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FOREWORD

The objective of this project is to perform thermal analysis of pipeline heating configurations, with the
intention of creating guidelines for the sizing of heating bands.
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for more information.
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EXECUTIVE SUMMARY

The initial phase of the project served to calibrate and verify the modeling assumptions used for the thermal
analysis via comparison with experimental measurements taken for two post weld heat-treated pipes using
multiple heating band configurations. The second phase analyzed five pipe diameters. The intent of the
second phase was to determine appropriate sizing requirements for heating bands in order to minimize
temperature variation around the weld location, for pipe diameters ranging from 6 to 30 inches.

The calibration cases were run to steady state while the thermal contact resistance was adjusted to match
the centerline inside diameter (ID) temperature measurements from the experimental cases. The outside
diameter (OD) temperature probes were set to adjust the power input such that their value matched the
experimental measurements at the same locations.

The prediction model cases were run to steady state. Five different pipe diameters were investigated with
three different pipe thicknesses per diameter. The heat band (HB) and gradient control band (GCB) were
iteratively increased in length until the maximum temperature difference in the soak band (SB) was less
than 15°F. This occurred with four to six iterations per geometry. The trend of these iterations followed
roughly a power relation between temperature differences desired to HB lengths required.

The HB lengths required for a temperature difference in the SB of 15°F when plotted against OD and t/OD
are nearly planar. These HB lengths were found to be much larger than is recommended in AWS D10.10
(American Welding Society, 1999), and this difference increases with pipe diameter due to increasing
natural convection effects. The results of these analyses can be used to develop new HB sizing guidelines
for AWS D10.10.

viii
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ABBREVIATIONS AND ACRONYMS

ASME American Society of Mechanical Engineers
AWS American Welding Society
BPVC Boiler and Pressure Vessel Code
CHT Conjugate Heat Transfer

CFD Computational Fluid Dynamics
FEA Finite Element Analysis

GCB Gradient Control Band

HB Heat Band

ID Inside Diameter

oD Outside Diameter

PWHT Post Weld Heat Treatment

SB Soak Band



STP-PT-079: Local Heating of Piping: Thermal Analysis

1 INTRODUCTION

The objective of this project was to perform thermal analysis of pipeline heating configurations, with the
intention of creating guidelines for the sizing of heating bands. The analysis consisted of two phases. The
initial phase served to calibrate and verify the modeling assumptions used for the thermal analysis via
comparison with experimental measurements taken for two post weld heat treated pipes using multiple
heating band configurations. The second phase analyzed five pipe diameters. The intent of the second phase
was to determine appropriate sizing requirements for heating bands in order to minimize temperature
variation around the weld location, for pipe diameters ranging from 6 to 30 inches. The results of these
analyses can provide refinement of the requirements found in AWS D10.10 [1] regarding the width of the
soak band, heated band and gradient control band as a function of pipe diameter, thickness and heating
rate/holding time to help ensure that the through-wall temperature difference does not exceed 15°F within
the soak band region. Once these requirements are determined, they can be used to update the technical
rules in the appropriate ASME BPVC construction and B31 piping codes.
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2 ANALYSIS METHODOLOGY

The approach was to perform conjugate heat transfer (CHT) analysis using the Star CCM+ computational
fluid dynamics (CFD) software [2]. This is a fully functional and validated commercial CFD solver. It has
the capability of performing the CHT analysis and solving for temperature distributions in the piping and
in the surrounding air. The advantage of using a CFD solver, as opposed to using a finite element analysis
(FEA) code, is that the natural convection on the solid surfaces can be directly accounted for, rather than
applying approximate boundary conditions.

The project was broken up into two phases, a calibration phase and a prediction phase. The calibration
phase consisted of two pipe geometries with different heating band configurations. Experimental
temperature data was collected and provided to Quest Integrity by ASME. This data was then used to
calibrate the CFD models by tuning the contact resistance between the heating band and pipe.

The prediction phase expanded on the calibrated CFD models to examine post weld heat treatment (PWHT)
in pipes of differing diameters and thicknesses. For the prediction phase, five different pipe diameters with
three different schedule thicknesses were modeled, changing the heat band length iteratively until a
maximum 15°F difference existed in the soak band. These results were then used to suggest new PWHT
heat band sizing guidelines.

21 Geometry

The configuration modeled consists of the piping with a band of ceramic electrical resistance heating
elements. This in turn is covered by two layers of insulation over the heating band and one layer of
insulation extending a distance beyond the heating band. The entire assembly is contained in a domain
representing the surrounding air.

Figure 2-1 and Figure 2-2 show the configuration of the half-symmetric model, with the ambient domain
shown in blue, the piping shown in yellow, the heating layer in green, and the insulation layers in gray and
purple. Heat flows from the heating band into the piping and to the insulation via conduction. Heat is lost
to the surroundings via natural convection and radiation. Figure 2-2 shows the configuration of the soak
band (SB), the heat band (HB), and the gradient control band (GCB). For all cases, the domain was assumed
to be ten times the pipe length in the axial direction, and five times the pipe length in the transverse
directions.
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Figure 2-1: PWHT model heating configuration. Top right, full domain.
Main, half-symmetric heating configuration

Figure 2-2: PWHT configuration.

Heat Band
-~

+~— >
Gradient Control Band

2.2 Physics

CFD is the analysis of fluid flow, heat transfer, and its accompanying phenomena [3]. CFD is structured
around the Navier-Stokes equations, which describe all fluid motion and heat transfer. Exact solutions to
the Navier-Stokes equations do not exist; it is therefore necessary to numerically approximate their
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solutions with computational modeling. As a part of the numeric solution, some assumptions are necessary;
these assumptions frequently include the Reynolds decomposition that breaks the velocity field into
components of its mean and fluctuation. Employing this assumption leads to an inequality between
equations and variables, which requires the use of a turbulence model [4]. The k-¢ turbulence model is
formulated from the far field flow and therefore captures flow best in that region, however it often requires
a wall function to capture turbulence near any boundary. The k-o turbulence model is formulated in the
near-wall region and therefore captures flow best in that region, however its accuracy is less in the far field
flow. The k-o SST turbulence model uses the k-o turbulence model in the near-wall region and the k-¢
turbulence model in far field flow. It combines the models using a blending function in the transition region
to produce an accurate turbulence model for both far field flow and boundary layer flow [5]. Although these
models are primarily concerned with pipe temperatures, natural convection plays a significant role in overall
heat transfer, therefore the k-0 SST turbulence model was implemented for the steady state CHT CFD
analyses.

Several other assumptions/physics were included in these models. Natural convection in the domain was
modeled as an ideal gas, with temperature-dependent dynamic viscosity accounted for using Sutherland’s
Law. Temperature-dependent thermal conductivity was included in the material properties of air [6], pipe
metal [7], and insulation [8]. Gravitational effects were included to capture buoyancy effects for natural
convection. Conduction, convection, and surface-to-surface radiation effects were modeled to capture all
applicable heat transfer mechanisms.

An important factor in the analysis is the appropriate handling of the thermal contact between the layers.
Heat flow between two contacting solid bodies depends on thermal contact conductance, h.. The inverse
of this quantity 1/h. is referred to as thermal contact resistance.

Heat flow, g, in a solid body is governed by Fourier’s Law:

_adT
1= dax

where k is the thermal conductivity, A is the cross sectional area, and the thermal gradient is given by Z—)T(.
However, the heat flow through two contacting bodies is given by

Ta—Tg

i (a/kaA) +(Y hcA) +(b/ kbA)

where the two bodies in contact are defined in Figure 2-3.




STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure 2-3: Two body thermal contact
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Note that the contact between bodies create a discontinuity in the temperature distribution. The heat flow
across a contact boundary can be written as
q = h AAT

The effect of contact resistance must be included to obtain the proper temperature distribution. In the case
of the piping heating system, the contact resistance must be included between the heating layer and piping
to obtain the physical temperature distribution.

Contact resistance (or conductance) is a function of the contact area between two bodies on a microscopic
scale. For the piping system, this contact resistance is a function of the heating element size, element
geometry, element layout (pattern), contact pressure (“tightness” of the wrap), pipe size, and pipe surface
condition (including roughness and cleanliness). Unlike the pipe, the insulation blanket can conform easier
to the heating elements, resulting in a different contact resistance.

When solving the CHT problem using CFD, the thermal contact resistance can be directly specified at a
contact interface. Values of thermal contact resistance are difficult (or impossible) to determine analytically,
and therefore are typically determined through experimental measurement. For this analysis, the thermal
contact resistance value was the “tuning” parameter used to match the computational solution to
experimental measurements. Using thermal contact resistance as a tuning parameter allows the heating layer
to be treated as uniform, rather than having to include detailed element layouts in the models.

Note that since the actual temperature distribution is a function of the thermal contact resistance, which is
a function of the particular heating elements used, the results are strictly valid only for the exact equipment
used for the heat treating experiments. Other heat treating providers, alternative equipment, or alternative
designs could impact the thermal resistance, and thus the resulting thermal distribution. It is suggested that
the heat treating experiments be repeated using alternate equipment or an alternate provider.

Heat flows from the heating element into the piping and to the insulation via conduction. Heat is then lost
to the surroundings via natural convection and radiation. Heat is applied to the system through a prescribed
power input governed by a series of temperature probes. These temperature probes correspond to
thermocouples used for control zones during PWHT. The power input is then adjusted such that the
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temperature probes achieve the prescribed PWHT temperature. The boundary conditions for the system are
shown below. The top boundary of the ambient domain was modeled as a pressure outlet so that air could
circulate in and out of the model as needed without adding convection in the area of interest.

Figure 2-4: Piping Heating Configuration. Full-symmetry shown, half-symmetry
modelled

> Radiation +
A s Convection

Radiation +
Convection

.| Prescribed
Temperature

The use of the CFD solver allows the buoyancy-driven flow pattern throughout the system to determine the
film coefficients. This is advantageous as the natural convection heat flow can be directly computed, rather
than estimated. In addition, this allows 3D effects (top vs. bottom vs. sides of piping) to be included. This
is important to determine an accurate temperature distribution around the weld. During the heat treatment,
the surrounding air (especially inside) the pipe will be expected to heat locally, resulting in spatially varying
sink temperatures for a steady state analysis. Using CFD-based analysis allows the air temperature to be
directly computed, rather than using an estimated (likely uniform) sink temperature. Note that sufficient
mesh refinement is required to accurately capture boundary layer convective effects. The y+ value provides
a measure of mesh refinement in the boundary layer. It is defined as the distance from the wall normalized
by the viscous length scale [4]. A value of 50 or less is recommended and a value of 5 or less is highly
preferred to ensure boundary layer accuracy. In all cases the y+ value was significantly less than 50 and
only exceeded one at a limited number of points remote from the area of interest.

2.3 Calibration Model Cases

Experimental PWHT simulation measurements were taken for two different nominal pipe diameters, eight
inch and 14 inch pipes, in four HB configurations for the former and three HB configurations for the later.
For every case the weld was not placed rather the joined pipes were placed with ends abutting. Temperature
readings were taken at the 3, 6, 9, and 12 o’clock locations at or near the centerlines on the outside diameter
(OD) and inside diameter (ID) and at the 6 and 12 o’clock locations axially along the OD of the pipe at the
edge of the SB, HB, and GCB for every configuration. These configurations can be seen in Appendix A:
and a summary of the cases can be found in Figure 2-5. Temperature measurements were taken as the pipes
were heated to a nearly steady state condition and then allowed to cool. For the purposes of the steady state
CFD calibration models, the temperature profiles at steady state were extracted and used exclusively. The
extracted profiles can be seen in Figure 2-6.
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Figure 2-5: Calibration case summary

. HB GCB

Description Case ID ((l)r]l)) Wall t(lil:lc)kness ler.lgth IEI.lgth
(in) (in)

14 inch narrow band | 14 1.25 20 30.5
14 inch medium band 2 14 1.25 36.75 47.5
14 inch wide band 3 14 1.25 48 59.72
8 inch narrow band 4 8.63 1.375 15 23
8 inch medium band 5 8.63 1.375 30.5 38.5
8 inch wide band 6 8.63 1.375 45.5 53.3
8 inch medium band with
second layer of insulation 7 8.63 1.375 30.5 50.5
extending the length of GCB

Figure 2-6: Circumferential ID and OD temperature profiles at centerline.

. ID Tem OD Tem , ID Tem OD Tem

Case O'clock °F) P C°F) p Case O'clock C°F) P C°F) P
12 1214 1250 12 1230 1255
3 1202 1249 3 1224 1257
Case 1 6 1199 1249 Case 4 6 1225 1258
9 1198 1249 9 1224 1253
12 1226 1250 12 1240 1250
3 1227 1250 3 1238 1250
Case 2 6 1221 1250 Case 5 6 1234 1250
9 1217 1250 9 1241 1250
12 1237 1252 12 1241 1250
3 1238 1248 3 1236 1250
Case3 6 1235 1250 Case6 |——¢ 1236 1250
9 1233 1249 9 1239 1250
12 1242 1250
3 1240 1250
Case 7 6 1236 1250
9 1243 1251

The CFD models were calibrated by setting the temperature probe control points mentioned in section 2.2
to the measured OD centerline temperatures measured in the data and listed in Figure 2-6. The contact
resistance between the pipe and the heating band was adjusted until ID temperature probes matched the
measured ID experimental data listed in Figure 2-6. Weight was given to matching the wide band data more
closely than the narrow band data while erring on the conservative or greater temperature difference
between OD and ID surfaces. Matching was achieved using four control zones similarly to the four control
zones used in the experimental cases.

Temperature dependent thermal conductivity for the pipes was taken from ASME BPV Part 2 Section D
[7]- The 14 inch diameter experiment and CFD modeling were performed using 1Cr-1/2Mo material and
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the eight inch diameter experiment and CFD modeling was performed using carbon steel. The CFD model
interpolated between the table values for exact temperature thermal conductivity values.

2.4 Prediction Model Cases

The prediction models used the same models developed for the calibration cases with a few parameter
changes. For all of the prediction cases, material properties for P91 steel were used. The temperature-
dependent thermal conductivity values were extracted from ASME BPV Part 2 Section D [7]. Five different
diameters with three thicknesses each were modeled. The SB was assumed to be three times the pipe
thickness as given in ASME B36.10M [9]. The GCB was calculated using the equation GCB = HB +
4+/Rt, where R is the inside radius and t is the pipe thickness. This equation is found in AWS D10.10 [1].
The HB was iteratively changed until the maximum temperature difference in the soak band was no more
than 15°F. A summary of the pipe dimensions for each case can be seen in Figure 2-7.

Figure 2-7: Prediction model geometry parameters

Nominal diameter | OD (in) scl[:(lel()iile Thickness (in) | SB (in) | Pipe length (in)
80 0.432 1.296 1325
6 6.625 120 0.562 1.686 132.5
160 0.719 2.157 132.5
80 0.594 1.782 215
10 10.75 120 0.844 2.532 215
160 1.125 3.375 215
80 0.75 2.25 280
14 14 120 1.094 3.282 280
160 1.406 4.218 280
80 1.219 3.657 480
24 24 120 1.812 5.436 480
160 2.344 7.032 480
80 1.356* 4.068 600
30 30 120 2.015* 6.045 600
160 2.607* 7.821 600

Note: ASME B36.10M [9] does not specify a thickness for 30 inch diameter schedule 80, 120, 160 pipes
so the proportional thicknesses were scaled from the 24 inch diameter pipe and the
30 inch diameter schedule 30 pipe.
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3 RESULTS

31 Calibration Model Cases

The calibration cases were run to steady state while the thermal contact resistance was adjusted to match
the centerline 1D temperature measurements from the experimental cases. The OD temperature probes were
set to adjust the power input such that their value matched the experimental measurements at the same
locations. The calibrated resistance value was found to be 0.0037 m?K/W. the calibrated centerline
temperature profiles can be seen in Figure 3-1. The optimum value of resistance varied with each
experimental case. Note that the most conservative value of resistance was used (Case 6) for subsequent
analyses.

Figure 3-1: Calibration centerline ID temperatures for thermal contact
resistance of 0.0037 m2K/W

Case o-clock | ID - CFD (°F) | ID - Experimental (°F)
12 1195.754 1214
Case 1 3 1189911 1202
6 1187.924 1199
12
Case 2 3
6
12 1232.28 1237
Case 3 3 1227.191 1238
6 1224.968 1235
12 1199.439 1230
Case 4 3 1195.749 1224
6 1193.333 1225
12
Case 5 3
6
12 1240.318 1241
Case 6 3 1238.18 1236
6 1236.866 1236
12
Case 7 3
6

As discussed with ASME, note that in the final calibration, run cases 2, 5, and 7 were omitted because of
non-standard geometry irregularities.

3.2 Prediction Model Cases

The prediction model cases were run to nearly steady state. There did exist some minor transient flow in
the models, however its nature is relatively small and should not affect the overall results of the models.
Five different pipe diameters were investigated with three different pipe thicknesses per diameter. The
temperature desired for proper PWHT in P91 steel is between 1350 and 1400°F, therefore the temperature



STP-PT-079: Local Heating of Piping: Thermal Analysis

control probes were set to 1390°F such that the minimum temperature in the SB exceeded 1350°F. For 14
inch diameter and larger pipes, four control zones were used so that the temperature could be controlled at
the 12, 3, and 6 o’clock locations. For the six and ten-inch diameter pipes, two control zones were used so
that temperature could be controlled at the 12 and 6 o’clock locations. The HB and GCB were iteratively
increased in length until the maximum temperature difference in the SB was less than 15°F. This occurred
with four to six iterations per geometry. For all final HB lengths the minimum SB temperature exceeded
the desired 1350°F.

The trend followed roughly a power relation between temperature differences desired to HB length
required. To calculate the HB required for a 15°F temperature difference (delta 15 points), for each case a
linear interpolation was performed between the bounding iterations. This can be seen in Figure 3-2 through
Figure 3-6.

Figure 3-2: CFD SB delta T results for 6 inch schedule 80, 120, 160 P91 pipes

80 HB length (CFD) vs. Delta T for 6.625in Pipe
A Sch80
70 : ®  Sch120
Sch 160
60 Ty — - - AWS D10.10 Sch 80
E
— A — - -AWS D10.10 Sch 120
£ 50
= AWS D10.10 Sch 160
2 40 w Delta T of 15 F
(]
-
m
D 30
20 . ‘ ......
10 .................... sy
O T T T T T T 1
0 5 10 15 20 25 30 35 40
Delta T (F)

10
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Figure 3-3: CFD SB delta T results for 10 inch schedule 80, 120, 160 P91 pipes

HB length (CFD) vs. Delta T for 10.75in Pipe

140
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c S %
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Delta T (F)

Figure 3-4: CFD SB delta T results for 14 inch schedule 80, 120, 160 P91 pipes

HB length (CFD) vs. Delta T for 14in Pipe
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Figure 3-5: CFD SB delta T results for 24 inch schedule 80, 120, 160 P91 pipes

HB length (CFD) vs. Delta T for 24in Pipe
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Figure 3-6: CFD SB delta T results for 30 inch schedule 80, 120, 160 P91 pipes
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If a larger temperature gradient than 15°F is deemed acceptable, the required HB length can be interpolated
using the power fit curves. The coefficients for those curves are in Figure 3-7 and take the form of Equation
1.

HB = CAT™ Equation 1

Figure 3-7: Power curve-fit coefficients

Nominal diameter | OD (in) scll:;?iile m C

80 -0.84962 | 171.3196

6 6.625 120 -0.98545 | 275.7616
160 -1.04276 | 405.7331

80 -1.59879 2693.57

10 10.75 120 -1.45099 | 2368.222
160 -1.03184 | 706.5476

80 -1.43952 | 2263.167

14 14 120 -1.20669 | 1404.228
160 -0.87259 | 550.5781

80 -1.3397 3580.331

24 24 120 -1.10806 | 2125.196
160 -0.98549 | 1624.449

80 -1.42265 | 6196.065

30 30 120 -1.20315 | 4053.562
160 -1.24303 | 5529.964

For each geometry, the first analysis represents the prescribed HB length according to AWS D10.10 [1].
As seen in Figure 3-8, the prescribed heat band lengths according to AWS D10.10 resulted in temperature
variations around the weld significantly greater than 15°F. The predicted temperature variation ranged from
31-63°F, with the variation increasing for larger diameter pipes.

13
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Figure 3-8: Delta T in SB for AWS D10.10 HB
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When the delta 15°F points for all prediction cases are plotted against OD and t/OD, it can be seen in Figure
3-9 and Figure 3-10 that they are nearly planar. This is with the exception of the 30 inch OD schedule 160
point. This is likely because this pipe size is well beyond the realm of validity of the calibration cases.
When examining the results from the calibration cases it can be seen that the ID SB temperatures more
closely match the 8 inch wide band case and are a few degrees conservative for the 14 inch wide band case.
This conservatism is likely increased as the pipe diameter increases. When this is coupled with the thicker
walled pipe, the HB length starts to show asymptotic behavior as it approaches the delta 15°F point. It is
recommended that further testing be performed on a 30 inch OD pipe such that the models can be better
calibrated for these large diameters. This would allow the models to be better tuned to handle a larger
variety of pipe sizes without excess conservatism.

14
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Figure 3-9: CFD HB results for SB temperature difference of 15°F plotted against
OD and t/OD
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Figure 3-10: CFD HB results for SB temperature difference of 15°F plotted against
OD and t/OD. Viewed from in-plane direction
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The ratio between the prescribed HB length given in AWS D10.10 [1] and the HB length calculated in this
study shows an increasing disparity as the pipe diameter increases. This is due to the increased presence of
natural convection on the 1D surface of the larger diameter pipes. This disparity can be seen in Figure 3-11

and Figure 3-12. In all cases, a much larger HB length is likely required to obtain the target temperature
distribution as compared to AWS guidelines.

15
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Plots showing the temperature distribution of the domain, pipe, and SB as well as plots showing the velocity
distributions of natural convection in the domain can be found in Appendix B:.

Figure 3-11: Required HB lengths for a SB delta T=15°F from CFD and HB length
from AWS D10.10

Required HB Lengths for CFD (Delta T = 15 F) and AWS D10.10
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Figure 3-12: Ratio of CFD HB length for SB delta T=15°F over HB length from AWS

D10.10
Ratio of HB Length (CFD/AWS D10.10) for CFD (Delta T=15F)
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ASME requested guidance regarding the measuring of the ID SB temperature; a correlation function was
developed that provides the axial distance on the pipe from centerline where the OD temperature matches
the minimum ID SB temperature. Using the multiple cases conducted for each pipe OD, pipe schedule, and
varying HB lengths, plots and linear functions were developed relating the HB to the axial distance X from
the weld centerline. Due to natural convection the 6 o’clock location always recorded the minimum SB
temperature and thus was considered for these relations. Figure 3-13 through Figure 3-17 show the relation
between HB length and X both normalized by OD. Figure 3-18 gives the coefficients of the linear relations.
It should be noted that since the 30-inch schedule 160 pipe, as previously explained, demonstrated a
deviation from the trend, a separate linear representation was developed for this pipe size. The error bars in
these figures represent the plus or minus distance X corresponding to a plus or minus ID SB temperature
variance equal to 5°F. This temperature variance is less than the limits that can typically be expected for
thermocouple measurements.

17
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Figure 3-13: Axial distance where OD temperature equals min ID SB temperature
for 6 in pipe
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Figure 3-14: Axial distance where OD temperature equals min ID SB temperature
for 10 in pipe
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Figure 3-15: Axial distance where OD temperature equals min ID SB temperature
for 14 in pipe
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Figure 3-16: Axial distance where OD temperature equals min ID SB temperature
for 24 in pipe
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Figure 3-17: Axial distance where OD temperature equals min ID SB temperature
for 30 in pipe
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Figure 3-18: Curve-fit coefficients for OD/ID temperature correlation

Nominal diameter | OD (in) sclfl)(lal:iile slope inte}l,'-cept El{gﬁ;gf r
80
6 6.625 120 0.1203 0.0629 0.073
160
80
10 10.75 120 0.166 0.0112 0.12
160
80
14 14 120 0.0908 0.199 0.26
160
80
24 24 120 0.0268 0.3868 0.13
160
80 0.0344 0.3333 0.106
30 30 120
160 0.209 -0.2069 0.09
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4 RECOMMENDED FUTURE WORK

The prediction cases carry significant conservatism due to the information available. The temperature
control algorithm and thermal contact resistance used in the model were tuned to match the most
conservative experimental results. Without this calibration, the CFD analyses would predict higher 1D
surface temperatures than were observed during experiment. The experimental results were used to estimate
steady-state conditions for the CFD analyses. In reality, the heat input (power) of the heating band likely
varied during the experiment due to the thermocouple temperature control. Additional information
regarding the transient power consumption could be used to refine the analysis. Because of the noted
behavior of the 30 inch OD schedule 160 case, it would be recommended to follow this study up with a
further empirical study so that the present CFD models can be updated and rerun with better large diameter
pipe calibration data. Additional information regarding the calibration test set-up, including ambient
temperature, pipe end conditions, thermo-couple type and installation procedure could also be used to refine
the analyses.

It is speculated that additional research into adding multiple axial control zones in addition to the
circumferential control zones could significantly reduce the necessary length of the HB to achieve the
desired OD to ID temperature difference. By adding axial control zones on either side of the central control
zones, more heat could be added to the system while maintaining the desired centerline temperature. This
could effectively flatten the axial temperature gradient near the SB and reduce the required width of the
HB. Further CFD modeling would be required to confirm and develop new HB requirements. Quest
Integrity could modify its existing models at an additional charge.
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5 CONCLUSION

The objective of this project was to perform thermal analysis of pipeline heating configurations, with the
intention of creating guidelines for the sizing of heating bands. The analysis consisted of two phases. The
initial phase served to calibrate and verify the modeling assumptions used for the thermal analysis via
comparison with experimental measurements taken for two post weld heat treated pipes using multiple
heating band configurations. The second phase analyzed five pipe diameters. The intent of the second phase
was to determine appropriate sizing requirements for heating bands to minimize temperature variation
around the weld location, for pipe diameters ranging from 6 to 30 inches.

The calibration cases were run to steady state while the thermal contact resistance was adjusted to match
the centerline 1D temperature measurements from the experimental cases. The OD temperature probes were
set to adjust the power input such that their value matched the experimental measurements at the same
locations.

The prediction model cases were run to steady state. Five different pipe diameters were investigated with
three different pipe thicknesses per diameter. The HB and GCB were iteratively increased in length until
the maximum temperature difference in the SB was less than 15°F. This occurred with four to six iterations
per geometry. The trend of these iterations followed roughly a power relation between temperature
differences desired to HB lengths required.

The HB lengths required for a temperature difference in the SB of 15°F when plotted against OD and t/OD
are nearly planar. These HB lengths were found to be much larger than is recommended in AWS D10.10
[1], and this difference increases with pipe diameter due to increasing natural convection effects. The results
of these analyses can be used to develop new HB sizing guidelines for AWS D10.10.
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Appendix A: Experimental Design
Drawings
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Figure A-1: Case 1
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Case 1
AWS-Piping-ButtWeld-PWHT-14"
WT: 1.25" > AWS-P-BW-14-PW-1.25 R4
WSS #2
Chbl# 5A Cbl# 5B
Cbl# 8A Cbl# 8B <«— Cbl# 6B

Chl# 7A Cbl# 7B

1.25" WT ¢
| c [ o
I T II\HH‘WW | 1] !I:\Hl I
0
_ : =X —— Spacing 0.29" gap O
! ESSEER  LEme. | EELUAESSSESS between Heaters >
1 | l
: 7
I
SB L .. .| SB
1.88" 11.88"
15.25" GCB 15.25" GCB—»

1" 6# density Insulation Double Layer over Heaters

% Denotes Soak Control T/C
X Denotes Soak Monitor T/C
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Case 1
AWS-Piping-ButtWeld-PWHT-14"
WT: 1.25" > AWS-P-BW-14-PW-1.25 R4
WSS #3
Chbl# 9A Cbl# 9B
Cbl# 10A
Cbl# 12A—»: «—Cbl# 10B
Cbl# 12B
Cbl# 11A Cbl# 11B
1.25" WT ﬁt
E

—_p f—
l
[
I
f
Iy
Iy
§
|
L
L
NN |

 Spacing 0.29" gap
between Heaters

L
1

INEEEEN
I

«—14" OD——»

—10"—l¢—10"—>»

l—15.25"GCB < 15.25" GCB——»
1" 6# density Insulation Double Layer over Heaters

X Denotes Heat Band Edge T/C 50% of Peak Temperature
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Case 1

AWS-Piping-ButtWeld-PWHT-14"

WT: 1.25" AWS-P-BW-14-PW-1.25 R4
WSS #4
Heater
Monitor T/C's
Cbl# 13A
Cbl# 16A Chl# 138
- Cbl# 16B (in between heaters)
G
Cbl# 15B Cbl# 14A
Cbl# 15A Chl# 14B
1.251 WT 3
I T | i T"‘TT'HH“"H “““ iEEEEEEEnEEEEa | I
B VR ... — _ ‘i ————— Spacing 0.29" gapy} O
| 1 Igﬁjiiii T 1 1T between HeaterS -S

—

«—15.25" GCB < 15.25" GCB—»

1" 6# density Insulation Double Layer over Heaters
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Case 1

AWS-Piping-ButtWeld-PWHT-14"

" DWG #:
WT: 1.25 AWS-P-BW-14-PW-1.25 R4
WSS #5
CBL 19A CBL 17B CBL 18B CBL 20B
CBL 20A CBL 18A CBL 17B CBL 19B
Ed * i X

—

12" 12"

«—12"—=<12"»«—20"H BHL1 2"—

28
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure A-2: Case 2

Case 2

AWS-Piping-ButtWeld-PWHT-14"

WT: 1.25"

DWG #:

AWS-P-BW-14-PW-1.25-12-H10s Test #2 R2

WSS #1
Heater Spacing 0.20" Gap i
Ao B cLF S Hiyosmwr
/ e =y
%ﬁ:==: e e} T T
: zzzzzsz!!zz@z ! Q
i ii_ %_r
T ek — /
111—1 »—
1"- -
KJ | SB
SB . 188"
1.88"
*—18.375" e 18.375"——
~ 23.75" N 23.75"
B GCB GCB

% Denotes Soak Control T/C
X Denotes Monitor T/C

X Denotes Heat Band Edge T/C 50% of Peak Temperature
* Denotes Internal Monitor T/C

1" 6# density Insulation Double Layer over Heaters
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Case 2
AWS-Piping-ButtWeld-PWHT-14"
" DWG #:
WT: 1.25 AWS-P-BW-14-PW-1.25-12-H10s Test #2 R2
WSS #2
Cbl# Cbl# 12A Cbl# 8A
Cbl# W*@»Cb# 16B Cbl# 13B —: a Cbl# 12B Cbl# 9B («— Cbl# 8B
Chl# 17A Cbl# 13A Cbl# 9A
Cbl# 1A
3- H10 Cbl# 1B Cbl# 6A

External T/Cs

Internal T/Cs
Chl# 4A Cbl# 2A
3-H10's * 3-H10's Chl# 4B Cbl# 2B
Cbl# 5A&B
1-H

3-H1 0's
Cbl# 10A Cbl# 14A
Cbl# 11B«<;:3><—Cbl#m Cbl# 15B A©Cbl# 14B
Cbl# 11A Chl# 15A
Internal T/C Internal T/C
Cbl# 18 Chbl# 18B
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure A-3: Case 3

Case 3

AWS-Piping-ButtWeld-PWHT-14"

D

" WG #:
WT: 1.25 AWS-P-BW-14-PW-1.25 -16-H10's Opt1 R2
D T H
A B C | G | J "
F 1.2f WT
/ ¥ X ¥ ¥%- - - JI ¥ = T T
T 0
? QR 2 2 :
e e )J
SB
' 1.88"
Heater Spacing 0.20" Gap «—6"—
< 18" >
fe—————24" HB——»
59.72" (1517mm) GCB

1" 6# density Insulation Double Layer over Heaters

% Denotes Soak Control T/C
X Denotes Monitor T/C

X Denotes Heat Band Edge T/C 50% of Peak Temperature
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Case 3
AWS-Piping-ButtWeld-PWHT-14"
] " DWG #:
WT: 1.25 AWS-P-BW-14-PW-1.25 -16-H10's Opt1 R2| WSS #2
Chl# 20A Chl# 9B Cbl# 5A
Chl# 2184@-;%# 208  Cbi# 128 ° Cbl# 108 Cbi# 6B Cbi# 58
Cbl# 21A Cbl# 11B Cbl# BA
Cbl# 9A
2-H10's Cbl# 1A Chbi# 1B
External T/Cs l Internal T/Cs
Cbl# 12A Cbl# 10A
Hi0s oh10s  Cbl#4A Cbl#2A  Cbl# 4B Chl# 28
Cbl# 11A
2-H10's Chi# 3A Cbi# 3B
Chi# 13A
2-H10's Cbl# 7A Cbl# 138
Cbl# 16A Cbl# 14A
oA 144 Chl#
oHiOe Aé}— SHios  Cbl#8B Chl# 78 168 Cbl# 14B
Chl# 17A
Chl# 154 1H3  Cbl#8A Ci# 158
2-H10's
Cbl# 18A
Cbi# 19 Cbl# 188

4

Cbl# 19A
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure A-4: Case 4
Case 4

Customer Specific Wrapping Specifications Sheet

v Title: 8" Pipe Test - PWHT Drawing#: NA-P-8-PW-BW-1.375-AWS-Test #1-R4-09532
sSuée eat Superheat FGH/ Chicago Superheat Office: Mokena
s WO#: 09532 Date: 08 December 2014 Drawn By:DW, R3:PC, R4:TSG
Unit # WT: 1.375"
THE INFORMATION CONTAINED HEREON WHICH IS THE PROPERTY OF SUPERHEAT FGH, MUST BE MAINTAINED IN CONFIDENCE AND NO PORTIO}(OF THIS DRAWING
IMAY BE REPRODUCED OR USED, WITHOUT THE EXPRESS WRITTEN PERMISSION OF THE COMPANY.

X -Denotes Control TC

WELD# X -Denotes Monitor TC
cBL#8B cBL#S A

CBL#7A CBL#10B |
O

,/i\ HB SB

fer ="

l
o
<
i o )
T X X
SB
CBL#4 A&B (1-Hg) :’B CBL#18A
15" 1 '
X
23" GCB "
()
l————— 9 an g —.1 .
23" Insul'n T
CBL# 2 A&B cBL#13A CBL# 16 A cBL#188B
(1-H8 Folded in half) 1 GCB
- CBL# 14 B CBL#_13B cBL#158B cBL# 16 B
o 0
CBL#14A CBL#15A
SB HB

Note:
- Double Insulation over heating elements
- Insulation standard 1" thickness - 8 # density.
-%- Denotes T/C at front of wall (near side).
-@- Denotes T/C at back of wall (far side).
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure A-5: Case 5
Case 5

Customer Specific Wrapping Specifications Sheet

Title: 8" Pipe Test - PWHT ~ Drawing#: NA-P-8-PW-BW-1.375-AWS-Test 3-R2-09532
su é%g AT Superheat FGH/ Chicago Superheat Office: Mokena
WO#: 09532 Date: 11 December 2014 Drawn By:DW, R1:PC, R2:TSG
Unit # WT: 1.375"
THE INFORMATION CONTAINED HEREON WHICH IS THE PROPERTY OF SUPERHEAT FGH. MUST BE MAINTAINED IN CONFIDENCE AND NO PORTION OF THIS DRAWING
1AY BE REPRODUCED OR USED, WITHOUT THE EXPRESS WRITTEN PERMISSION OF THE COMPANY

CBL#S A
WELD# cBL# 11A < -Denotes Control TC
X -Denotes Monitor TC
At Weld Centerline South Side
cBL#17A CBL#12A
& CBL#7A CBL#4 A (2-H8's)
HB )
A weld CBL#3A (2-H8's) _CBL#1A (2-H8's)
»
cBe'7B A B c £ F . e
GeB \ HB SB sB HB CBL# 2A

(2-H8's Folded in half)
Weld €

-

0.,£9'8—*
S

=
&% —%
Rx
o s e
XX

South
Cvzemsd swey
==t X H X X. e ,)f
—] f— \
1/2" Gap
SB 4.1
HB 30.5"
- — —————— 385"GCB———————
[L - 38.5” Insul'n ‘1]
cBL#13A CBL#19A CBL# 16 A CBL#18 A
: !
3 cBL#158B CBL# 16 B X
& pr
’d G
D ~
CBL# 20 A cBL#198B -
+ 0 )
|
CBL#14A CBL#208B cBL#1S5A cBL# 188
o5 At Weld Centerline North Side HB e

Note:
- Double Insulation over heating elements
- Insulation standard 1" thickness - 8 # density.
-- Denotes T/C at front of wall (near side)
-(- Denotes T/C at back of wall (far side).
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure A-6: Case 6

Case 6

Customer Specific Wrapping Specifications Sheet

Title: 8" Pipe Test - PWHT Drawing#: NA-P-8-PW-BW-1.375-AWS-Test 2-R2-09532
Su gaTt (Superheat FGH/ Chicago Superheat Office: Mokena
e WO#: 09532 Date: 11 December 2014 Drawn By:DW, R1:PC, R2:TSG
Unit # WT: 1.375"

THE INFORMATION CONTAINED HEREON WHICH IS THE PROPERTY OF SUPERHEAT FGH, MUST BE MAINTAINED IN CONFIDENCE AND NO PORTION OF THIS DRAWING
MAY BE REPRODUCED OR USED, WITHOUT THE EXPRESS WRITTEN PERMISSION OF THE COMPANY.

> -Denotes Control TC
WELD# X -Denotes Monitor TC

CBL#9A

CBL#10A

CBL#9B
v

CBL#10B

cBL#17B A
GCB

r I

b (

©

53.5" GCB
CBLTﬂ(s-Hs's) cBL# 18A
CBL#19 B (1.8 CBL#19 A (1-H8) cBLEI3A ceLs16A
> |
d D M X
CBL#3 A(2-H8's “caLa 1 A(2-H8's) ceL#145 gels 220 coLels> - al ;
. \ /
CBLE2A caLL =
(3-H8's Fo:laed in half) 0 0 GCB
CBL#14A cBL# 15 A
) HB

Note:
- Double Insulation over heating elements
- Insulation standard 1" thickness - 8# density.
-%- Denotes T/C at front of wall (near side).
-@- Denotes T/C at back of wall (far side).
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Figu

re A-7: Case 7

Case 7

Customer Specific Wrapping Specifications Sheet

Title: 8" Pipe Test - PWHT Drawing#: NA-P-8-PW-BW-1.375-AWS-Test 3-R6-09532
S é&)l-: AT Superheat FGH/ Chicago Superheat Office: Mokena
o WO#: 09532 Date: 12 December 2014 Drawn By: TSG
Unit # 1.375"
THE INFORMATION CONTAINED HEREON WHICH IS THE PROPERTY OF SUPERHEAT FGH, MUST BE MAINTAINED IN CONFIDENCE AND NO PORTION OF THIS DRAWING
[IMAY BE REPRODUCED OR USED, WITHOUT THE EXPRESS WRITTEN PERMISSION OF THE COMPANY.
cBL# 11A
> -Denotes Control TC
WELD# X -Denotes Monitor TC
CBL#12BN\& ~“ cBL#11B
; ! At weld CL South side
cBL#17 A CBL#10B CBL#12A
X i - CBL#4A (2-H8's)
CBL#7A !
cBL# 22 HB
| CBL#3 A (2-H8's) CBL#1A (2-H8's)
//)&\
[ & ) cBL#178B Weld
L ? cBL# 2A
GcB (2-H8's Folded in half)
A B c s %y Weld €
1 . "
HB i
I X X X= X
i ( i
e :
South « X North
CT’ 0 1
/7 / 74 _.} = Z z
1/2" Gap
— B" —e— 4" —» SB 44" — 4" —ple—— 6" —»
CBL#19A HB 30.5™ cBL# 21
L SR |
e 50.5" GCB P 2
N
||= 50.5" Insul'n :/ i )
CBL# 20 A cBL#19B N o
GCB
CBL#20B cBL#13A CBLl#ﬁA CcBL#18 A
ine North si
At Weld centerline side cBL#15B cBL# 168 Y
! !
CBL# 14 A cBL#15A cBL#18B
SB HB

Note:
- Double Insulation over all
- Insulation standard 1" thickness - 8 # density.
-%¢- Denotes T/C at front of wall (near side).
-®@- Denotes T/C at back of wall (far side).
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Appendix B: Prediction Cases
Images
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure B-1: Temperature contours, cross section of all regions (°F). 6 inch
schedule 80

Figure B-2: Temperature contours, cross section of all regions, close-up (°F). 6
inch schedule 80
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure B-3: Temperature contours in pipe wall (°F). 6 inch schedule 80

_IX Temperature (F)
LY 84.609 341.98 599.34 856.71 1114.1 1371.4

Figure B-4: Temperature contours in pipe wall, close-up (°F). 6 inch schedule 80

X

_I Temperature (F)
LY 84.609 341.98 599.34 856.71 1114.1 1371.4
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure B-5: Temperature contours in SB (°F). 6 inch schedule 80

| |
_IX Temperature (F)
LY 1357.6 1360.4 1363.1 1365.9 1368.7 1371.4

Figure B-6: Temperature contours in SB, isometric view (°F). 6 inch schedule 80

5 Xy Temperature (F)
‘\I 2 1357.6 1360.4 1363.1 1365.9 1368.7 1371.4
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure B-7: Velocity contours, cross section of all regions (ft/s). 6 inch schedule
80

Figure B-8: Velocity contours, cross section of all regions, isometric view (ft/s). 6
inch schedule 80

Velocity: Magnitude (ft/s)
0.69037 1.3807 2.0711
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure B-9: Temperature contours, cross section of all regions (°F). 6 inch
schedule 120

Figure B-10: Temperature contours, cross section of all regions, close-up (°F). 6
inch schedule 120
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure B-11: Temperature contours in pipe wall (°F). 6 inch schedule 120

_IX Temperature (F)
LY 87.882 345.09 602.30 859.51 1116.7 1373.9

Figure B-12: Temperature contours in pipe wall, close-up (°F). 6 inch schedule
120

JX Temperature (F)
pramiy 87.882 345.09 602.30 859.51 1116.7 1373.9
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure B-13: Temperature contours in SB (°F). 6 inch schedule 120

i

_IX Temperature (F)
LY 1359.9 1362.7 1365.5 1368.3 1371.1 1373.9

Figure B-14: Temperature contours in SB, isometric view (°F). 6 inch schedule 120

5 Xy Temperature (F)
‘\I 2 1359.9 1362.7 1365.5 1368.3 1371.1 1373.9
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure B-15: Velocity contours, cross section of all regions (ft/s). 6 inch schedule
120

Figure B-16: Velocity contours, cross section of all regions, isometric view (ft/s).
6 inch schedule 120

Velocity: Magnitude (ft/s)
0.71042 1.4208 2.1313
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure B-17: Temperature contours, cross section of all regions (°F). 6 inch
schedule 160

Figure B-18: Temperature contours, cross section of all regions, close-up (°F). 6
inch schedule 160
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure B-19: Temperature contours in pipe wall (°F). 6 inch schedule 160

_IX Temperature (F)
LY 84.318 342.54 600.77 858.99 1117.2 1375.4

Figure B-20: Temperature contours in pipe wall, close-up (°F). 6 inch schedule
160

JX Temperature (F)
pramiy 84.318 342.54 600.77 858.99 1117.2 1375.4
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure B-21: Temperature contours in SB (°F). 6 inch schedule 160

™ {1

_IX Temperature (F)
LY 1359.3 1362.5 1365.8 1369.0 1372.2 1375.4

Figure B-22: Temperature contours in SB, isometric view (°F). 6 inch schedule 160

5 Xy Temperature (F)
‘\I 2 1359.3 1362.5 1365.8 1369.0 1372.2 1375.4
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure B-23: Velocity contours, cross section of all regions (ft/s). 6 inch schedule
160

Figure B-24: Velocity contours, cross section of all regions, isometric view (ft/s).
6 inch schedule 160

Velocity: Magnitude (ft/s)
0.75100 1.5020 2.2530
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure B-25: Temperature contours, cross section of all regions (°F). 10 inch
schedule 80

Figure B-26: Temperature contours, cross section of all regions, close-up (°F). 10
inch schedule 80

4
e ——
I —— .

rripereiire (F)
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure B-27: Temperature contours in pipe wall (°F). 10 inch schedule 80

_IX Temperature (F)
LY 85.273 343.38 601.49 859.59 1117.7 1375.8

Figure B-28: Temperature contours in pipe wall, close-up (°F). 10 inch schedule
80

X
<d‘( 85.273 343.38 601.49 859.59 1117.7 1375.8

L
51

Temperature (F)



STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure B-29: Temperature contours in SB (°F). 10 inch schedule 80

Temperature (F)
1367.4 1370.2 1373.0 1375.8

2

Figure B-30: Temperature contours in SB, isometric view (°F). 10 inch schedule 80

Temperature (F)
1367.4 1370.2
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure B-31: Velocity contours, cross section of all regions (ft/s). 10 inch
schedule 80

Figure B-32: Velocity contours, cross section of all regions, isometric view (ft/s).
10 inch schedule 80

Velocity: Magnitude (ft/s)
0.85972 1.7194 2.5791
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure B-33: Temperature contours, cross section of all regions (°F). 10 inch
schedule 120

Figure B-34: Temperature contours, cross section of all regions, close-up (°F). 10
inch schedule 120
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure B-35: Temperature contours in pipe wall (°F). 10 inch schedule 120

_IX Temperature (F)
LY 85.575 343.97 602.36 860.75 1119.1 1377.5

Figure B-36: Temperature contours in pipe wall, close-up (°F). 10 inch schedule
120

X
<LIY 85.575 343.97 602.36 860.75 1119.1 1377.5

L
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Temperature (F)



STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure B-37: Temperature contours in SB (°F). 10 inch schedule 120

_IX Temperature (F)
LY 1362.6 1365.6 1368.6 1371.6 1374.5 1377.5

Figure B-38: Temperature contours in SB, isometric view (°F). 10 inch schedule
120

{Ii'Y Temperature (F)
1362.6 1365.6 1368.6 1371&6
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure B-39: Velocity contours, cross section of all regions (ft/s). 10 inch
schedule 120

Figure B-40: Velocity contours, cross section of all regions, isometric view (ft/s).
10 inch schedule 120

Velocity: Magnitude (ft/s)
0.94725 1.8945 2.8417
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure B-41: Temperature contours, cross section of all regions (°F). 10 inch
schedule 160

Figure B-42: Temperature contours, cross section of all regions, close-up (°F). 10
inch schedule 160

—_— =
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure B-43: Temperature contours in pipe wall (°F). 10 inch schedule 160

_IX Temperature (F)
LY 87.905 346.19 604.47 862.75 1121.0 1379.3

Figure B-44: Temperature contours in pipe wall, close-up (°F). 10 inch schedule
160

X
<d‘( 87.905 346.19 604.47 862.75 1121.0 1379.3

L
59

Temperature (F)



STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure B-45: Temperature contours in SB (°F). 10 inch schedule 160

_IX Temperature (F)
LY 1364.5 1367.4 1370.4 1373.4 1376.3 1379.3

Figure B-46: Temperature contours in SB, isometric view (°F). 10 inch schedule
160

Temperature (F)

1370.4 1373.4
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure B-47: Velocity contours, cross section of all regions (ft/s). 10 inch
schedule 160

Figure B-48: Velocity contours, cross section of all regions, isometric view (ft/s).
10 inch schedule 160

Velocity: Magnitude (ft/s)
0.94848 1.8970 2.8454
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure B-49: Temperature contours, cross section of all regions (°F). 14 inch
schedule 80

Figure B-50: Temperature contours, cross section of all regions, close-up (°F). 14
inch schedule 80

“

|
e
e —

-

rripereiire (F)
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure B-51: Temperature contours in pipe wall (°F). 14 inch schedule 80

_IX Temperature (F)
LY 90.380 348.67 606.95 865.24 1123.5 1381.8

Figure B-52: Temperature contours in pipe wall, close-up (°F). 14 inch schedule
80

J Temperature (F)
LY 90.380 348.67 606.95 865.24 1123.5 1381.8



STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure B-53: Temperature contours in SB (°F). 14 inch schedule 80

Temperature (F)
1375.4 1377.6 1379.7 1381.8

2

Figure B-54: Temperature contours in SB, isometric view (°F). 14 inch schedule 80

Temperature (F)
1375.4 1377.6
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure B-55: Velocity contours, cross section of all regions (ft/s). 14 inch
schedule 80

Figure B-56: Velocity contours, cross section of all regions, isometric view (ft/s).
14 inch schedule 80

Velocity: Magnitude (ft/s)
2.1129 3.1694
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure B-57: Temperature contours, cross section of all regions (°F). 14 inch
schedule 120

Figure B-58: Temperature contours, cross section of all regions, close-up (°F). 14
inch schedule 120

I

l

rripereiire (F)
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure B-59: Temperature contours in pipe wall (°F). 14 inch schedule 120

_IX Temperature (F)
LY 89.519 348.23 606.94 865.65 1124.4 1383.1

Figure B-60: Temperature contours in pipe wall, close-up (°F). 14 inch schedule
120

J Temperature (F)
LY 89.519 348.23 606.94 865.65 1124.4 1383.1



STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure B-61: Temperature contours in SB (°F). 14 inch schedule 120

_I Temperature (F)
LY 13714 1373.7 1376.1 1378.4 1380.7 1383.1

Figure B-62: Temperature contours in SB, isometric view (°F). 14 inch schedule
120.

iﬁ’Y Temperature (F)
1371.4 1376.1 1378.4
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure B-63: Velocity contours, cross section of all regions (ft/s). 14 inch
schedule 120

Figure B-64: Velocity contours, cross section of all regions, isometric view (ft/s).
14 inch schedule 120

Velocity: Magnitude (ft/s)
2.1334 3.2001
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure B-65: Temperature contours, cross section of all regions (°F). 14 inch
schedule 160

Figure B-66: Temperature contours, cross section of all regions, close-up (°F). 14
inch schedule 160
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Figure B-67: Temperature contours in pipe wall (°F). 14 inch schedule 160

_IX Temperature (F)
LY 107.43 363.26 619.09 874.92 1130.7 1386.6

Figure B-68: Temperature contours in pipe wall, close-up (°F). 14 inch schedule
160

J Temperature (F)
LY 107.43 363.26 619.09 874.92 1130.7 1386.6
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Figure B-69: Temperature contours in SB (°F). 14 inch schedule 160

_IX Temperature (F)
LY 1381.4 1382.4 1383.4 1384.5 1385.5 1386.6

Figure B-70: Temperature contours in SB, isometric view (°F). 14 inch schedule
160

Temperature (F)
1383.4 1384.5
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Figure B-71: Velocity contours, cross section of all regions (ft/s). 14 inch
schedule 160

Figure B-72: Velocity contours, cross section of all regions, isometric view (ft/s).
14 inch schedule 160

Velocity: Magnitude (ft/s)
2.1166 3.1749
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Figure B-73: Temperature contours, cross section of all regions (°F). 24 inch
schedule 80

J emperafure
pramiy 335.08 602.80 870.52 11382

Figure B-74: Temperature contours, cross section of all regions, close-up (°F). 24
inch schedule 80
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Figure B-75: Temperature contours in pipe wall (°F). 24 inch schedule 80

_IX Temperature (F)
LY 83.819 343.07 602.33 861.58 1120.8 1380.1

Figure B-76: Temperature contours in pipe wall, close-up (°F). 24 inch schedule
80

J Temperature (F)
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Figure B-77: Temperature contours in SB (°F). 24 inch schedule 80

X
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Temperature (F)
1371.9 1374.6 1377.3 1380.0

Figure B-78: Temperature contours in SB, isometric view (°F). 24 inch schedule 80

{ﬁ,\( Temperature (F)
1366.5 1369.2 1371.9 1374.6
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Figure B-79: Velocity contours, cross section of all regions (ft/s). 24 inch
schedule 80

2k

Figure B-80: Velocity contours, cross section of all regions, isometric view (ft/s).
24 inch schedule 80

Velocity: Magnitude (ft/s)
2.4449 3.6673
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Figure B-81: Temperature contours, cross section of all regions (°F). 24 inch
schedule 120

J i emperature Il
LY 67.298 334.38 601.46 868.54 1135.6 1402.7

Figure B-82: Temperature contours, cross section of all regions, close-up (°F). 24
inch schedule 120
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Figure B-83: Temperature contours in pipe wall (°F). 24 inch schedule 120

_IX Temperature (F)
LY 86.556 345.48 604.40 863.32 1122.2 1381.2

Figure B-84: Temperature contours in pipe wall, close-up (°F). 24 inch schedule
120

J Temperature (F)
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Figure B-85: Temperature contours in SB (°F). 24 inch schedule 120

_IX Temperature (F)
LY 1367.1 1369.9 1372.8 1375.6 1378.4 1381.2

Figure B-86: Temperature contours in SB, isometric view (°F). 24 inch schedule
120
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure B-87: Velocity contours, cross section of all regions (ft/s). 24 inch
schedule 120

2k

Figure B-88: Velocity contours, cross section of all regions, isometric view (ft/s).
24 inch schedule 120

Velocity: Magnitude (ft/s)
2.5424 3.8136
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Figure B-89: Temperature contours, cross section of all regions (°F). 24 inch
schedule 160

e —— |
J lemperafure II
LY 66.996 333.94 600.89 867.84 1134.8 1401.7

Figure B-90: Temperature contours, cross section of all regions, close-up (°F). 24
inch schedule 160
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Figure B-91: Temperature contours in pipe wall (°F). 24 inch schedule 160

_IX Temperature (F)
LY 89.320 347.87 606.41 864.96 1123.5 1382.1

Figure B-92: Temperature contours in pipe wall, close-up (°F). 24 inch schedule
160

J Temperature (F)
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Figure B-93: Temperature contours in SB (°F). 24 inch schedule 160

_IX Temperature (F)
LY 1368.4 1371.1 1373.9 1376.6 1379.3 1382.1

Figure B-94: Temperature contours in SB, isometric view (°F). 24 inch schedule
160
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Figure B-95: Velocity contours, cross section of all regions (ft/s). 24 inch
schedule 160

2k

Figure B-96: Velocity contours, cross section of all regions, isometric view (ft/s).
24 inch schedule 160

Velocity: Magnitude (ft/s)
2.6192 3.9289
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Figure B-97: Temperature contours, cross section of all regions (°F). 30 inch
schedule 80

Figure B-98: Temperature contours, cross section of all regions, close-up (°F). 30
inch schedule 80
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Figure B-99: Temperature contours in pipe wall (°F). 30 inch schedule 80

_IX Temperature (F)
LY 82.700 342.14 601.59 861.03 1120.5 1379.9

Figure B-100: Temperature contours in pipe wall, close-up (°F). 30 inch schedule
80
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Figure B-101: Temperature contours in SB (°F). 30 inch schedule 80

_IX Temperature (F)
LY 1366.4 1369.1 1371.8 1374.5 1377.2 1379.9

Figure B-102: Temperature contours in SB, isometric view (°F). 30 inch schedule
80

Temperature (F)
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Figure B-103: Velocity contours, cross section of all regions (ft/s). 30 inch
schedule 80

Figure B-104: Velocity contours, cross section of all regions, isometric view (ft/s).
30 inch schedule 80

Velocity: Magnitude (ft/s)
3.2919 4.9378
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Figure B-105: Temperature contours, cross section of all regions (°F). 30 inch
schedule 120

Figure B-106: Temperature contours, cross section of all regions, close-up (°F).
30 inch schedule 120
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Figure B-107: Temperature contours in pipe wall (°F). 30 inch schedule 120

_IX Temperature (F)
LY 83.736 343.14 602.55 861.95 1121.4 1380.8

Figure B-108: Temperature contours in pipe wall, close-up (°F). 30 inch schedule
120

J Temperature (F)
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Figure B-109: Temperature contours in SB (°F). 30 inch schedule 120

_IX Temperature (F)
LY 1366.2 1369.1 1372.0 1374.9 1377.9 1380.8

Figure B-110: Temperature contours in SB, isometric view (°F). 30 inch schedule
120

Temperature (F)
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure B-111: Velocity contours, cross section of all regions (ft/s). 30 inch
schedule 120

Figure B-112: Velocity contours, cross section of all regions, isometric view (ft/s).
30 inch schedule 120

Velocity: Magnitude (ft/s)
3.1085 4.6627
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STP-PT-079: Local Heating of Piping: Thermal Analysis

Figure B-113: Temperature contours, cross section of all regions (°F). 30 inch
schedule 160

Figure B-114: Temperature contours, cross section of all regions, close-up (°F).
30 inch schedule 160

R ——
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Figure B-115: Temperature contours in pipe wall (°F). 30 inch schedule 160

_IX Temperature (F)
LY 93.275 351.83 610.39 868.95 1127.5 1386.1

Figure B-116: Temperature contours in pipe wall, close-up (°F). 30 inch schedule
160

J Temperature (F)
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Figure B-117: Temperature contours in SB (°F). 30 inch schedule 160

_IX Temperature (F)
LY 1372.7 1375.4 1378.0 1380.7 1383.3 1386.0

Figure B-118: Temperature contours in SB, isometric view (°F). 30 inch schedule
160

Temperature (F)
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Figure B-119: Velocity contours, cross section of all regions (ft/s). 30 inch
schedule 160

Figure B-120: Velocity contours, cross section of all regions, isometric view (ft/s).
30 inch schedule 160

Velocity: Magnitude (ft/s)
2.9925 4.4887
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