cases :terms 1,2 3, 4

ExampleE4.18.8-STATIONARY TS(AnnexW) from PTB4 11/28
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UHX-14.5.7 W Determine Q2 and Q3 for Loading Cases 1 through 8:
-213.344)
355.573
b 142.229
[(0%sPs— 0% Py) — (05 P*s— 0P| + oW 0.000
Q= Q= Ib
1+d-Z, -213.344
355.573
142.229
0.000 )
Q31:: 0 if Pe1=0 Q32:: 0 if Pe2:0 Q33:: 0 if Pe3:0
2Q ) 2:Qz, ) 2:Qz, )
Q1+ — | otherwise Q1+ — | otherwise Q1+ — | otherwise
Pel~a0 ) P,32~a0 ) Pe3~a0 )
Q34:: 0 if Pe4:0 Q35:: 0 if Pe5:0 Q36:: 0 if Pe6:0
2:Qz, ) 2:Qz, ) 2:Qz, )
Q1+ — | otherwise Q1+ — | otherwise Q1+ — | otherwise
Pe4~a0 ) P,35~a0 ) P,36~a0 )
Q37:: 0 if Pe7:0 Q38:: 0 if Pe8:0
2:Q2 ) 2:Qz )
Q+—m | otherwise Q+—m | otherwise
Pe7~a0 ) P,38~a0 )
-213.344) 0.09533)
355.573 0.09533
142.229 0.09533
0, = 0.078 0 - 0.000 b Qs - 0.00000
-213.344 0.09533
355.573 0.09533
142.229 0.09533
0.000 ) 0.00000
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ExampleE4.18.8-STATIONARY TS(AnnexW) from PTB4 13/28

Determine Coefficient F for Load Cases 1 through 8:
. . . j-1
numpoints := 20 j = 1.. numpoints Xj = — X = X-Xg
numpoints
0 Wou(X)- W1~ W 1,(0)- ¥ 0 W ox(X)-bei' = ¥ 1,(x)-ber"
v(X) = m(X) =
Xa'Za Zy )
Fmxa(x) = |0 1f Pe =0 Fms() = |0 if Pe, =ov (|Pd =0A |P*| =0)
X) + -Qm(x
Q9+ Qs QX | Q¥ + Q3_-Qn(x)
otherwise 5 .
2 > otherwise
Fmxa(x) == |0 1f Pe =0 Fmg() = |0 if Pe_ =ov(|Pd =0A |P*| =0)
X) + -Qm(x
Qu(x) Q32 Qm(x) ) Qu(x) + Q3 _-Qm(X)
otherwise 6 .
2 > otherwise
Fmxa(X) = |0 if Pe_ =0 Fmcr() = |0 if Pe_ =0V ([Pr] =0 [Pr] =0)
X) + -Qm(x
Qu(x) Q33 Qm(x) ) Qu(x) + Q3_-Qm(X)
otherwise 7 .
2 > otherwise
Fmxa(x) := [0 1f Pe =0 Fns() = |0 it Pe =0 v ([Pr] =0 [Prd =0)
X) + -Qm(x
Qu(x) Q34 Qm(x) ) Qu(x) + Qz_-Qm(X)
otherwise 8 .
2 > otherwise
|me1(x) \
Frnx1 (%) ) I max(absFmy(X)1) )
™ |Frnx2(®) (205Fmi1) 0.1021) 0.048)
F X max| absF (X
mx2(X) m (absFmy()2) 0.1021 0.048
Finxa(x) e max( absFmy(x)3) 0.1021 0.048
. Frnxa(%) o |Frnxa () _ max(absF ny(X)4) _ 00000 - 0.000
X) = abs X) = = = =
m Froes(X) m ’ ™ | max(absFm(X)s) ™ 10.0000 maTal 1 0.000
|me5(x)
Frxa(X) —| ) max(absF y(X)g) 0.0000 0.000
Frmxe(X)
Frn7(X) , max(absFmy(x)7) 0.0000 0.000
0.0000 0.000
Frnxg(X) ) |Frnx7() max(absF y(X)g) ) J J
|me8(x) )
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ExampleE4.18.8-STATIONARY TS(AnnexW) from PTB4 14/28

Calculate the Maximum Tubesheet Bending Stress

h-hg)
h-hy
h—hy
Effecti : : i h-n
ective Groove depth h'y := max(hg - ¢,0) h'g = 0.197in hrnin == 9
h
h
h
h )
—_—> —_—>
6-Q21 6-Q22
= || ——— | if P =0 = || —— | if Pe_=0
c1 e 5 e 02 e (h 2 2
i ( m|n1> i ( I’Tllnz)
_1_5.|:ml 2.3 \2 _1.5-Fm2 2.2 \2
(0} (0}
E— -Pe | otherwise _— -Pe_| otherwise
0y hminlj 1 0y hmin2)
—_—> —_—>
6-Q23 6-Q24
c3i= || — | if Pe_=0 o4 =||——— | if Pe =0
3 wlh 5 €3 4 wlh 5 e,
_H (m|n3) _H (m|n4)
_1_5.|:m3 2.3 \2 _1.5-Fm4 2.2 \2
(0} (0}
E— -Pe_| otherwise  — -Pe | otherwise
0y hminsj 3 0y hmin4)
—_—> —_—>
6-Q25 6-Q26
ogi= || — | if Pe_=0 cg:=||——— | if Pe =0
5 (e 5 eg 6 (e 5 €
i ( m|n5> i ( I’TIInG)
_1_5.|:m5 2.3 \2 _1.5-Fm6 2.2 \2
(0} (0}
_— -Pe | otherwise _— -Pe | otherwise
0y hmin5) 5 0y hminsj
—_—> —_—>
6-Q27 6-Q28
7= || — | if Pe_=0 ogi=||——— | if Pe_ =0
7 (e 5 e, 8 (e 5 eg
i ( m|n7> i ( I’Tllns)
_1_5.|:m7 2.3 \2 _1.5-Fm8 2.2 \2
(0} (0}
— -Pe_| otherwise _— -Pe | otherwise
0y hmin7) ! 0y hmin8)
Ib Ib
c7 = 0.000— cg = 0.000—
.2 .2
in in
ExampleE4.18.8-STATIONARY TS(AnnexW) from PTB4 14/28
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1.5530)
1.5530
1.5530
15530 |
Mmin =11 7500 "
1.7500
1.7500

1.7500 )

Ib
6, = —-16389.848—
2

in

Ib
6o = 27316.414—
2

in

Ib
63 = 10926.565—
2

in

Ib
64 = 0.000—

Ib
65 = 0.000—

Ib
66 = 0.000—
2

in
~16389.848)
27316.414

10926.565
0

0
0
0
0
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b
op = max( |c51| R |02| , |c3| s |0'4|) Gp = 27316.4—2
in
b
GallowD = 1'5'SD GallowD = 28500.0—2
in
b
GQo = max( |cs5| , |56| , |c7| , |°'8|) GQo = 0.0—2
in
Ib
Gallowo = Sps GallowO = 0-0_2
in
UHX-13.5.8 [Step 8] Calculate the maximum tubesheet shear stress Pel 3
Pe, 150.000
Pe, 250.000
100.000
P
h Ib ®a 0.000 | Ip
If |Pe[<3.2Suh/D,, , the TEMA formula 1.6-Sp-u-— = 1033.010—2 absPg = absPg = —
is not required to be calculated o in Pe5 150.000 | j,
250.000
Pe
6 100.000
Pe. 0.000 )
P68 )
T =|— +—— - e
. . HJ h Cp)
2010 results(for information only)
2153.8)
3589.7 (_)) b
1435.9 Tmax == Max| || Tmax = 3589.7—
in
0.0 b b
T= —
_ 2153.8 in2 Tallow = 0.8:Sp  Tallow = 15200-0_2
3589.7 n
1435.9
00 )

UHX-13.5.9 Etep 9| Determine the minimum and maximum stresses in the tubes for Load Cases 1to 8

¥ ,-bery(x) + ¥ 1-beiy(x) ber'-ber,(x) + bei"beiy(x)
Zgy(X) = 3 Zyx(X) = >
Xa Za Xa Za
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a) :Determine Coefficients F, .,;, and F, ., for Load Cases 1to 8:
Xa4 . Xa4 .
Foc(X) = | Zyx(X)—— if Pg =0 Fos(X) = | Zyx(X)—— if Pg_=0
2 1 2 5
Xa4 Xa
(de(x) + Q31-wa(x))~7 otherwise (de(x) + Q35-wa(x))~7 otherwise
Xa4 . Xa4 .
Foo(X) = | Zyx(X)—— if Pg_=0 Fie(X) = | Zwx(X)—— if Pg =0
2 2 2 6
Xa4 Xa
(de(x) + Q32-wa(x))~7 otherwise (de(x) + Q36-wa(x))~7 otherwise
Xa4 . Xa4 .
Fua(X) = | Zyx(X)—— if Pg_=0 Foc7(X) = | Zuyx(X)—— if Pg_=0
2 3 2 7
Xa4 Xa
(de(x) + Q33-wa(x))~7 otherwise (de(x) + Q37-wa(x))~7 otherwise
Xa4 Xa4
Fexa(X) == | Zyy(X)-—— if Pg =0 Fixg(X) :== | Zyy(X)-—— if Pg =0
tx4( ) WX( ) 2 e 4 tx8( ) WX( ) 2 e8
Xa4 Xa4
(de(x) + Q34-wa(x))~7 otherwise (de(x) + Q38-wa(x))~7 otherwise
Foa(X) ) min( thl(X))\ maX(thl(X))\\
Foc(X) min( Fica(X)) max( Fyca(X))
Foca(¥) min( Fica(x)) max( Fyca(x))
® Fixa(X) min( th4(X)) maX(th4(X))
Fix(X) = Ftmin ={ Ftmax =
Focs(X) min( Fies(X)) max( Fyes(X))
Fixe(X) min( Fixa(X) ) max( Fixe(X) )
Fox7(X) min( Focr(x) ) max( Fyr(¥))
Fixe(X) ) min( Fa(x)) ) max(Fyg(x)) )
3.421) -1.014) 3.421)
3.421 -1.014 3.421
3.421 -1.014 3.421
. (X ) 6.690 . -3.890 . 6.690
v 3421 mn 1014 M1 3421
3.421 -1.014 3.421
3.421 -1.014 3.421
6.690 ) -3.890) 6.690 )
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b ) Determine tube stresses o, and o;,,, for Load Cases 1 to 8 (continued)

! P X — Py -X 2.Q21 F if P 0 1710.047 Ib
fo] = . . = G - _ . _
tll Xt S s t t) tmll‘]l el tll -
2 in
S |
N [( s, Xs~ Xt) - Pel-thinJ otherwise
L — X
1 2'Q22
ou, = Ps Xs = Py Xt> 'thmz if Pez =0 b
. ag oy = 2600.078—
L ) -
— in
l .
N [( s Xs— Xt) - Pez'thinz] otherwise
L — X
1 2'Q23
ou, = Ps Xs = Py Xt> “Fimin if Po_ =0
3 - 3 3 Ib
L X o ou, = 890.031—
— in
l .
[( s, Xs— Xt) - Pe_-Fimin ] otherwise
Xt — 3 3
1 2'Q24
Ot1, = Ps Xs = Py Xt> “Ftmin if Po =0 b
) L - a02 ! 4 th4 = 0.000—2
— in
l .
N [( s ‘Xs— Xt) - Pe4'thin4] otherwise
L — X
1 2'Q25
thS = » PS ‘Xg — Pt Xt) .thms if Pe5 =0 thS = 1lo if ( P*s =0A P*C - 0)
= X
_ %o o, otherwise
= X Xt) = Pe_-Fimi otherwise Ib
X; — X K 5500 t) s ‘”“”5] oy, = 0.000—
_ in
1 2'Q26
= P P Fumin_| | if Pe =0 _
the Xt S Xs— Ft Xt) 5 tmlr']6 I e6 oy = 0 if ( P*S =0A P*C - O)
8o 6
] oy otherwise
1 6
[( s, Xs— Xt) - Pe -Fimin ] otherwise b
X=X 6 e oy = 0.000—
_ 6 2
— in
1 2'Q27
th7 = » PS Xg — Pt Xt) .thm7 if Pe7 =0 th7 = 1lo if ( P*s =0A P*C - 0)
t
_ %o ou, otherwise
= "X Xt) = Pe_-Fimi otherwise Ib
X¢ — X K S778 t) 7 ‘”“”7] ot = 0.000—
) in
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ExampleE4.18.8-STATIONARY TS(AnnexW) from PTB4
— - 5.
! Pg -Xg— Pt X Q28 F if P
Ot = : Xs — Kt) — “Ttmi
tl8 X — Xs ( Sg s tg t) . tming eg
L L o}
1 Ps Xs— Py %) - Pe -F otherwise
— - 5.
! Pg -Xg— Pt X Q21 F if P
Gip = Xg — Xt) — :
2) X — Xs ( s, ''s 1] t) . tmax, e
L L o}
F 1 .
(ps Xs— Py 'Xt) - Pe -Frmax ] otherwise
Xt — Xg L
— - 5.
! Pg -Xg— Pt X Q22 F if P
Gip = Xg — Xt) — :
2, X — Xs ( S, s i, t) . tmax., €,
L L o}
F 1 .
(ps Xs— Py 'Xt) - Pe_-Frmax ] otherwise
Xt — Xg L
— - 5.
! Pg -Xg— Pt X Q23 F if P
Gip = Xg — Xt) — :
t23 X — Xs ( S, s t3 t) . tmax3 e3
L L o}
F 1 .
'[(Ps Xs— Py 'Xt> - Pe_-Fimax ] otherwise
Xt — Xs
— - 5.
! Pg -Xg— Pt X Q24 F if P
Gip = Xg — Xt) — :
2, X — Xs ( s,''s ty t) . tmax , €,
L L o}
F 1 .
(ps Xs— Py 'Xt) - Pe -Frmax ] otherwise
Xt — Xg L
— - 5.
! Pg -Xg— Pt X Q25 F if P
Gip = Xg — Xt) — :
t25 X — Xs ( s’ 's tg t) . tmax ey
L L o}
F 1 .
(ps Xs— Py 'Xt) - Pe_-Frmax ] otherwise
Xt — Xg L
— - 5.
! Pg -Xg— Pt X Q26 F if P
Gip = Xg — Xt) — :
t26 X — Xs ( Se'"'s te t) . tmax g s
L L o}
1 Ps Xs— Py %) - Pg -F otherwise

ExampleE4.18.8-STATIONARY TS(AnnexW) from PTB4
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=0A

:o)

P

P,

thB =10 if (

Ot otherwise

_ 0.0002
Otlg = ST
n

Ib

Gip = 2564.126—

1 2

b
Gip = —4523.544—
2 2

in
Ib
Gp = -1959.418 —
3 .2
n
_ 0.000>
or, = T
n
o, = [0 if (lPr] =0~ |P*d =0)
o, otherwise
_ 0.0002
oy = BT
n
o, = [0 if (lPrd =0~ |P*d =0)

ow, otherwise

Ib
Oz, = 0.000—

In
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ExampleE4.18.8-STATIONARY TS(AnnexW) from PTB4 19/28
= = Pagel9
) ron
o = - XS~ (Ps7'Xs - Pt7'Xt> - R 'thax7 if Pe7 =0 o, = 0 if ( Prsl =0nA |P%| = 0)
L L 0 otz otherwise
o Ps_-Xs— Pi_ -X{) — Pe_-Fimax_ | | otherwise Ib
Xt—Xg L\ 7 7 7 7 Gt27 = 0.000—2
- in
i i 2:Q
l 8 1 —_ i * —_ * -
o2 = | v (Pss-xs— Pt8~xt> - - Fimax || If Pe =0 og = [0 if (|Pr =0 |P*d =0)
L L 0 otz otherwise
o P -Xg—P; -X{) = Pe -Fimax_| | otherwise Ib
Xt — Xg L 8 8 8 8 Gt28 = 0000—2
- in
max , min, ,
(thl thl)\ (thl thl)\
_1710.0\ 2564.1 \ max(ctlz, Gt22> min(ctlz, Gt22>
2600.1 45235 max(ctl ,Gt23> mm(cu ,Gt23>
890.0 -1959.4
max , min, ,
0.0 b 0.0 b (th4 Gt24> (6”4 Gt24>
Ot1 = - Ow= . Otmax = Otmin = | .
0.0 in2 0.0 in2 max(cstl5 , Gt25> mln(crtls, GtZS)
0.0 0.0
max(ﬁtl ,Ot2 ) mII’I(th ,Ot2 )
0.0 0.0 6 6
00 ) 00 ) max(0t17»0t27> mi“<0t1750t27>
_ _ max , min ,
1710.0) 1710.0) (Gus Gt28> ) (thg Gt28> )
2600.1 -4523.5
890.0 -1959.4
0.0 Ib 0.0 Ib
Otmax = ——  Otmin = =
0.0 in2 0.0 i
0.0 0.0
0.0 0.0
00 ) 00 )
TUBE MAXIMUM STRESS for DESIGN LOADING CASES 1,2,3,4 b
OtD_max = max(|6tmaxl > |5tmax2| > |C’tmax3 > |5tmax4| > |C’tmin1 > |C’tmin2 > |Gtmin3 > |Gtmin4 ) OtD_max = 4523-5in—2
Ib
otaliowd = 1.0-Sip otaliowd = 13350.0—2
in
TUBE MAXIMUM STRESS for OPERATING LOADING CASES 5,6,7,8 b
Ct0_max = max<|(’tmax5 > |5tmax6| > |C’tmax7 > |5tmax8| > |C5tmin5 ) |Gtmin6 ) |Gtmin7 > |Gtmin8 ) Ct0_max = O-Oin_z
Ib
otaliowo = 2.0-Sip otallowo = 26700.0—2
in
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Step (b) : check the tubes for buckling if 6;; <0 or o, <0

2 2 2
dt + (dt - 2tt) 2-m 'EtD It
lt =kl lt =15.375in I’t = I’t =0.238in Ct = | — Ct = 161.043 Ft =— Ft = 64.699
4 SytD It

FSl = 11.25 if Pel =0 FSl = Si(FSl > 2’2’ FSl) FSl = 1.540

max[3.25 - .25-[(2d N Qsl.zv).xaﬂ : 1.25} otherwise

Fs2:= |1.25 if P =0 Foz = si(Fs2 > 2,2,Fgy)  Fop = 1.540

4 )
max| 3.25 — .25 (zd +Q3,2.z\,).xa ,1.25| otherwise

Fsa:= |1.25 if P =0 Feg = Si(Fs3> 2,2,Fg3)  Fog = 1.540

max| 3.25 — .25 (zd +Q3,3.z\,).xa ,1.25| otherwise

Fsg:= |1.25 if P =0 Foq = Si(Fs4 > 2,2,Fgq)  Foq = 1.250

max| 3.25 — .25 (zd +Q3,4.z\,).xa ,1.25| otherwise

Fssi= |1.25 if Pe_=0 Fes = Si(Fss > 2,2,Fgs)  Fes = 1.540

max| 3.25 — .25 (zd +Q3,5.z\,).xa ,1.25| otherwise

Fsg:= |1.25 if Pe_=0 Fep = Si(Fs > 2,2,Fgg)  Fop = 1.540

max| 3.25 .25-[(2d N Q36.zv).xaﬂ : 1.25} otherwise

Fs7:= |1.25 if Pe_=0 Fo7 = si(Fs7> 2,2,Fg7)  Fg7 = 1.540
i . F 1\\ 4] . .
max| 3.25 - . S ;7-2\, 1.540\ rtherwise
B Fs2 1.540 .
Fsg:= |1.25 if Pg ' Feg = Si(Fsg > 2,2,Fgg)  Fog = 1.250
8 Fs3 1.540
max| 3.25 — .2 Fsa |, -z, 1.250 | stherwise . Syip FF) 1 2 Eo
L FS = 8 »FS: Stb = SI Ct> Ft, 41— ,— —_—
Fes 1.540 Fs 2.C) Fs g2
t
Fse 1.540 Allowable Buckling Stress, Sy,
1.540
Fs7 1250 ~1710.0) 10666.0)
Fsg ) ' ~45235 10666.0
~1959.4 10666.0
00 | 1Ib o _|18137:6 b
Stmin = — th = —
00 |2 10666.0 | ; 2
0.0 10666.0
0.0 10666.0
00 ) 13137.6)
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UHX 14.5.10 Etep 10

a) shell membrane stress

~[Pe + (psz - 1)~(Ps— Pt)] WL

Ds + ts)ts

Determine the shell stresses

2
g
(Ds+1s)ts

0-Pg otherwise

Osm =

0.000)
0.000
0.000
0.000 | |p
0.000
0.000
0.000
0.000 )

Osm =

SHELL MAXIMUM MEMBRANE STRESS for DESIGN LOADING CASES 1, 2,3, 4

-P; if (Config = "a" v Config = "b" v Config = "c")

Ib Ib
= max =0— =S =0.0—
SsmD (|Gsml| > |Gsm2| > |Gsm3| > |Gsm4|> SsmD 5 OsallowD sD OsallowD 5
in in
SHELL MAXIMUM MEMBRANE STRESS for OPERATING LOADING CASES 5,6,7,8
Ib Ib
OsmoO = max(|csm5| > |Gsm6| > |Gsm7| > |Gsm8|> OsmoO = 0-0_2 OsallowO = Spss  OsallowO = 0-0_2
in in
b) shell bending stress lsmin = 1.8~,/ Dg'ts  lgmin = 0.000in
2 3 ,
ok Bs| 85 Ps+ % p*\+6'(1—V*2) aO\(lehS\ P (Z +Z Q)+ 2 ZnQ
Ogsh ‘= | Ps| 0s'Fs Py | — | Pe\&vt&m Q1) t ——4m Q2
o M VL
0.000) 0.000)
0.000 0.000
0.000 0.000
0.000 | |p ) total shell st <| | | | 0.000 | |p
Gep = — c) total shell stress . = (o] + |o Gu = -
* " o000 |- AT TR T 0.000 |
0.000 0.000
0.000 0.000
0.000 ) 0.000 )
SHELL MAXIMUM STRESS for DESIGN LOADING CASES 1,2,3,4
Ib Ib
OsmaxD ‘= max<551’552a5535554) OsmaxD = 0-000_2 Gsallowd = 1.5-Sgp OsallowD = 0-0_2
in in
SHELL MAXIMUM STRESS for OPERATING LOADING CASES 5,6,7,8
Ib
Osmax0 = max(csss, Gs6a 057, Gs8> Ssallowo = Spss OsallowO = Spss OsallowO = 0-0_2
in
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UHX 14.5.10 |§tep 10| Determine the channel stresses
0.000)
a) channel membrane stress: 0.000
L2 0.000
Oem = ;Pt if Config = "a" v Config = "e" v Config = "f* v Config = "A" 10000 | Ib
(De+1t) oem =1 0.000 | 2
’ n
0-P; otherwise 0.000
0.000
0.000 )
b) channel bending stress: _
lemin == 1.8:/Dete lemin = 0.000in
2 3 ,
6 kel Bo 5P ac P*\ 6-(l—v*2) Qo ) (1 he) b (Z 70 ) 2 2.0
Gcb :: —_— C. C. C. t+ c —_— o ——™ . +_ . e. V+ m. 1 +_. m. 2
2 Ecote ) E* WL 2) 2,2
0.000) 0.000)
0.000 0.000
0.000 0.000
0.000
b =1 5 000 I—b2 c) total channel stress: oc = locm] + |0 b|) Ge = 00001 1b
: in ¢ em e o000 |, 2
0.000 0.000
0.000 0.000
0.000 ) 0.000)
CHANNEL MAXIMUM STRESS for DESIGN LOADING CASES 1,2,3,4
Ib Ib
GcmaxD = max<0c1a0czacc3acc4) GcmaxD = 0-000_2 Scallowd = 1.5-Scp  Scallowd = 0-0_2
in in
CHANNEL MAXIMUM STRESS for OPERATING LOADING CASES 5,6,7,8
Ib Ib
GcmaxO = max<0c5acc6a507a508> ScmaxO = O-Oooin_z ScallowO ‘= Spsc  OcallowO = O-Oin_z

ExampleE4.18.8-STATIONARY TS(AnnexW) from PTB4 22/28
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23/28

_UHX13.7 Simplified Elastic Plastic Procedure

Calculation procedure for the effect of plasticity at the tubesheet, channel or shell joint.

This procedure applies only to Configurations a,b,c and Design Loading Cases 1,2,3,4
in the following conditions: -for integral shell (config. a,b,c) when 1.5S ;<o < Spg 5

-for integral channel (config. a) when 1.5S <o, < Spg

" . SPSS\\
S*g:= min SysD,T)

Ib
$*s = 0.000—

in

0.4-ogp| )

factgy = [1.4 -
S*g

min(factsv

,1)\
,1)

min(factsv3 , 1)

min(factsv4, 1) )

1

min(factsv

N

factg =

factg, =

1.400)
1.400
1.400
1.400
1.400
1.400
1.400
1.400)

1.000)
1.000
1.000
1.000)

factg =

Calculate reduced values of Eg and E_ for each loading case:

1.0000x 10°)
1.0000 x 10°
1.0000 x 10°

1.0000 x 10°)

0.0000)

0.0000
0.0000 )

0.0000)

E*SD = EsD-factS E*SD =
From Step 2, recalculate:
3
E*spts
kkg := Bs-—z Kkg =
6-(1 - Vg )
3
E*eprle
kke = B kke =

0.0000 ‘
0.0000
0.0000 )
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0.0000 ‘I

i SPSC\\
S*c :== min Sch,—)
Ib
$*c = 0.000—
in
1.4)
1.4
1.4
0.4- o] ) 1.4
fact,, = 1.4 - facte, =
SN 1.4
1.4
1.4
1.4)
mln(factc\,l , l)\
1.000)
min( fact,, ,1
2 1.000
fact; = fact; =
m|n(factcv3, ) 1.000
1.000)
min( fact,, ,
(facesy 1),
1.000x 10°)
1.000 x 10°
E*CD = EcD-factC E*CD = 0
1.000x 10
1.000x 10°)
0.0000)
2
6-Dg ) 0.0000
kks::—kk l+h'g+— Mg =
h3 2 0.0000
0.0000 )
0.0000)
2
6-D, h' ) 0.0000
kkc::—kk l+he+— Ahe =
h3 2 ) 0.0000
0.0000 )
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From Step 4, recalculate:
0.428)
1_y* 0.428
Fi= (2hs+ A + EpIn(K)) =
E* 0.428
0.428)
0.078)
-_—
0 ps—1-0-Z,) o 0.078‘
e v ez, ) *70.078
0.078)
From Step 6, recalculate P, P,;.,, and P .
P P
. )
P P
S F
Pse - Pte -
Ps P,
P P
54) t4)
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W =

0.561)
0.561
O:=(1+v)F &=
0.561
0.561)
W) 211426.000)
W, 0.000
= Ib
Wy 211426.000
W, | 0.000 )
Pe,)
~150.000)
Pe
2 250.000 | b
= P'e = —2
Pe, 100.000 |
0.000
Pe J
4)




(
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From Step 7, recalculate Q, ,Q5 , F, and the tubesheet bending stress for load cases 1, 2, and 3

b -213.344)
(0)*5' PSE - (O*C' PtE) + EW* 355.573
Q= Q2= Ib
1+®-Z, 142.229
0.000 )
—\> 0.0953)
2.Q",
Q3:=| Qe+ . 0.0953
. .2 Q3=
Pe-ao ) 0.0953
0.0782 )
Fmy(x) = [0 if P =0
Qu(¥) +Q'3,-Qm(x) Fmlj = |F ()| F'my == max(F'm1)
otherwise
2
Fma(x) = [0 if P =0
Qu(¥) +Q'3, Qm(x) Fm2; = |F ()| F'np := max(F'm2)
otherwise
2
Fmg(x) = [0 if P =0
Qu(¥) + Q'3 Qm(x) Fm3; = |Fg(x))| F'ng := max(F'm3)
otherwise
2
Frmna(x) = [0 if Pl =0
Qu(¥) +Q'3, Qm(x) Fma; = |F ()| F'ma = max(F'm4)
otherwise
2
Fimng ) 0.1021)
Fm2 0.1021
Fm= =
F'ing 0.1021
Fna ) o )
Tubesheet Bending Stress for the Elastic-Plastic Solution
~16389.848)
2
15Fy (28, ) o 27316.414 | |p <| .o | |)
G = . -P' c' = —_— c' =max| '], |c'9f, |0
W (h-hy)  © 10926.565 | , 2 max Hh e e
0.000
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Gallow = 1.5-Sp

F'my = 0.102
F'mp = 0.102
F'mg = 0.102
F'ma = 0.000

Ib
O'max = 27316.414—

In

Ib
Salow = 28500.0—

n
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UHX13.9 Simply Supported Tubesheet Procedure

This procedure applies only when the TS is integral with the shell or channel,
i.e.:

- shell of configurations a, b or c

- channel of configuration a

To perform this calculation, use the option : [SS=¥No*

Calculation must be performed in 2 phases :

Phase 1) Perform Steps 1 to 11 with SS="NON" (normal calculation) with the following modifications in Step 11:

- minimum length requirement |
- minimum length requirement |

of shell band for configurations a,b,c do not apply
of channel band for configuration a do not apply

smin

cmin

if oy < Spss and o, < Spg . . the shell and/or channel designs are acceptable.
Otherwise increase the thickness of the overstressed components (shell and/or channel) and return to Step 1.

Phase 2) Perform Steps 1 to 7 using SS="0OUI" (Simply Supported calculation) for loading cases 1,2 and 3 only

If |o] < 1.5S, the calculation procedure is complete.
Otherwise, increase the assumed tubesheet thickness h and repeat Steps 1 to 7.

Note: If |6|<1.5S , the tubesheet thickness can be optimized to a value h , till |6|=1.5S
provided that, for that optimized thickness h,, the stresses in the tubesheet,shell and channel
, calculated by the normal calculation (see Phase 1), remain respectively below Spg Spg g, Sps ¢
for each of the 8 loading cases.
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Determination of effective elastic properties :
From figure UHX-11.2 - Polynomial equations for the determination of E*/E and
Equations for E* for triangular pitch

0.0353 1.2502 -0.0491 0.3604 —0.6100\\
0.0135 0.9910 1.0080 -1.0498 0.0184

v* for triangular pattern

-0.0958 0.6209 -0.8683 2.1099 —1.6831\
0.8897 -9.0855 36.1435 -59.5425 35.8223

E*TriPitch := 0.7439 -4.4989 125779 -14.2092 5.7822

0.0054 0.5279 3.0461 -4.3657 1.9435 V*TriPitch :=
-0.0029 0.2126 3.9906 -6.1730 3.4307 )

From figure UHX-11.3 - Polynomial equations for the determination of E*/E and

Equations for E* for square pitch

0.0676 15756 -1.2119 1.7715 —-1.2628)
0.0250 1.9251 -3.5230 6.9830 -5.0017 | \*SquPitch ==

0.9100 -4.8901 12.4325 -12.7039 4.4298
0.9923 -4.8759 12.3572 -13.7214 5.7629
0.9966 -4.1978 9.0478 -7.9955 2.2398 )

v* for square pattern

-0.0791 0.6008 -0.3468 0.4858 —0.3606\
0.3345 -2.8420 10.9709 -15.8994 8.3516
0.4296 -2.6350 8.6864 -11.5227 5.8544

E*SquPitch := 0.3636 -0.8057 2.0463 -2.2902 1.1862

0.0394 1.3024 -1.1041 2.8714 -2.3994
0.0372 1.0314 -0.6402 2.6201 —2.1929)

Elay := si(Layout > 0, E*SquPitch, E*TriPitch)

A
= \Elayy 1 + Elay; >-u* + Elay; 3-p* 24 Elay; 4-p* °s Elay; 5-u* )‘ED

IS

IS

2 3
(E|aY2,1 +Elayp 2-u* + Elayp 3-u* +Elayp 4-u* +Elayp 5-p* )‘ED
= (E|aY3 1+ Elayz »-p* + Elayz 3-p* 24 Elays 4-p* °s Elays 5-u* )‘ED

A
= \Elays 1 + Elays o-u* + Elayy 3-p* 24 Elay, 4-p* °s Elay, 5-u* )‘ED

0.3527 -0.2842 0.4354 -0.0901 -0.1590
0.3341 0.1260 -0.6920 0.6877 —0.0600)

b
E*, = 13953749.014—2
in

b
E* = 13101749.670—2
in

b
E*3 = 12259057.430—2

in
h
E*l\ —=17 E*, = 10634573.132 Ib
E*, P 01) ~4° P
interE* := For h/p lower than 0.1,use h/p = 0.1 . 0.25 in
E*3 For values of h/p higher than 2, use h/p =2.0  hpratio :==| _ ‘
= Otherwise perform a linear interpolation :
2.0 )
(h (h . . o h))) Ib *
E* = si| — > 2,E*,4,si| — < 0.10, E*y, interplin| hpratio, interE*,— E* = 10905320.515— = 0.4039
p p p))) in2  Ep
vlay := si(Layout > 0, v*SquPitch, v*TriPitch)
* . * *2 *3 *4 *
V¥ = V|ay1’1 + vlay1’2~p + vlay1,3~p + vlay1’4-p + vlay1’5-p Vi = 0.098
* * *2 *3 *4 *
Vig = vlay2.1 + vlay2‘2~p + vlay2.3~p + vlay2.4-p + vlay2.5-p Vi = 0.138
2 3 4
V*3 = vlay3’ 1+ vlay3’2~ H,* + vlay3’3~p* + vlay3’4-u* + vlay3’5-u* V*3 =0.192
* * *2 *3 *4 *
Vg = vlay4’1 + vlay4’2~p + vlay4,3~p + vlay4’4-p + vIay4’5-p Vi = 0.242
* * *2 *3 *4 *
Vig = vlay5’1 + vlay5’2~p + vlay5,3~p + vlay5’4-p + vIay5’5-p Vg = 0.290
* * *2 *3 *4 *
Vig = vlaye’l + vlay6’2~p + vlay6,3~p + vlay6’4-p + vIay6’5-p Vig = 0.314
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* 0.1
v 1\ \
0.15
V2 h For h/p lower than 0.1,use h/p = 0.1 . 0.95
Vg — =175 For values of h/p higher than 2, use h/p =2.0 hpratio :==|
intery := p Otherwise perform a linear interpolation : 0.50
Via 1.00
Vs 2.00)

v¥s )
h )

h h
v* = si(— > 2,v*5,si(— < 0.10,v*1,interplin(hpratio, interv,— v* = 0.308

p p p)))

ExampleE4.18.8-STATIONARY TS(AnnexW) from PTB4 28/28
334



Copyright © 2014 by the American Society of Mechanical Engineers.
No reproduction may be made of this material without written consent of ASME. (&%

PTB-7-2014: Criteria for Shell-and-Tube Heat Exchangers According to Part UHX of ASME Section VIII
Division 1

ANNEX X — UHX-14 — EXAMPLE E4.18.8 (PTB-4 2013 EDITION) FLOATING

The floating tubesheet exchanger with an immersed floating head is to be designed as shown in VI1II-1,
Figure UHX-14.1, Configuration a. The stationary tubesheet is gasketed with the shell and channel in
accordance with configuration d as shown in VIII-1, Figure UHX-14.2, sketch (d). The floating tubesheet
is not extended as a flange in accordance with configuration C as shown in VI1I-1, Figure UHX-14.3,
sketch(c).There is no allowance for corrosion.

335



Copyright © 2014 by the American Society of Mechanical Engineers.
No reproduction may be made of this material without written consent of ASME. (&%

ExampleE4.18.8-FLOATING TS(AnnexX) from PTB4 1/28

FLOATING TUBESHEET RULES accord. to UHX-14 (July 2013 Editi
Example E4.18.8 (PTB- 4 2013 edition) Floating Head H. E. - FLOATING TS config. "C"

1 - GEOMETRIC Data (from Fig.UHX-14.1)

Types of Operating Conditions Types of Heat Exchanger
x=1 NORMAL  operating condition ExchType := "a* EXCHANGER types : a, b, c
x=2 STARTUP operating condition o : .
x:=1 x=3 SHUTDOWN operating condition S1acliig = 6 Je A IO ol Dea sl a il |
x=4 UPSET operating condition FLOconfig:="C" FLOATING Config.types:A, B, C, D

x=5 CLEANING operating condition

x=6 OTHER operating condition G Lot Caic e

highlighted in yellow :most important data and results

Tubesheet Data (from Fig.UHX-14.1) Tube Data (from Fig.UHX-11.1)

h:= 1.75in Tubes_,heet Ith|ck-nehs§ ) N b= 1.0:in Tube Pitch
Lavout .= 0 For triangu ar pitch : Layout"=0

yout: For square pitch  : "Layout"=1 N; == 466 Number of Tubes
lo := 12.5-in Radius to outer tube

di = 0.75-in Tube OutsideDiameter

t; == 0.083:in Tube Thickness

L;:=256.0-in  Tube Length

Cp :=78in Perimeter of the tube layout
) L:=L;—2h L = 252.500in Effective length of tubes
Ap = 490-in Total area enclosed by C b =08 Tube expansion depth ratio
AL = 64.375.n° Total Untubed Lanes Area lg == 1.40-in Length of Expanded Portion of Tube
¢t = 0.0:in Tubesheet Corr. Allow. (Tubeside) kl := 15.375.in  k=0.6 for spans between Tubesheets
Ce = 0.0:in Tubesheet Corr. Allow. (Shellside) k=0.8 for spans between TS/support plate

k=1.0 for spans between support plates
I unsupported tube span

Shell Data (from Fig.UHX-14.1) Channel Data (from Fig.UHX-14.1)

SHELL data which are not
used for Floating Tubesheet

Ds := 0-in Shell ID

tg == 0.1-in Shell Thickness away from TS

Gg = 0:in Shell Gasket Diameter

Gy := 0-in Shell Contact mid-point TS/Flange

Cs:=0.:in Shell Corrosion Allowance

CHAN :="CcYL" "CYL" for Cylindrical Channel

Corroded length: HEMI" for Hemisherical Channel

bo=him 2 L = 256.000n Corroded thicknesses:

Corroded diameters: h:=h-cg—¢ Tubesheet thickness h =1.750in
Dg:=Ds+2:Cs  ShellID  Dg=0.000in tg:=tg— Cg Shell Thickness away from TSt = 0.100in
D¢:=Dc+2:C. ChannelID D =0.000in te:=t.— C¢ Channel Thickness t = 0.100in

ExampleE4.18.8-FLOATING TS(AnnexX) from PTB4 1/28
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_ ,
2 - Design (D) and Operating (O) PRESSURES data (from UHX-14.3
Maximum and Minimum DESIGN PRESSURES (D) OPERATING PRESSURES (O) for Operating Condition x

PsD max = 250_o.£ maximum Shellside Design Pressure b

- inz Pso x:= 250.0.—  Shellside Operating Pressure

= 2
n
PsD min = o_o.ﬂ minimum Shellside Design Pressure
in2

PiD max = 150,04£ maximumTubeside Design Pressure b

- 2 o —

In Pio x=150.0—" 1 peside Operating Pressure
n

P min = o,gﬂ minimum Tubeside Design Pressure

- 2

n
DESIGN PRESSURES P and P,y (from Table UHX-14.4-1)
PsD_min\ 0.000 ) I:)tD_max\ 150.000)
o Psp_max o 250.000 | |p o Pto_min o 0.000 | Ip
2 Pep max 2" 250.000 | , 2 P max 150,000 |, 2
PsD_min) 0.000 ) I:)'(D_min) 0.000 }

OPERATING PRESSURES P, , and P, , for oper.cond. X ( from Table UHX-14.4-2)

N I_b2 Pio_x )
in 0.000 0.2 150.000)
o Pso_x o 250.000 | |p o in® o 0.000 | |p
07 Peo « 0" 250,000 | 2 © 7 P« © " 150,000 | 2
b 0.000 ) b 0.000 )
in“ ) in” )
Determination of DESIGN and OPERATING PRESSURES P and P,
I:)SD_min \\ PtD_max\
P Pid mi
. . sD_max 0.0 \\ tD_min 150.0\
Design LC1= 2010 Design LC1 =) P
. _ . sD_max 250.0 tD_max 0.0
Design LC2= 2010 Design LC2
Design LC3= 2010 Design LC3 Psp_min 250.0 Pto_min 150.0
Design LC4= not explicited in 2010 b p
~ 0'_2 P, - 0.0 £ P tO_x P, - 0.0 £
Operating LC5= 2010 Operating LC in 0.0 |2 0.Jb 150.0 | ;2
Operating LC6= 2010 Operating LC6 Pso 250.0 .2 0.0
Operating LC7= 2010 Operating LC soX 250.0 n 150.0
Operating LC8= 2010 Operating LC4 Pso x ' Pto_x '
0.0 ) 0.0 )
Ib Ib
in” ) in~ )
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3 - TEMPERATURE Data for Design (D) and Operating (O) conditions

set Farenheit temp.

SHELL data which are not used for Floating Tubesheet degF =R

Design conditions Operating conditions

Tubesheet Tp:=70.0.degF Tubesheet Design Temp. To x = 70.0-degF TS Oper.Temp. for Oper. Cond. x

Tubes Tip == 70.0-degF  Tube Design Temp. Tio_x := 70.0-degF Tube Oper. Temp. for Oper. Cond. x
Shell Tsp := 70.0-degk  Shell Design Temp. Tso x:= 70.0-degF  Shell Oper.Temp. for Oper. Cond. x
Channel  Tep:=70.0-degF  Channel Design Temp.  Teo = 70.0-degF Channel Oper.Temp. for Oper. Cond. x -
T, = 70-degF Ambient temperature
Additional Data for Radial Thermal Expansion from UHX-13.8.4 (if required)

Tubesheet  T',:=70.0-degF TS temp.@ rim T:=Ty T'x = 70.0degF

Shell T'sx := 70.0-degF  Shell temp. @ Tubesheet T'g =T T's = 70.0degF

Channel  To=700degf Channel temp.@ twbesheet  Tei=To  Te=700degF

4 - MATERIAL Data

TUBESHEET Material is SA-516/gr70

Ib

Sp:= 19000.0'£ TS allowable stress @ T Spg = 0-— TS allowable P+S stress @ T
-2 2 -

In In

| . . .
S, = 20000.0.—b TS extension allowable stress @ TS extension design temperature
2

n
6 Ib . 6 Ib .
Ep:=27-10 — TS elastic modulus @ T, Eop:=27-10 — TS elastic modulus @ Tq
in in
v:=0.32 TS Poisson's ratio a':=0- n TS coeff. expansion@ rim
in-degF
TUBE Material is SA-214 welded
Sip = 13350'ﬂ Tube allowable stress @ T, Sio = 13350.£ Tube allowable stress @ T,q
in® in®
6 Ib : 6 Ib .
Epp = 2710 -— Tube elastic modulus @ T,y Eip =27-10 -— Tube elastic modulus@ T,g
in® in®
Syip := 20550 b Syto := 20550 b
yib = "2 Tubeyield stress @ T yio = T2 Tube yield stress @ T,q
n n -
Ib 6 Ib .
Si = 13350.—  Tube allowable stress @ T E¢r:=2710— Tube elastic modulus @ T,
in® in®
vii=0.32 Tube Poisson's ratio

ExampleE4.18.8-FLOATING TS(AnnexX) from PTB4
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4 - Flange Design and Operating BOLT LOADS data (from Table UHX-8.1)

Maximum and Minimum Flange DESIGN BOLT LOADS Flange BOLT LOADS for GASKET SEATING Condition
W1 == 26225-1b Channel flange Design bolt load  w,:=26225.lb Channel flange bolt load for Gasket Seating
Wintmax = MaX(Winis. Winze) ~ Wmimax = 26225.01b Winax == max(We,We)  Winax = 26225.01b

Determination of EFFECTIVE BOLT LOAD W* for each Configurationa,b,c,d

Configuration a Configuration b Configuration c Configuration d Configuration e
0.0-1b) Winic ) Winie ) Wmic ) 0.0-1b)
0.0-1b 0.0-b 0.0-b Wis Whis
0.0-Ib Whice Whic Wmimax Whis

we . |00t 0.0-Ib 0.0-Ib 0.0-1b 0.0-Ib

max
0.0:1b
We We Wnax Ws
0.0:lb W W W
W
0.0-b) ¢ c max s
We We W, Ws
Wy = Wy / / mex /
WHp == Wy Wg = W Wre = W W= W¥e
26225.000)
W*:= | W*, if Config ="a" v Config = "A" v Config = "D" 0.000
. . . 26225.000
W+, if Config = "b" v Config = "B"
0.000
W+ if Config = "c" v Config = "C" W* = lb
26225.000
W+q if Config = "d" 26225.000
W+ if Config = "e" v Config = "f* 26225.000
26225.000)

Minimum required thickness h of the TS flanged extension (from UHX-9)

For flanged Configurations b , d (extended as a flange) , e For unflanged Config.c , f For unflanged Config.d , C
from UHX-9.5a See UHX-9.5b See UHX-9.5¢
C-Gc

hg := Gasket moment arm  hg = 0.748in
2
1.9W1c

hp:= |[———h h,p = 0.272in

D SD'Gc G D

1.9W,

hrG = 'hG hrG = 0.265in

he:=max(hyp.hg)  he=0.272in
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Start of Calculations

L = effective length of shell/tubes L:=L{-2-h L =252.500in

D
D,=equivalent diameter of outer tubes D, := 2.r, +d; Dy = 25.750in ag = = a, = 12.875in
2

UHX-14.5.1 Etep 1| Determine Do, p, u* and h'g from UHX-11.5.1 :

li Eqr) ((Sir)
p=— p=0.800 d* = max| dy - 2ty | — | — -p,(d; - 2t) d* = 0.657in
h Ep) |\ Sp)
p*:= d
. 4-min(A(_,4D-p) p* = 1.068in
TE-D02
p*_ * p-
p* = o pu* = 0.385 po= T p = 0.250

Chan Rad. Dim.

D
ac = TC if Config ="a" v Config = "e" v Config = "f* v Config = "A"
G .
70 if Config = "b" v Config = "c" v Config = "d" v Config = "B" v Config = "C*  &c = 13.248In
A '
— if Config ="D"
2

Shell Radial Dim.

D
ag = 75 if Config = "a" v Config = "b" v Config = "c"
G
= if Config = "d" v Config = "e" v Config = "f" ]
2 ag = 13.248in
ac if Config = "A" v Config = "B" v Config = "C" v Config = "D"
a d¢ 2
pgi=— pg=1.029 Xg=1-N¢ Xg = 0.605
ag 2-a,
pci=— pc=1.029 Xt :=1-N¢ X = 0.760
ag 2-a,

ExampleE4.18.8-FLOATING TS(AnnexX) from PTB4 6/28
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UHX-14.5.2 Etep 2| Calculate shell and channel parameters:

3 3

Esp'ls Ecole

kg == BS-—z ks=0Ib ke = BC-—Z ke.=0Ib
6-(1—\)5 ) 6-(1—\)0)
N's:=h-Pg
h's = 0.000 h'c:=h-B. h'c=0.000
6-Ds h 2) o Ib 6-Dc¢ h 2) 0
hgi=—— ke 1+hg+ he=0x10 — Aei= Ke| 1+hg+ Ac=0x10 —
h ) in h ) in

ExampleE4.18.8-FLOATING TS(AnnexX) from PTB4 7/28
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ExampleE4.18.8-FLOATING TS(AnnexX) from PTB4 8/28

UHX-14.5.3 Etep 3| __Determine E*/E and v* relative to h/p from UHX-11.5.2. Calculate Xa

*

h Ib .
—=1.750 p*=0.385 =0.4039 E*-= 10905320.515—2 v* = 0.3084 ( From right pages above )

p Ep in
5,25
2 EtD‘tt'(dt - tt)‘ao
Xa:=|24\1-v* )-N¢ 3 Xa = 3.610
E*.L-h
UHX-14.5.4 |§tep 4| Calculate diameter ratio K and coefficient @
A
Ki=— K =1.044
DO
1-v*
F=— (hs+ac+Epin(K))  F=0074
O :=(1+v)F @ = 0.097
()
Calculate 2, ,2,,2,,Z, N := arrondi 4+7)+1 N=7

4.n 4.n-2
|G LB
ber,(x) = Z (-1)" =L |  ber:= ber,(X,) beiy(x) = Z )"t pei beiy( X,)

n=0 (@0 ] e 1461 n=1 (@n-0"] - a0
4.n-1 4.n-3
N (—l)n-(2-n)-£i) N (D" @n- 1)-[5)
ber'y(x) := Z 22 ber' := ber'x(xa) bei'y(x) = Z 22 bei' := bei'x(Xa)
n=1 ((2:m1) ber' — 2,515 n=1 ((2n-1)1) bei' = 0.278
. 1- v*\ 1-ve
¥ 1(X) = beiy(x) + - )~ber'x(x) W= Wiy Xa) W, (X) = bery(x) — beiy(x) W= ¥aXa)
¥, =1.841 ¥, =-1515

Z, = bei"W, —ber- ¥, Z,=4.210

Z: ber'2 hl bei'z Z 0.421 Z ber ¥z + ber' ¥y Z 0.079
m=— m = 0. V= v =0.
Xa-Za )(az.za
ber-¥'; + bei-¥ 1 ber'-ber + beibei
Zgm—————  Zg=0033 Zyi=——————  Zy=0079
Xa 'Za Xa 'Za
P14 - 0.020
Calculate Q, Qu:= 1+®.2, Q=0
ExampleE4.18.8-FLOATING TS(AnnexX) from PTB4 8/28
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UHX-14.5.5 Etep 5

* *
a) Calculate parameters oy o', o, , @,

0s=psksBsds(1+hs)  wog= 0.000in’ 0c=pekeBede(l+hy) ¢ = 0.000in”
2 2
2 (Ps —1)'(95—1) .2 2 (Pc +1)’(Pc—1) ps—1 .2
O*g == Ay 2 - Og o*s = 0.071in W*c=ag - 2 T - ¢ o*c = 0.071in

b) Calculate parameter y,:

Yp:= |0 if Config ="a" v Config = "A" v Config = "D"
G.-C
if Config = "b" v Config = "B"
o
Ge -Gy
if Config = "c" v Config = "C"
DO
GC _ GS Yp = 0.000
if Config = "d"
DO
C-G
if Config = "e"
DO
Gy - Gs
——— if Config ="f"
DO
ExampleE4.18.8-FLOATING TS(AnnexX) from PTB4 9/28
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[ [ i - Page10
Calculate P*; and P*.from UHX-14.8 , if required by the user (for configurations a,b,or ¢ only)
T+Tg+T,
Ty:= |————— if Config = "a"
3
T+Tg
if Config = "b" v Config = "c"
i T, = 0.000 degF
T+T,
if Conflg ="e" v Conflg ="y Conﬂg = "A"
2

0-degF otherwise

Ts+ T,
T* = > if Config = "a" v Config = "b" v Config = "c"

T*s = 0.000 degF
OdegF otherwise

Te+T,
T, = C2 i if Config = "a" v Config = "e" v Config = "f" v Config = "A" T*. = 0.000 degF
OdegF otherwise
ag = 1.104ft
. Espts , . , . Ib
P*p1 = {5 (T* — 70-degF) - o':(T, - 70-degF) | P*p1 = 0.000—
S in
. Ecpte , . , . Ib
P*cp1 = [ oe:(T* — 70-degF) - o'(T, - 70-degF) | P p1 = 0.000—
¢ in
. b o o A  n o
P¥gp = O—2 if Config = "d" v Config = "A" v Config = "B" v Config = "C" v Config = "D
in
P*sp1 otherwise
b i ) ) )
P¥ep = O—2 if Config = "d" v Config = "B" v Config = "C" v Config = "D"
in
P*cp1 otherwise
Ib Ib
o._\ 0—
.2 .2
in in
02 o 0.000)
2 0.000) 2 '
0.000 0.000
Ib Ib 0.000
0— 0.000 0— '
in in
P*g = N o 0.000 | b P*e = b pr. = 0.000 b
- — 2
0— ®10.000 |, 2 0— 0-000 | j,
in 0.000 in 0.000
Psp 0.000 Pep 0.000
P*sp 0.000) P*ep 0.000)
P*sp P’kcp
P*sp) P’kcp)
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UHX-14.5.6 Etep 6| For each loading case, calculate effective pressure Pe

Calculate P, for Pressure and Operating Loading Cases 1 through 8:
Pe = (PS - Pt) if ExchType ="a"
[PS~ (1 - psz) - PJ if ExchType ="b"
2 i
[( Ps— Pt)(l -Ps )] otherwise

~150.000
250.000
100.000
0.000 | Ip
| -150.000 | . 2
PRESSURE OPERATING Loading cases : terms 5,6,7, 8 250.000
100.000
0.000 )

PRESSURE DESIGN Loading cases :terms 1,2 3, 4

ExampleE4.18.8-FLOATING TS(AnnexX) from PTB4 11/28
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UHX-14.5.7 W Determine Q2 and Q3 for Loading Cases 1 through 8:
~10.170)
16.950
b 6.780
[(0%sPs— 0% Py) — (05 P*s— 0P| + oW 0.000
Q= Q= b
1+d-Z, -10.170
16.950
6.780
0.000 )
Q31:: 0 if Pelzo Q32:: 0 if PEZ:O Q33:: 0 if Peszo
2Q ) 2:Qz, ) 2:Qz, )
Q+—m | otherwise Q+—m | otherwise Q+—m | otherwise
Pel~a0 ) P,32~a0 ) Pe3~a0 )
Q34:: 0 if Pe4:0 Q35:: 0 if PES:O Q36:: 0 if PEG:O
2:Qz, ) 2:Qz, ) 2:Qz, )
Q1+ — | otherwise Q1+ — | otherwise Q1+ — | otherwise
Pe4~a0 ) P,35~a0 ) P,36~a0 )
Q37:: 0 if Pe7:0 Q38:: 0 if Pe8:0
2:Q2 ) 2:Qz )
Q1+ — | otherwise Q1+ — | otherwise
Pe7~a0 ) P,38~a0 )
~10.170) 0.02131)
16.950 0.02131
6.780 0.02131
0y = 0.020 0 - 0.000 b Qs - 0.00000
-10.170 0.02131
16.950 0.02131
6.780 0.02131
0.000 ) 0.00000
ExampleE4.18.8-FLOATING TS(AnnexX) from PTB4 12/28
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ExampleE4.18.8-FLOATING TS(AnnexX) from PTB4 13/28
Determine Coefficient F for Load Cases 1 through 8:
. . . j-1
numpoints := 20 j = 1.. numpoints Xj = — X = X-Xg
numpoints
0 Wou(X)- W1~ W 1,(0)- ¥ 0 W ox(X)-bei' = ¥ 1,(x)-ber"
v(X) = m(X) =
Xa'Za Zy )
Fmxa(x) = |0 1f Pe =0 Fms() = |0 if Pe, =ov (|Pd =0A |P*| =0)
X) + -Qm(x
Q9+ Qs QX | Q¥ + Q3_-Qn(x)
otherwise 5 .
2 > otherwise
Fmxa(x) == |0 1f Pe =0 Fmg() = |0 if Pe_ =ov (|Pd =0n |P*] =0)
X) + -Qm(x
Qu(x) Q32 Qm(x) ) Qu(x) + Q3 _-Qm(X)
otherwise 6 .
2 > otherwise
Fmxa(X) = |0 if Pe_ =0 Fmcr() = |0 if Pe_ =0V ([Pr] =0 [Pr] =0)
X) + -Qm(x
Q) + Qa5 Om) | Q¥ + Q3 -Qn(x)
otherwise 7 .
2 > otherwise
Fmxa(x) := [0 1f Pe =0 Fns() = |0 it Pe =0 v ([Pr] =0 [Prd =0)
X) + -Qm(x
Qu(x) Q34 Qm(x) ) Qu(x) + Qz_-Qm(X)
otherwise 8 .
2 > otherwise
|me1(x) \
Frnx1 (%) ) I max(absFmy(X)1) )
mx |Finca(x) (20SFmy(201) 0.0750) 0.011)
F bsF
mx2() m max{absFims(X)2) 0.0750 0.011
Fnxa(X) e max( absFmy(x)3) 0.0750 0.011
. Frnxa(%) o |Frnxa () _ max(absF ny(X)4) _ 00000 - 0.000
X) = abs X) = = = =
m Froes(X) m ’ ™ | max(absFm(X)s) ™ 10.0000 maTal 1 0.000
|me5(x)
Frxa(X) 7| ) max(absFy(x)s) 0.0000 0.000
Frmxe(X)
Frn7(X) , max(absFmy(x)7) 0.0000 0.000
0.0000 0.000
mes(x)j |FmX7(X) max(abSme(X)S)} ) )
|me8(x) )
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14/28

Calculate the Maximum Tubesheet Bending Stress

Effective Groove depth hy := max(hg - ct,o) h'g = 0.000in

e
G'Qzl
1= ||l — if Pel =0
()
I’Tllnl
[1.5. 2
15Fm (2.4
_ -Pe | otherwise
u* hminlj 1
e
6-
Qz3 _
3= 5 if Pe3 =0
(i)
I’TIII’13
[1.5. 2
15Fm. (2.8,
_ -Pe | otherwise
u* hminsj
e
6-
Qz5 _
o= || —— if P65 =0
()
I’TIII’15
[1.5. 2
15 Fms 2~ao\
_ -Pe | otherwise
u* hmin5)
e
6-
Qz7 _
or= |l if Pe7 =0
- ()
I’TIII’17
[1.5. 2
15 Fm7 2~ao\
_ -Po_| otherwise
u* hmin7) !
Ib
o7 = 0.000—
in

ExampleE4.18.8-FLOATING TS(AnnexX) from PTB4

Nmin =
_—>
G'Qz2
= — | if Py =
°2 j 2 €2
H '(hminz)
1.5-Fmz 2.3, \ZP
p* Nmin %2
i 2)
_—>
G'Qz4
= — | if Py =
o4 j 2 €4
H '(hmin4)
1.5-Fm4 2.3, \ZP
p* Nmin K
i 4)
_—>
G'Qz6
= if Po =
°6 . 2 ®6
H '(hmine)
1.5-Fm6 2.3, \ZP
- . -Pe
* h .
i p m|n6)
_—>
G'Qz8
= — | if Py =
o8 . 2 eg
H '(hmins)
1.5-Fm8 2.3, \ZP
- . Pe
* h .
i p m|n8)
b
6820.000—2
in
14/28

349

h-hg)
h-hyg
h-hyg
h-hyg

h

h

h

h )

0

otherwise

0

otherwise

0

otherwise

0

otherwise

%)

1.7500)
1.7500
1.7500
1.7500 |
Mmin =11 7500 "
1.7500
1.7500

1.7500 )

b
61 =—-9488.014 —
.2

In

Ib
6o = 15813.357—
.2

In

b
63 = 6325.343—
.2

n

Ib
o4 = 0.000—

In

Ib
65 = 0.000—
.2

In

Ib
66 = 0.000—
.2

In

-9488.014)
15813.357
6325.343

0 Ib

o O O o
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Ib
op = max( |c51| , |02| , |c3| , |0'4|) Gp = 15813.4—2
in
Ib
GallowD = 1'5'SD GallowD = 28500.0—2
in
Ib
GQo = max( |cs5| , |56| , |c7| , |°'8|) GQo = 0.0—2
in
Ib
Gallowo = Sps GallowO = 0-0_2
in
UHX-13.5.8 [Step 8] Calculate the maximum tubesheet shear stress Pel 3
Pe, 150.000
Pe, 250.000
100.000
P
f |Pe|<3.2Sph/D, , the TEMA formula 1.6-S h 1033.010 b bsP K bsP 0000 | 1b
I : o> 6-Spp— = 010—  absPg := absP, = —
is not required to be calculated o in Pe5 150.000 | j,
250.000
Pe
6 100.000
Pe. 0.000 )
[=]
68 )
(1) 1(A)
T R T
. . HJ h Cp)
2010 results(for information only)
2153.8)
3589.7 - (_|>) saas
1435.9 Tmax = Max\ |t Tmax = . —2
in
0.0 b b
T= —
_ 2153.8 in2 Tallow = 0.8:Sp  Tajlow = 15200-0_2
3589.7 n
1435.9
00 )

UHX-13.5.9 Etep 9| Determine the minimum and maximum stresses in the tubes for Load Cases 1to 8

¥ ,-bery(x) + ¥ 1-beiy(x) ber'-ber,(x) + bei"beiy(x)
Zgy(X) = Zyx(X) =

Xa -Za Xa -Za

ExampleE4.18.8-FLOATING TS(AnnexX) from PTB4 15/28

350



Copyright © 2014 by the American Society of Mechanical Engineers.
No reproduction may be made of this material without written consent of ASME. (&%
ExampleE4.18.8-FLOATING TS(AnnexX) from PTB4 16/28
a) :Determine Coefficients F, .,;, and F, ., for Load Cases 1to 8:
Xa4 . Xa4 .
Foc(X) = | Zyx(X)—— if Pg =0 Fos(X) = | Zyx(X)—— if Pg_=0
2 1 2 5
Xa4 Xa4
(de(x) + Q31-wa(x))~7 otherwise (de(x) + Q35-wa(x))~7 otherwise
Xa4 . Xa4 .
Foo(X) = | Zyx(X)—— if Pg_=0 Fie(X) = | Zwx(X)—— if Pg =0
2 2 2 6
Xa4 Xa4
(de(x) + Q32-wa(x))~7 otherwise (de(x) + Q36-wa(x))~7 otherwise
Xa4 . Xa4 .
Fua(X) = | Zyx(X)—— if Pg_=0 Foc7(X) = | Zuyx(X)—— if Pg_=0
2 3 2 7
Xa4 Xa4
(de(x) + Q33-wa(x))~7 otherwise (de(x) + Q37-wa(x))~7 otherwise
Xa4 Xa4
Fixa(X) = | Zy(X)—— if P =0 Fixg(X) = | Zyx(X)—— if P =0
tx4( ) WX( ) 2 e 4 tx8( ) WX( ) 2 e8
Xa4 Xa4
(de(x) + Q34-wa(x))~7 otherwise (de(x) + Q38-wa(x))~7 otherwise
Foa(X) ) min( thl(X))\ maX(thl(X))\\
Foco(X) min( Fica(X)) max( Fyca(X))
Foca(¥) min( Fica(x)) max( Fyca(x))
® Fixa(X) min( Fca(x)) max( Fixa(x))
Fix(X) = Fimin ==| . Fimax =
Focs(X) min( Fies(X)) max( Fyes(X))
Fxe(X) min( Fixg(x) ) max( Fys(¥))
Fox7(X) min( Focr(x) ) max( Fyr(¥))
Fixe(X) ) min( Fa(x)) ) max(Fyg(x)) )
2.925) -0.726) 2.925)
2.925 -0.726 2.925
2.925 —-0.726 2.925
. (X ) 6.690 . -3.890 . 6.690
vl 2,925 mn T _0.726 maX 1 2,925
2.925 —-0.726 2.925
2.925 -0.726 2.925
6.690 ) -3.890) 6.690 )
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b ) Determine tube stresses o, and o;,,, for Load Cases 1 to 8 (continued)

! Ps X — Py -X 2.Q21 F if P 0 1432.482 Ib
o :: . — — . . = O = — . _—
thy —y ( s, Xs — Pt t) R tmin, e thy 2
(0]
2 P -Xs— Py X Pe F otherwise
Xt _ XS I:( 51 S tl t) el tm|n1i|
— .
! P -Xs— Py X Q22 F if P 0
Ot1, = ( s, Xs— Ft t)‘ *Ftmin e, =
2 Xt Xs a 2 2 ou. = 21374702
L 0 2 2
_ in
! P -Xs — Py X Pe F otherwise
Xt _ XS I:( 52 S t2 t) 62 tm|n2i|
— .
! P -Xs— Py X Q23 F if P 0
Ot1, = ( s, Xs~ Ft t)‘ “Ftmin e,
3 Xt Xs a 3 3 o1y = 704.988—2
L 0 3 2
_ in
! P -Xs — Py X Pe F otherwise
Xt _ XS I:( 53 S t3 t) 63 tm|n3i|
— .
! Ps -Xs— Py -X Q24 F if P 0
G = . . _ . _ . . =
tl4 X — Xs ( 34 S t4 t) a2 tm|n4 e4 ou _Ooooﬂ
o =0.
L 4 .
_ in
! P -Xs — Py X Pe -F otherwise
Xt _ XS I:( 54 S t4 t) 64 tm|n4]
I 2:Q
1 5 . _ . ol ol
oy = (PS Xg— Py xt>— Fimin_| | if Pe =0 ou_:= |0 if (|Prd =0A |P*| =0)
5 Xt — Xg a 5 5 5
L ° oy, Otherwise
- Ps -Xg— P; -X{) = Pe_-Fimin_| | otherwise Ib
Xt — Xg 5 5 5 5 Gt15 = O.OOO—2
- in
— .
= ! P -Xs— Py X Q26 F if Po =0
('Stl6 = Xe— Xs ( S S t t) . tmms 86 - the = 1o if ( P*S =0A P*C — 0)
(0]
_ oy Otherwise
S 6
| (Ps_-Xg — Pt ~xt) - Pe Ftmin ] otherwise b
| X Xs K 6 6 6 6 ot = 0.000—2
— in
2:Q
1 7 . _ . ol ol
ou, = (PS Xg— Py xt>— Fimin_ | | if Pe_=0 ou_ = |0 if (|Prd =0A |P*| =0)
Xt — Xg a 7 7 7
L ° o, otherwise
- Ps_-Xs— P;_ -X{) = Pe_-Fmin_| | otherwise Ib
Xt — Xg 7 7 7 7 th7 = 0000—2
- in
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ExampleE4.18.8-FLOATING TS(AnnexX) from PTB4 18/28
= = ).
! P -Xs— Py X Q28 F if P 0
o = . . — . — . . =
tl8 X — Xs ( 58 S t8 t) tmln8 e8
(- (- ao
1 Ps -Xs— Py %) — Pa -F otherwise
Xe— Xe _( sg' s t8 t) eg tm|n8:|
= = ).
! P -Xs— Py X Q21 F if P 0
lo] = . . — . — . =
t21 X — Xs ( sl S t1 t) tmax1 e1
(- (- ao
1 Ps -Xs— Py %) — Pa -F otherwise
Xe— Xe _( s, "'s t1 t) e tmaxl:l
= = ).
! P -Xs— Py X Q22 F if P 0
lo] = . . — . — . =
t22 X — Xs ( 52 S t2 t) tmax2 e2
(- (- ao
1 Ps -Xs— Py %) — Pa -F otherwise
Xe— Xs _( s, s t2 t) e, tmaxz:l
= = ).
! P -Xs — Py X Q23 F if P 0
lo] = . . — . — . =
t23 X — Xs ( 53 S t3 t) tmax3 e3
(- (- ao
1 Ps -Xs— Py -X Pe F otherwise
Xe— Xs |:( s3'”'s t3 t) e tmaxs]
= = ).
! P -Xs — Py X Q24 F if P 0
lo] = . . — . — . =
t24 X — Xs ( 54 S t4 t) tmax4 e4
(- (- ao
1 Ps -Xs— Py %) — Pa -F otherwise
Xe— Xs _( 5478 t4 t) e, tmax4:|
= = ).
! P -Xs — Py X Q25 F if P 0
lo] = . . — . — . =
t25 X — Xs ( 55 S t5 t) tmax5 e5
(- (- ao
1 Ps -Xs— Py %) — Pa -F otherwise
Xe— Xs _( s 'S t5 t) eg tmaxs:l
= = ).
! P -Xs— Py X Q26 F if P 0
lo] = . . — . — . =
t26 X — Xs ( 56 S t6 t) tmax6 e6
(- (- ao
1 Ps -Xs— Py %) — Pa -F otherwise
Xe— Xs _( Sg 'S t6 t) €6 tmaxs:l
ExampleE4.18.8-FLOATING TS(AnnexX) from PTB4 18/28
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ou, = [0 if ([P =0 |Pd

:o)

Ot otherwise
Ib
Ot = 0.000—2
in

b
otp, = 2086.845—
in

Ib
Gy = —3728.075—
2 .2

In

b
otp, = ~1641.230—
in

_ 0.0002
or, =TT
n
o, = [0 if (lPr] =0~ |P*d =0)
o, otherwise
_ 0.0002
oy = BT
n
o, = [0 if (lPr] =0~ |P*d =0)

ow, otherwise

Ib
Oz, = 0.000—

in
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ExampleE4.18.8-FLOATING TS(AnnexX) from PTB4 19/28
— = Pagel9
1 20,
o = - XS~ (Ps7'Xs - Pt7'Xt> - R 'thax7 if Pe7 =0 o, = 0 if ( Prsl =0nA |P%| = 0)
L L 0 otz otherwise
1 [(Ps_-Xs— Pt %) — Pe_-Fimax_| | otherwise Ib
Xt—Xg L\ 7 7 7 7 Gt27 = 0.000—2
- in
i i 2:Q
l 8 1 —_ i * —_ * -
o2 = || v (Pss-xs— Pt8~xt) - - Fimax || If Pe =0 og = [0 if (|Pr =0 |P*d =0)
L L o otz otherwise
1 [(Ps Xs— Pt %) — Pe_-Fimax_| | otherwise Ib
Xt — Xg L 8 8 8 8 Gt28 = 0000—2
- in
max<5t11 ; thl)\ min<ﬁtlla thl)\
_1432.5\ 2086.8 \ max(ct12,0t22> min(ct12,0t22>
21375 -3728.1 max(ctl ,Gt23> mm(cu ,Gt23>
705.0 -1641.2
max R min >
0.0 Ib 0.0 Ib (th Gt24> (th Gt24>
O = JE— Oin = R o = Gimin =
. 0.0 in2 © 0.0 in2 max max(cstl5 , Gt25> min min<0t15 , GtZS)
0.0 0.0
max(ﬁtl ,Gt2> mII’I(th ,Gtz)
0.0 0.0 6 6
00 ) 00 ) max(0t17»0t27> mi“<0t1750t27>
_ _ max , min ,
1432.5) 1432.5) (Gus Gt28> ) (thg Gt28> )
2137.5 -3728.1
705.0 -1641.2
0.0 Ib 0.0 Ib
Otmax = — Otmin = 1
0.0 in2 0.0 i
0.0 0.0
0.0 0.0
00 ) 00 )

TUBE MAXIMUM STRESS for DESIGN LOADING CASES 1,2,3,4

Ib
= max s , s , in |, in |, in |, i = 3728.1—
OtD_max (|Gtmaxl |5tmax2| |C’tmax3 |5tmax4| |C’tm|n1 |C’tm|n2 |Gtm|n3 |Gtm|n4 ) OtD_max in2
Ib
otaliowd = 1.0-Sip otaliowd = 13350.0—2
in
TUBE MAXIMUM STRESS for OPERATING LOADING CASES 5,6,7,8 b
= max s , s , in_|» in.|» in_| » i =00—
Ot0_max <|Gtmax5 |5tmax6| |C’tmax7 |5tmax8| |C5tm|n5 |Gtm|n6 |Gtm|n7 |Gtm|n8 ) Ot0_max inz
Ib
otaliowo = 2.0-Sip otallowo = 26700.0—2
in
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I := kI

Fsi:=

FSZ =

Fs3 =

FSG =

Fs7:=

Fsg:=

lt =15.375in I’t =

125 if Pe =0

max| 3.25 — .25 (zd
125 if P =0
max| 3.25 — .25 (zd

125 if Pe =0

max| 3.25 — .25 (zd
125 if Pe, =0
max| 3.25 — .25 (zd
125 if Pe_=0
max| 3.25 — .25 (zd
125 if P =0
max| 3.25 — .25 (zd

125 if Pe =0

max| 3.25 - .2
1.25 if Pes
max| 3.25 - .2

L Fg =

Step (b) : check the tubes for buckling

dtz + (dt - 2tt)2
4

20/28

r = 0.238in

otherwise

otherwise

otherwise

otherwise

otherwise

otherwise

Fa) 70 4l 1 stherwise
v 1.787)

F

s2 1.787
Fs3 1.787
Fsa ;8.2\,‘ 1.250

. FS =

Fes 1.787
Fes 1.787
For 1.787

S

1.250 )

Fsg )
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2
2.n°Epp
Ci= |[—— C;=161.043
Sytp t
Fq1 = Si(FSl >2,2, FSl) Fg1 = 1.787
Fop = si(Fs2 > 2,2,Fgy)  Fop = 1.787
Fg3 = Si(FSS >2,2, FS3) Fq3 = 1.787
FS4 = Si(Fs4 >2,2, Fs4) FS4 = 1.250
Fes = Si(Fss > 2,2,Fgs)  Fo = 1.787
Fgg = Si(FSG >2,2, FS6) Feg = 1.787
Fo7 = si(Fs7> 2,2,Fg7)  Fo7 = 1.787
FSS = Si(FSB >2,2, Fsg) FSS = 1.250
. Sytd F) 1 2 Ep
St =Sl Ct > Ft,—- 1-— ,— .
Fe 2:Cy) Fs
Allowable Buckling Stress, S,
~1432.5) 9188.4 )
-3728.1 9188.4
-1641.2 9188.4
0.0 b 13137.6 | |p
— Stp = —
00 |, 9188.4 | .
0.0 9188.4
0.0 9188.4
00 ) 13137.6)

if o4 <0 or o, <0

%)

Fy

2

It
Ft =— Ft = 64.699
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UHX 14.5.10 [Step 10] Determine the shell stresses

a) shell membrane stress

2 2
a

~[Pe + (psz - 1)~(Ps— Pt)] +(D;

st

g
(Ds+1s)ts

0-Pg otherwise

Osm = -P; if (Config = "a" v Config = "b" v Config = "c")

0.000)
0.000
0.000
0.000 | |p
0.000
0.000
0.000
0.000 )

Osm =

SHELL MAXIMUM MEMBRANE STRESS for DESIGN LOADING CASES 1, 2,3, 4

Ib Ib
= max =0— =S =0.0—
SsmD (|Gsml| > |Gsm2| > |Gsm3| > |Gsm4|> SsmD 5 OsallowD sD OsallowD 5
in in
SHELL MAXIMUM MEMBRANE STRESS for OPERATING LOADING CASES 5,6,7,8
Ib Ib
OsmoO = max(|csm5| > |Gsm6| > |Gsm7| > |Gsm8|> OsmoO = 0-0_2 OsallowO = Spss  OsallowO = 0-0_2
in in
b) shell bending stress lsmin = 1.8~,/ Dg'ts  lgmin = 0.000in
2 3 ,
ok Bs| 85 Ps+ % p*\+6'(1—V*2) aO\(lehS\ P (Z +Z Q)+ 2 ZnQ
Ogsh ‘= | Ps| 0s'Fs Plg A——|—— — | Pe\&vt&m Q1) t ——4m Q2
Sl A= VLY
0.000) 0.000)
0.000 0.000
0.000 0.000
0.000 | |p ) total shell st <| | | | 0.000 | |p
Gep = — c) total shell stress . = (o] + |o Gu = -
* " o000 | 2 AT RSO T 0,000 | 2
0.000 0.000
0.000 0.000
0.000 ) 0.000 )
SHELL MAXIMUM STRESS for DESIGN LOADING CASES 1,2,3,4
Ib Ib
OsmaxD ‘= max<551’552a5535554) Gsmaxp = 0.000— Gsallowd = 1.5-Sgp OsallowD = 0-0_2
in in

SHELL MAXIMUM STRESS for OPERATING LOADING CASES 5,6,7,8

Ib
Osmax0 = max(csss, Gs6a 057, Gs8> Ssallowo = Spss GsallowO = Spss OsallowO = 0-0_2
in
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UHX 14.5.10 |§tep 10| Determine the channel stresses

0.000)
a) channel membrane stress: 0.000
L2 0.000
Gem = |-————P, if Config ="a" v Config = "e" v Config = "f" v Config = "A" | 0000 | Ib
(DC-HC)-'[C Ocm = 0.000 |n2
0-P; otherwise 0.000
0.000
0.000 )
b) channel bending stress:
) " lemin == 1.8:/Dete lemin = 0.000in
2 3 ,
6 kel Bo 5P ac P*\ 6-(l—v*2) Qo ) (1 he) b (Z 70 ) 2 2.0
Gcb :: —_— C. C. C. t+ c —_— o ——™ . +_ . e. V+ m. 1 +_. m. 2
S T Y
0.000) 0.000)
0.000 0.000
0.000 0.000
~ 0.000 | |p 0.000 | 1b
°cb = 5000 | 2 c) total channel stress: o¢=(|oom| + |ow|) oc= —
n 0.000 in
0.000 0.000
0.000 0.000
0.000 ) 0.000)
CHANNEL MAXIMUM STRESS for DESIGN LOADING CASES 1,2,3,4
| Ib
ScmaxD = max<0c1a0czacc3acc4) ScmaxD = 0-000_2 Scallowd = 1.5-Scp  Scallowd = 0-0_2
in in
CHANNEL MAXIMUM STRESS for OPERATING LOADING CASES 5,6,7,8
= max —OOOOI =S —00Ib
Ocmax0 = (GCS’G%’GC?’GCB) Ocmaxo = Y- 2 OcallowO = ¥PSc  OcallowO = Y- 5
in in
ExampleE4.18.8-FLOATING TS(AnnexX) from PTB4 22/28
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_UHX13.7 Simplified Elastic Plastic Procedure

Calculation procedure for the effect of plasticity at the tubesheet, channel or shell joint.

This procedure applies only to Configurations a,b,c and Design Loading Cases 1,2,3,4
in the following conditions: -for integral shell (config. a,b,c) when 1.5S ;<o < Spg 5

-for integral channel (config. a) when 1.5S <o, < Spg

S* min(s SPSS\
s = ysD>—
2 )
Ib
$*s = 0.000—
in
1.400)
1.400
1.400
0.4-ogp| ) 1.400
factyy = |14 - ——— factg, =
S*q 1.400
1.400
1.400
1.400)
min(facts\,l , l)\
min(factsvz , 1) 1.000)
facts = min( facts, , 1 facts = 000
( Vg ) " |1.000
min( factg, ,1 1.000
Ga) /

Calculate reduced values of Eg and E_ for each loading case:

1.0000x 10°)

E*SD = EsD-factS E*SD =

1.0000x 10° | in®

1.0000 x 10°)

From Step 2, recalculate:

1.0000 x 100 b

0.0000)
3
E*sp-t 0.0000
kks = pg——rx kks= 0.0000 Ib
6-(1 - Vg ) )
0.0000 )
0.0000)
3
E*pte 0.0000
kke = Be: kke = 0.0000 Ib
6-(1 - Ve ) )
0.0000 )

ExampleE4.18.8-FLOATING TS(AnnexX) from PTB4

SPSC\\

St = min(sch,T

)

Ib
S*¢ = 0.000—

In

0.4- o] )

facte, == [1.4 -
S* )

min(factcv

1))
: 1)
min(factcvs , 1)

!

mi n(factc\,4 ,

1

min(factcv

N

fact; =

)

E*CD = EcD-factC E*CD =

Mg
h° 2)
6D, b2
Mg =——KkKe|1+hoc+—
h3

23/28
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1.4)
1.4
1.4
fact L4

CV — 14
1.4
1.4

1.4)

1.000)

1.000
fact, =

1.000

1.000)

1.000x 10°)

1.000x 10° | in®

1.000x 10°)

0.0000)
0.0000 | Ip
0.0000 | ;2
0.0000 )

0.0000)
0.0000 | Ip
0.0000 | ;2
0.0000 )

1.000x 10° | |p
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From Step 4, recalculate:
0.074)
1-v* 0.074
Fi= (2hs+ A + EpIn(K)) F=
E* 0.074
0.074)
0.020)
—_—
0 ps—1-0-Z,) o 0.020‘
e v ez, ) * 7 0.020
0.020)
From Step 6, recalculate P, P,;.,, and P .
P P
. )
P P
S F
Pse Pie =
Ps P,
P P
54) t4)
ExampleE4.18.8-FLOATING TS(AnnexX) from PTB4
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W =

0.097))
0.097
O:=(1+v)F &=
0.097
0.097)
W) 26225.000)
W, . 0.000 ‘l
Wy - | 26225.000
W, | 0.000 )
Pe,)
~150.000)
Pe
2 250.000 | b
= P = —
Pe, 100.000 |
0.000
Pe J
4)
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in

From Step 7, recalculate Q, ,Q5 , F, and the tubesheet bending stress for load cases 1, 2, and 3
b ~10.170)
(m*s' Pse — 0% Pte) + E'W* 16.950
Qo= Q=
1+®-Zy 6.780
0.000 )
—\> 0.0213)
2.Q',
Q3:=| Qe+ ) 0.0213
D2 Q3=
Pe-ao ) 0.0213
0.0205 )
Fmi():= [0 if P =0
Q) + Q3 -Qm(¥) Fmlj = |F ()| Fmy == max(Fml)  Fyy = 0.075
otherwise
2
Fm2(9 := [0 if P =0
Q) + Q3 Qm(¥) Fm2; = |F ()| Fimz = max(Fm2)  F'yp = 0.075
otherwise
2
Fms() := [0 if Pe =0
Q) + Q3 Qm(¥) Fm3; = |Fg(x))| Fimg = max(Fm3)  F3 = 0.075
otherwise
2
Fma() := [0 if P, =0
Q) +Q3, Qm(¥) Fma; = |F ()| F'mg = max(Fm4)  F', = 0.000
otherwise
2
Fimg ) 0.075)
- Fim2 . |0.075 ‘
SR = ™ 10.075
Fna ) o )
Tubesheet Bending Stress for the Elastic-Plastic Solution
-9488.014 )
2
1.5F, (24, ) o 15813.357 | |b (o). |2l 4] 15815.357.12
c = . -P' = — c' =max| |c'1|, |o'9|, |’ c' = .357—
w (h-hg) © 6325343 | 2 max H-1mal-es max 2
0.000

ExampleE4.18.8-FLOATING TS(AnnexX) from PTB4
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Ib
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UHX13.9 Simply Supported Tubesheet Procedure

This procedure applies only when the TS is integral with the shell or channel,
i.e.:

- shell of configurations a, b or c

- channel of configuration a

To perform this calculation, use the option : [SS=¥No*

Calculation must be performed in 2 phases :

Phase 1) Perform Steps 1 to 11 with SS="NON" (normal calculation) with the following modifications in Step 11:

- minimum length requirement |
- minimum length requirement |

of shell band for configurations a,b,c do not apply
of channel band for configuration a do not apply

smin

cmin

if oy < Spss and o, < Spg . . the shell and/or channel designs are acceptable.
Otherwise increase the thickness of the overstressed components (shell and/or channel) and return to Step 1.

Phase 2) Perform Steps 1 to 7 using SS="0OUI" (Simply Supported calculation) for loading cases 1,2 and 3 only

If |o] < 1.5S, the calculation procedure is complete.
Otherwise, increase the assumed tubesheet thickness h and repeat Steps 1 to 7.

Note: If |6|<1.5S , the tubesheet thickness can be optimized to a value h , till |6|=1.5S
provided that, for that optimized thickness h,, the stresses in the tubesheet,shell and channel
, calculated by the normal calculation (see Phase 1), remain respectively below Spg Spg g, Sps ¢
for each of the 8 loading cases.
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Determination of effective elastic properties :

From figure UHX-11.2 - Polynomial equations for the determination of E*/E and v* for triangular pattern

Equations for E* for triangular pitch

0.0353 1.2502 -0.0491 0.3604 —0.6100)
0.0135 0.9910 1.0080 -1.0498 0.0184

E*TriPitch := I
0.0054 0.5279 3.0461 -4.3657 1.9435 V*TriPitch :=

-0.0029 0.2126 3.9906 -6.1730 3.4307)

—-0.0958 0.6209

0.8897 -9.0855
0.7439 -4.4989
0.9100 -4.8901
0.9923 -4.8759
0.9966 -4.1978

-0.8683 2.1099

36.1435 -59.5425
12.5779 -14.2092
12.4325 -12.7039
12.3572 -13.7214

9.0478 —-7.9955

From figure UHX-11.3 - Polynomial equations for the determination of E*/E and v* for square pattern

Equations for E* for square pitch
0.0676 1.5756 -1.2119
0.0250 1.9251 -3.5230
0.0394 1.3024 -1.1041
0.0372 1.0314 -0.6402

1.7715 -1.2628)
6.9830 —5.0017
2.8714 -2.3994
2.6201 -2.1929 )

* i —
E*SquPitch := v*SquPitch =

Elay := si(Layout > 0, E*SquPitch, E*TriPitch)

2 3 4
= \Elays, 1 + Elay, p-pu* + Elays 3-0* +Elays 4-p* + Elay, 5-p* ) Ep

2 3 4
<E|aY1,1 +Elay; »-u*+Elay; 3-u* +Elay; 4-u* +Elay; 5-p* ) Ep
2 3
(E|aY2,1 +Elayp 2-u* + Elayp 3-u* +Elayp 4-u* +Elayp 5-p*

E*l .
E*Z .
* * *2 *3 *4
E 3= Elay3,l + Elay3’2-p. + Elay3’3~u + Elay3’4-p. + Elay3,5-p ED
E*4 .

—-0.0791 0.6008

0.3345 -2.8420
0.4296 -2.6350
0.3636 -0.8057
0.3527 -0.2842
0.3341 0.1260

IS

)€

-0.3468 0.4858

10.9709 -15.8994
8.6864 -11.5227
2.0463 -2.2902
0.4354 -0.0901

-0.6920 0.6877

b
E*, = 13953749.014—2

in

b
E* = 13101749.670—2

in

b
E*3 = 12259057.430—2

-1.6831)
35.8223
5.7822
4.4298
5.7629
2.2398 )

~0.3606 )
8.3516
5.8544
1.1862
-0.1590
~0.0600 )

in
E*l\ ﬁ =175 E*, = 10634573.132 Ib
E*, P 01) —4° Py
interE* := For h/p lower than 0.1,use h/p = 0.1 . 0.95 In
E*3 For values of h/p higher than 2, use h/p =2.0  hpratio :==| _ ‘
Ex Otherwise perform a linear interpolation :
4)
2.0 )
(h (h . . o h))) Ib *
E* = si| — > 2,E*,4,si| — < 0.10, E*y, interplin| hpratio, interE*,— E* = 10905320.515— = 0.4039
p p p))) 2 Ep

vlay := si(Layout > 0, v*SquPitch, v*TriPitch)

v¥q = viayg 1 +viayg p-p*+ vlay1’3~p*2 + vlay1’4-p*3 + vlay1’5-p*4 v*1 = 0.098
V¥ = vlay, g+ viayy o-p* + vlay2.3~p*2 + vlay2.4-p*3 + vlay2.5-p*4 v¥y = 0.138
v¥3 = viayz 1 +viayz o-p*+ vlay3’3~p*2 + vlay3’4-p*3 + vlay3’5-p*4 v¥3 = 0.192
V¥4 = viayy 1 +viayg o-p* + vlay4’3~p*2 + vlay4’4-p*3 + vlay4’5-p*4 v¥4 =0.242
Vg = viays 1 + viays o-p*+ vlay5’3~p*2 + vlay5’4-p*3 + vlay5’5-p*4 v*g = 0.290
V¥g := viayg 1 + vlayg o-p* + vlay6’3~p*2 + vlay6’4-p*3 + vlay6’5-p*4 v*g = 0.314
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* 0.1
v 1\ \
0.15
V2 h For h/p lower than 0.1,use h/p = 0.1 . 0.95
Vg —=1.75  For values of h/p higher than 2, use h/p = 2.0 hpratio :=|
intery := p Otherwise perform a linear interpolation : 0.50
Via 1.00
Vs 2.00)

v¥s )
h )

h h
V¥ o= si(— > 2,v*5,si(— < 0.10,v*1,interplin(hpratio, interv,— v* = 0.308
p p

p)))
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PTB-7-2014: Criteria for Shell-and-Tube Heat Exchangers According to Part UHX of ASME Section VIII
Division 1

ANNEXY — UHX-12 — EXAMPLE E4.18.4 (PTB-4 2013 EDITION)

The U-tube heat exchanger is to be designed with the tubesheet construction in accordance with
configuration as shown in VIII-1, Figure UHX-12.1, Configuration e.

The shell side design condition is 650 psig at 400°F.

The tube side design condition is 650 psig at 400°F.

The tube material is SA-179 (K10200). The tubes are 0.75 in. outside diameter and 0.085 in. thick
and are to be expanded for the full thickness of the tubesheet.

The tubesheet material is SA-516, Grade 70 (K02700) with a 0.125 in. corrosion allowance on the
tube side and no pass partition grooves. The tubesheet outside diameter is 37.25 in. The tubesheet
has 496 tube holes on a 1.0 in. square pattern with one centerline pass lane. The largest center-to-
center distance between adjacent tube rows is 1.375 in., and the radius to the outermost tube hole
center is 12.75 in.

The diameter of the shell gasket load reaction is 32.375 in., the shell flange bolt circle is 35 in., and
the shell flange design bolt load is 656,000 Ib.

The channel material is SA-516, Grade 70, (K02700). The channel inside diameter is 31 in. and the
channel thickness is 0.625 in.
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U-TUBE TUBESHEET RULES according to UHX-12 (July 2013 Edition)
Example E4.18.4 (PTB-4 2013 edition) : U-Tube Tubesheet configuration "e"

1 - GEOMETRIC Data (from Fig.UHX-14.1)

Configuration types: a, b, c,d, e, f

Types of Operating Conditions

x=1 NORMAL  operating condition
x=2 STARTUP operating condition

x:=1 x=3 SHUTDOWN operating condition Config :=
x=4 UPSET operating condition
x=5 CLEANING operating condition
x=6 OTHER operating condition
Tubesheet Data (from Fig.UHX-14.1)
h := 3.5:in Tubesheet thickness
L N For triangular pitch : "Layout"=0
ayout:= For square pitch  : "Layout"=1
lo := 12.75-in Radius to outer tube
A := 37.25-in Outside Diameter of Tubesheet
C := 35-in Bolt Circle Diameter
Cp = 80.1in Perimeter of the tube layout
Ap = 510.7-in°  Total area enclosed by Cpo
A, = 36.0938in° Total Untubed Lanes Area
c¢ == 0.0:in Tubesheet Corr. Allow. (Tubeside)
Cg := 0.0-in Tubesheet Corr. Allow. (Shellside)

hg := 0.0-in Groove depth

"a" for shell/channel integral both sides
"b" for shell integral, channel gask - TS extended
"e" "c" for shell integral, channel gask - TS not extended
"d" for gasketed both sides
"e" for channel integral, shell gask - TS extended
"f* for channel integral, shell gask - TS not extended

Tube Data (from Fig.UHX-11.1)

p :=1.0-in
N; := 496

d; := 0.75:in
t := 0.085-in
p:=1.0

lix := 3.5:in

Tube Pitch
Number of Tubes

Tube OutsideDiameter

Tube Thickness
Tube expansion depth ratio

Length of Expanded Portion of Tube

Shell Data (from Fig.UHX-12.1)
Ds := 0-in Shell ID
ts:= 0.5-in Shell Thickness away from TS
Gs = 32.375:in  Shell Gasket Diameter
Gy :=0:in Shell Contact mid-point TS/Flange

Cgs:=0.0:in Shell Corrosion Allowance

Corroded thicknesses:

h:=h-cg-c; Tubesheet thickness h =3.500in
tg :=tg— Cq Shell Thickness away from TS t; = 0.500in

Channel Data (from Fig.UHX-12.1)

D¢ :=31.0:in

t. := 0.625-in
G = 0-in

Gy :=0:-in
C;:=0.0:in
CHAN :="CYL"

Channel ID

Channel Thickness

Channel Gasket Diameter

Channel Contact mid-point TS/Flange
Channel Corrosion Allowance

"CYL" for Cylindrical Channel

"HEMI" for Hemisherical Channel

Corroded diameters:

Dg:= Dg+2-Cg Shell ID Dg = 0.000in

D¢:=D¢+2:C., ChannelID D;=31.000in

t. ==t - Cg Channel Thickness t. = 0.625in
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2 - Design (D) PRESSURES data (from UHX-12.3

Maximum and Minimum DESIGN PRESSURES (D)

Ib Ib . : .
Psb_max = 890.0— 1 ximum Shellside Design Pressure Ptp_max := 650.0-— maximumTubeside Design Pressure
n n
Psp_min = o.0~|—b2 minimum Shellside Design Pressure PiD_min = o,o._2 minimum Tubeside Design Pressure
in in
DESIGN PRESSURES P and P, ( from Table UHX-12.4-1)
Psp_min ) 0.000 ) Pto_max | 650.000
o Psb_max 650.000 | b Pto_min 0.000 | Ip
" | Psp_max ° |es0.000 |, 2 " P max " 650,000 | 2
Pso._ min ) 0.000 ) P, min J 0.000 )

-650.000 )
650.000 | |p
0.000 | 2
0.000 )

Pe:=Ps—P; Pg=
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set Farenheittemp. degF := R 3 - TEMPERATURE Data

T4 := 70-degF Ambiant temperature
Tubesheet T:=400.0-degF Tubesheet Design Temp.

Shell Ts := 400.0-degF Shell Design Temp. Channel T, := 400.0-degF Channel Design Temp.

4 - MATERIAL Data

TUBESHEET Material is SA-516/gr70

S = 20000.0~£ TS allowable stress @ T E:=27.7 106-£ TS elastic modulus @ T
in2 in2
Ib
S, = 22000.0-—2 TS allowable stress @ T,
in

TUBE Material is SA-179
Ser = 13400~|—b2 Tube allowable stress @ T Egt = 27.7- 106-|—b2 Tube elastic modulus @ T
in in

SHELL Material is SA-516/gr70

Ib
= — +
Sg = 20000.0- Ib Shell allow. stress @ Ts Spgs = 65000.0 > Shell allowable P+S stress @ TS
.2

in
in
6 Ib Ib .
Eg:=27.7:10— Shell elast mod. @ T Sys = 32500.0— Shell yield stress @ T
in in
vg:=0.3 Shell Poisson’ ratio
CHANNEL Material is SA-516/grade70
Sei= 2oooo,o.£ Channel allow. stress @ T, Spgc = ssooo_o.ﬁ Channel allowable P+S stress @T,
in” in®
6 Ib Ib .
E.:=27.7.10 -—  Channel elast. modulus @ T, Syc = 32500.0.—  Channel yield stress @ T,
in” in®
ve:=0.3 Channel Poisson's ratio

ExampleE4.18.4-U TUBE TS(AnnexY) from PTB4

367



Copyright © 2014 by the American Society of Mechanical Engineers.
No reproduction may be made of this material without written consent of ASME.

%)

ExampleE4.18.4-U TUBE TS(AnnexY) from PTB4 4/16

5 - Flange BOLT LOADS data (from Table UHX-8.1

Maximum and Minimum Flange DESIGN BOLT LOADS Flange BOLT LOADS for GASKET SEATING Condition

W35 = 656000.0-1b Shell flange Design bolt load W := 656000-Ib Shell flange bolt load for Gasket Seating

Channel flange Design bolt load W, :=0.0-lb Channel flange bolt load for Gasket Seating

Wmlc :=0.0-1b

Winimax == MaX(Wm1s: Wmic) Wmimax = 656000.01b Winay := max(Ws, W) Wmay = 656000.01b

Determination of EFFECTIVE BOLT LOAD W* for each Configurationa,b,c,d

Configuration a Configuration b and ¢ Configuration d Configuration e and f

0.01b) Winie) Wiie ) 0.0-1b)
.0-1
* = 0.0-lb 0.0-b Whis Wmis
0.0:1b W = Wy = W =
WmlC Wmlmax Wmls
0.0-lb)
0.0-lb) 0.0-b ) 0.0-lb)
Wre = Wy W= W
W+ .= [W*, if Config="a" 0.000 \
W*, if Config = "b" v Config = "c" 656000.000
= b
W+q if Config = "d" 656000.000
W+ if Config = "e" v Config = "f" 0.000 )

Minimum required thickness h of the TS flanged extension (from UHX-9)

Gasket moment arm

For flanged Configurations b , d (extended as a flange) , e

from UHX-9.5a

LOWme )
hg, |[——— )

For unflanged Config.c , f

hg = 17.500in

For unflanged Config.d , C

See UHX-9.5b See UHX-9.5¢

1.9W,
hp = max| |———. he hyp = 5.804in
S-Gg S-G,
L.OW,
heg = ‘hg hyg = 0.000in
G Sa'Gc G G

he := max(hyp.hyg) hy = 5.804in
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Start of Calculations

UHX-12.5.1 Etep 1| Determine Do, u, p* and h'g from UHX-11.5.1 :
Do:=2-To+d; Dg=26.250in

Eqr) ((Sir) _
d* = max| dy - 2-ty| — | — -p.(d;-2t)| d*=0.636in

EJ\s)
* . p * 1
p* = p* = 1.035in
4-min(A_,4Dy-p)
1-—
2
n-Dg

p—dt p* —d*

W= u = 0.250 u* = - u* = 0.385
p p

UHX-12.5.2 Etep 2| Calculate coefficients p. and p. and moment M,

D
pgi= D—s if (Config ="a") v (Config = "b") v (Config = "c")
o
ps=1.233
G
D—s if (Config ="d") v (Config = "e") v (Config = "f")
o
D
pci= D—c if (Config ="a") v (Config = "e") v (Config = "f")
o
pc=1181
G
D—c if (Config = "b") v (Config = "c") v (Config = "d")
o
~12129.924)
2
Do 2 2 16467.238
Mrs = T '|:(Ps_ 1)~(ps + 1)'Ps_(Pc_ 1)'(Pc + 1)~PJ Mrs = 4337314
0.000 )
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UHX-12.5.3 Etep 3| Determine E*/E and v* relative to h/p from UHX-11.5.2

h E* 7 Ib .
— =3.500 u* = 0.385 —=0.441 E*=1.222x10 — v* =0.318 ( From right pages above )
P E in

UHX-12.54 Etep 4| Calculate coefficients shell and channel parameters:p, k., A, § and o :

Ets 0 K. = —Ec'tf k. = 5.064x 10° Ib
Ps———— Ks=0x10"1b °"B°'6(1 2) o= 2EREx
6.(1—\/5) A\t Ve
h'.:=h h'. = 1.431
h's:=h-Bs h's=0.000 ¢ Be e 3
, 2 , 2
6-Ds L ) o Ib 6-Dc¢ Che ) 6 Ib
ho=——ke| L4 s+ — he=0x10 — hoi=——ke| L+ g+ —— ho=7591x 10" —
h 2 j in h 2 j in

0= pyksBsds (1 + ) g = 0.000in’ 0c = pokeBede(Ll+h) o = 7.013in’
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UHX-12.5.5 Etep 5| Calculate diameter ratio K and coefficient F : K:= A K=1.419
_1 . O
Fo= E*V (hg+ o+ E-In(K))} if (Config = "a")
S
E*V (hs+ E-In(K))} if (Config = "b") v (Config = "c")
S
E*V -(E-In(K))} if (Config = "d") F=0.964
S
M (R + E-In(K)):| if (Config = "e") v (Config = "f")
E*
0 otherwise

UHX-12.5.6 Etep 6| Calculate moment M* acting on the unperforated TS rim :

M* = (MTS + 0Py - 0g Ps) if (Config = "a")

C-G. )
Mrs — 0g-Pg — -W* if (Config = "b")
7-Dg
Gi-Ge ) o
Mrs - og Ps——D'W* if (Config = "c") ~7571.674)
onn O
26907.802
Gc-Gs \\ M* =
Myg + ———W* if (Config = "d") 19336.128
.TE. 0
0.000
C-Gs )
Mts + 0 Py + -W* if (Config ="e")
-Dg
G1-Gs ) .
Mts + 0o Py —— W* if (Config = "f")
.T[o DO

Olb otherwise

UHX-12.5.7 Etep 7| Calculate the max bending moments M:; (at the periphery) , M (at the center) :

2
- Do - (Pe—P) 3017.568 , ~20202.132)
" 32 s Tt 6825.214‘|b o Do (35 v).p | _ | 30044.013
= = = +——(3+ VY- =
P 1+F P |9842.782 o TP 6 © ® | 9842.782
0.000 ) 0.000 )
max( Mc,1 , Mpl )\
20202.132)
max( |Mo_| . [Mp
" 2 2 30044.913
mee max( Mo_| . [Mp ) T | 9842782
3 3
0.000 )
max( Mo |- [Mp )
4 a))
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0.000 )
656000.000
656000.000 ‘ |

0.000 )

W*

Summary :
3017.568 )

6825.214 ‘ N
9842.782
0.000 )

0=

Mrs =

~12129.924)

16467.238
Ib

4337.314
0.000 )

-20202.132)

30044.913
Ib

9842.782
0.000 )

UHX-12.5.8 Calculate the tubesheet bending stress o

Effective Groove depth h := maX(hg -0 h'g = 0.000in

a) Maximum tubesheet stress for loading cases 1,2,3,4

6-M

pe:(h = hig)”

o =

omas = max( o] [e2] o] o]

Callow = 2-S

Tubesheet_bending_Design := if(Gmax > Ogliow> NOT OKAY" ,"OKAY")

b) Minimum required thickness of the TS flanged extension
for configurations b and e:
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hmin

25669.
38175.
12506.

0.00

h-hg)
h-hyg

h-hyg

-

233)
669 | Ib
4351, 2

o )

Ib

Omax = 38175.7—

in
Ib

Sallow = 40000.0—

n

L.OW, C_ G,
SG.

1.9W, C- Gq
SGs 2

0-in otherwise

—7571.674)

26907.802
Ib

19336.128
0.000 )

20202.132)

30044.913
Ib

9842.782
0.000 )

3.5000 )
3.5000 |
3.5000 |
3.5000 )

hmin =

Tubesheet_bending_Design = "OKAY"

if Config = "b"

if Config ="e"

n

h; = 1.589in
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UHX-12.5.9 Calculate the maximum tubesheet shear stress

2010 results (for information only)

4736.294)
1) 1 Ap\m 4736.294 | |p
Y S Y
0.000 )
H
Tmax = max( ‘rl) Tmax = 4736.3|—b2
in

Ib
Tallow := 0.8:S 10w = 16000.0—2

n
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UHX 12.5.10 |§tep 10| Determine the shell stresses

a) shell membrane stress

Ib
2
n
Ib
0— ) 0.000)
in Dg
Ozer0=| osm= ||——=—Ps| if (Config ="a") v (Config ="b") v (Config ="c") ~ __ 0.000 | Ib
0P 4-t5-(Ds+ts) sm 0.000 in2
in2 Gzero Otherwise 0.000 )
Ib
0-—
in )
b) shell bending stress:
, 2
® kol posP.6 v Doy hS\M Do P\
fe] [ J— . . . +600 . 4 —_ 4 —_—
sbb tz S s'0s' Mg Ex h3 2} p 32 e}
S
0.000)
ogp = |ogpp If (Config = "a") v (Config = "b") v (Config = "c") 0.000 | |p
Gzero Otherwise osb = 0.000 m_z
0.000)
0.000)
T 1R 0.000 | Ib Ib
c) total shell stress: Cg = ( |Gsm| + |Gsb|) Cg = — Gsmax = max(cs) Gsmax = 0.0—
0.000 in2 in2
0.000)

Gsallow := 1.5-Sg Gsallow = 30000.0—2
in

Shell_design := if(osmax > Gsallows "NOT OKAY" ,"OKAY")  Shell_design = "OKAY"

Note :If the shell stress is greater than o ,,.s: PUt is less than Sy, then Elastic/Plastic procedure "EP" can be used
Ib
Spss = 65000—
in

EP_shell := if(csa”ow < 6smax < Spss, '"EP may be applied" ,"EP procedure is not applicable")

EP_shell = "EP procedure is not applicable"
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UHX 12.5.10 Etep 10| Determine the channel stresses

a) channel membrane stress:

D2 7900.711)
oem = ||————P¢| if (Config ="a") v (Config = "e") v (Config = "{") 0.000 b
4t (D¢ + 1) o = b
. 7900.711 1. 2
Gzero Otherwise )ln
0.000
b) channel bending stress:
, 2
® k| (BedePy) 61 D°(1+h°\ Mg+ 20 P\
Ocbb = —— K¢ c'OcFt — — | Mpt—Fe
2 S 2) 2 ) 54418.403 )
tc
oeh = |oepp if (Config ="a") v (Config = "e") v (Config = "f") o —-56955.170 | Ib
b = —
Gero Otherwise —2536.767 12
0.000
c) total channel stress:
62319.114)
(| | | |) 56955.170 | |p ( ) 62319.1 b
Cc =1\ |0 + |o O = —_— (e3 = max|c (e} = o=
Cc cm cb Cc 10437.478 inz cmax C cmax inz
0.000 ) b
Ocallow = 1'5'80 Gcallow = 30000.0—2
in

Channel_design := if( ¢max > Gcallow "NOT OKAY" ,"OKAY")  Channel_design = "NOT OKAY"

Note : If the channel stress is greater than o, butis less than Sp¢, then Elastic/Plastic procedure "EP" can be used
Ib
Spsc = 65000—
in
EPchannel := si(cca”ow < 6¢max < Spsc, 'EP May Be Applied" ,"EP is not Applicable")
EPchannel = "EP May Be Applied"

Ib b
0-—2 1~—2
in in
Ib b
0-—2 1~—2
in in
(e} = (e} =
zero b zerol b
0-—2 1~—2
in in
Ib b
0-—2 1~—2
in ) in )
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GS:

og =

GS:

E*g = (Eg

12/16

UHX13.7 Simplified Elastic Plastic Procedure

Calculation procedure for the effect of plasticity at the tubesheet, channel or shell joint.

This procedure applies only to Configurations a,b,c and Design Loading Cases 1,2, 3,4
in the following conditions: -for integral shell (config. a,b,c) when 1.5S ;<o < Spg 5

-for integral channel (config. a) when 1.5S <o, < Spg .

0.000) 62319.114)
0.000‘ b b 56955.170 | |p S 65000 b
_ G = _ - _
0.000 | 2 Spss=65000— " |10a374781 2 7% 2
0.000)) n 0.000 )
og if (Config ="a") v (Config = "b") v (Config = "c") o.:= |oc if (Config ="a") v (Config = "e") v (Config = "f")
Gzero1 Otherwise Gzero1 Otherwise
1.000) o5, = |os, it o5 #00 62319.1) oc, = |oc, i o #00
1.000 | b b 56955.2 | |b b
_ G = _
1.— otherwise ¢ 1.— otherwise
1.000 inZ in2 10437.5 in2 in2
1.000) , 00 ) ,
= if # 0.0 : if # 0.0
Cs 032 c552 Gcz 002 c5c2
b ) Ib .
1-—2 otherwise 1-—2 otherwise
in in
= if + 0.0 : if + 0.0
053 033 033 003 GC3 GC3
b ) Ib .
1-—2 otherwise 1-—2 otherwise
in in
= if + 0.0 : if + 0.0
054 034 034 GC4 GC4 GC4
b ) Ib .
1-—2 otherwise 1-—2 otherwise
in in
3 1.000) 62319.114)
15-S
°if (Config = "a") v (Config = "b") v (Config = "c") o - 1.000 | b o - 56955.170 | b,
Os °* |1o00l, 2 ° | 10437478, 2
Gzero OtherWise 1000) 1000 )

min(E*sl, Es)\
0.000)
min( E*g ,Eg
2 0.000 | Ib
. . E*s = _2
mln(E SS,ES> 0.000 I,
min(E* ,E 0.000)
(Fers))
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. . .
From step 4 : Etg o e
kS = BS—Z —6<1 ~ 2)
o c
5)
0.000x 10° 3.514x 10
5
o _ | 0000 10° - 3.676x 10
s” 5
0.000 x 10" 5.064 x 10
5
0.000x 10°) 5.064x 10° )
2
6-D h' 2\\ ’ 6-Dg b \\
hg = ® ke 1+hg+ > Ae= kel 1+ he+ )
S~ S
h 2 ) h
6)
0.000x 10° 5.267 x 10
6
, | 0000 10° | b o 5509 10° | Ip.
s” 2 6|. 2
0.000x 10° | in’ 7.591x 10° | in
6
0.000x 10°) 7.591x 10° )
S
From step 5: Fi= *V (hgthc+ E.In(K))} if (Config = "a")
—7572) L E
(1w ) ) . _ o
M* = 26908 = -(ks+ E~In(K))} if (Config ="b") v (Config = "c")
19336 5
1—v*
0 ) E*V -(xc + E-In(K))} if (Config = "e") v (Config = "f")
0 otherwise
_—
From step 7: 2
e 2 F-Pe 24L578) -20978.122)
. 2
Mp = 32 Mp 8133731 ‘ " " Do (34+v9)-P 31353.430
= +— (3 + V) =
o s e LT a4 °] 7° | ssaz2782
0.000 ) 000
max( |[M | .M, )\
<| R 20978.122)
M= max<|Mpz|7 Moz) ’ M = | 31353.430 | Ib
max<|Mp | Mo ) 9842.782 )
3 3))
26655.222)
6-M b b
From step 8 : o= ———— o=|30838.297 | — Omax = Max(c) Omax = 39838.297—
e (h =) 12506.435) In in

PTB4 13/16
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UHX12.6 Simply Supported Tubesheet Procedure

This procedure applies only when the TS is integral with the shell or channel, i.e. :
- shell of configurations a,b,c

- channel of configuration a,e,f

Calculation must be performed in 2 phases :

Phase 1) Perform Steps 1 to 10 with SS="NON" (normal calculation) with the following modifications in Step 10:

- minimum length requirement |
- minimum length requirement |

of shell band for configurations a,b,c do not apply
of channel band for configurations a,e,f do not apply

smin

cmin
if oy < Spss @and o, < Spg . the shell and/or channel designs are acceptable.

Otherwise increase the thickness of the overstressed components (shell and/or channel) and return to Step 1.

Phase 2) Perform Steps 1 to 7 using SS="0OUI" (Simply Supported calculation) for loading cases 1,2 and 3 only

If |o] < 1.5S, the calculation procedure is complete.
Otherwise, increase the assumed tubesheet thickness h and repeat Steps 1 to 8,
using in Step 7 : M=|M,|
Note: If |6|<1.5S , the tubesheet thickness can be optimized to a value h g till |6|=1.5S
provided that, for that optimized thickness h,, the stresses in the tubesheet,shell and channel
calculated by the normal calculation (see Phase 1), remain respectively below Spg Spg ¢, Sps ¢

for each of the 7 loading cases.
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Determination of effective elastic properties :

—-0.0958 0.6209

Equations for E* for triangular pitch

0.0353 1.2502

-0.0491 0.3604 —0.6100)

0.0135 0.9910 1.0080 -1.0498 0.0184 v*TriPitch =
E*TriPitch :=

0.0054 0.5279 3.0461 -4.3657 1.9435

—-0.0029 0.2126 3.9906 -6.1730 3.4307}

Equations for E* for square pitch

0.0676 1.5756 -1.2119 1.7715 —1.2628\

0.0250 1.9251 -3.5230 6.9830 -5.0017
E*SquPitch := v*SquPitch :=

0.0394 1.3024 -1.1041 2.8714 -2.3994

0.0372 1.0314 -0.6402 2.6201 —2.1929)

Elay := si(Layout > 0, E*SquPitch, E*TriPitch)

k- * *2 *3
E*q :=\Elay; 1 + Elay; o-p* + Elay; 3-p* +Elayy 4-p

* . * *2 *3
E*; := | Elays 1 + Elayy o-p* + Elayy 3-p* + Elayy 4-p

* e— * *2 *3
E*3:= | Elayz 1 + Elayz o-p* + Elayz 3-p* + Elays 4-p

2 3
E*, = (Elay4,l + Elayy o-u* + Elay, 3-p* + Elayy 4-p*

4

+ Elayy 5 u* )-E
4

+ Elays 5-pu* )-E
4

+ Elayz 5-u* )-E

+ Elay4,5~u*4)-E

0.8897
0.7439
0.9100
0.9923
0.9966

-0.0791

0.3345
0.4296
0.3636
0.3527
0.3341

—-9.0855
—4.4989
-4.8901
-4.8759
-4.1978

0.6008
—-2.8420
—2.6350
—-0.8057
—0.2842

0.1260

—-0.8683
36.1435
12.5779
12.4325
12.3572
9.0478

—0.3468
10.9709
8.6864
2.0463
0.4354
-0.6920

2.1099
—59.5425
—-14.2092
-12.7039
-13.7214

—7.9955

0.4858
—-15.8994
-11.5227

-2.2902
—-0.0901
0.6877

E*, = 489417.082 sec” ft ' psi

E*, = 458997.963 sec” ft ' psi

E*3 = 420895.830 sec” ft ™ psi

E*, = 379943.451 sec” ft ' psi

For h/p < 0.1,use h/p = 0.1.For values of h/p > 2, use h/p = 2.0 . Otherwise perform a linear interpolation

0.1) E*1)
0.25 ‘ E*>
hpratio := interE* :=
E*3
2.0) E*y )

h h
E* = si(— > 2, E*4,si(— <0.10, E*l,interplin(hpratio, intere*, —
p

p

vlay := si(Layout > 0, v*SquPitch, v*TriPitch)

V= vl layy pp* + viayy gt + vl
1:=viayg 1 +viayp o-pu +viayp 3-ut +vlayp 4
N lay, o + viay, a-pu*° + vl
2 =Vviayy 1 +vlay; o-ut +viay, 3-ut +viayp 4
N lays o + viays a-p*° + vl
3=viayz 1 +vlayz >-u” +vlayz 3-u” +vlaysz 4
Vig = vl lay, o + viays a-p*° + vl
4:=Viayg 1 +vidyy o 1"+ viays 3-i7 +viayy 4
N lays o + viays a-pu*° + vl
5:=Vviays 1 +vlays >-u” +vlays 3-u* +vldys 4

* e Tnx . *2
V¥e := vlayg 1 + vlays o-p* + vlayg 3-p* + vlayg 4

h
— =35
p
h 7 Ib E*
m E*=1.222x10 — — = 0.4413
p))) in2 E
w2 et *1 = 0.121
p® +viay; s5-p vip =U.
1 vlay, et *, = 0.143
p® +viay; s5-p vizg =U.
w2 et *2 = 0.174
e +viaysz 5-p Vi ==L
S b vlayy et *y = 0.252
pne o+ viays s-p Vig =Y.
w2 et *= = 0.299
e +viays 5l Vis =L
S 4 vlave et *s = 0.318
e +viayg 5l Vig =V

-1.6831)
35.8223
5.7822
4.4298
5.7629
2.2398 )

~0.3606 )
8.3516
5.8544
1.1862
-0.1590
~0.0600 )

For h/p lower than 0.1,use h/p = 0.1; for values of h/p higher than 2, use h/p = 2.0,otherwiseperform a linear interpolation:
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* Pa el5
V1) 0.1) .
V2 0.15
_ V3 ~ lo2s| (h (h _— o h)
interv := hpratio := — =35 v* = si| — > 2,v¥g, si| — < 0.10, v* , interplin| hpratio, interv, —
Ve 050| p p p p)))
V*s 1.00 v* = 0.318
Vo) 2.00)
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