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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
established has the right to be represented on that committee. International organizations, governmental and
non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely with the
International Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

International Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2.
The main task of technical committees is to prepare International Standards. Draft International Standards
adopted by the technical committees are circulated to the member bodies for voting. Publication as an

International Standard requires approval by at least 75 % of the member bodies casting a vote.

Attention is drawn to the possibility that some of the elements of this document may be the subject of patent
rights. ISO shall not be held responsible for identifying any or all such patent rights.

ISO 5389 was prepared by Technical Committee ISO/TC 118, Compressors and pneumatic tools, machines
and equipment, Subcommittee SC 1, Process compressors.

This second edition cancels and replaces the first edition (ISO 5389:1992), which has been technically revised.
In particular, an improved flow Sheet for determination of setting conditions using similarity conditions has
been integrated, taking into account the Reynolds number correction method.

Three classes of conversion of test results have been defined, including tests beyond flow similarity conditions.
The subclause on measuring uncertainties has been revised. The tried and proven procedure for
determination of measuring uncertainties using the difference method has been added in order to be able to
meet all test requirements, including in particular those occurring in the case of multicasing compressors and
machine sets consisting of different driving machines and compressors.

The subclause on guarantee comparison has been enlarged, taking into account all possible cases of
performance curves and guarantee points.

ISO 5389 was prepared, based on ASME PTC 10 [l and VDI 2045-1 [2] and VDI 2045-2 [31,

iv © ISO 2005 — All rights reserved
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INTERNATIONAL STANDARD ISO 5389:2005(E)

Turbocompressors — Performance test code

1 Scope

This International Standard applies to performance tests on turbocompressors of all types. It does not apply to
fans and high-vacuum pumps, or to jet-type compressors with moving drive components

Turbocompressors comprise machines in which inlet, compression and discharge are continuous flow
processes. The gas is conveyed and compressed in impellers and decelerated with further increase in
pressure in fixed vaned or vaneless stators.

This International Standard is intended to provide standard provisions for the preparation, procedure,
evaluation and assessment of performance tests on compressors as specified above. The acceptance test of

the performance is based on this performance test code. Acceptance tests are intended to demonstrate
fulfilment of the order conditions and guarantees specified in the contract.

2 Normative references

The following referenced documents are indispensable for the application of this document. For dated
references, only the edition cited applies. For undated references, the latest edition of the referenced
document (including any amendments) applies.

ISO 5167-1, Measurement of fluid flow by means of pressure differential devices inserted in circular cross-
section conduits running full — Part 1: General principles and requirements

3 Symbols and definitions
3.1 Symbols and units

3.1.1 Latin letters

Symbol Meaning Unit

A area m2

a sonic velocity m/s

B manufacturing tolerance %

b outlet width of 1st impeller m

c velocity m/s

Cp €y specific heat capacity kJ/(kg-K)
¢ evaluation coefficients —

D outer impeller diameter of the first impeller m

f correction factor —

Jx mean relative deviation

© ISO 2005 — All rights reserved 1
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Symbol Meaning Unit
quality grade %
local acceleration due to gravity m/s?
specific enthalpy kd/kg

isentropic exponent -
isentropic exponent, temperature -
isentropic exponent, volume

length of column mm
Mach number -
torque Nm
molar mass kg/mol
temperature exponent -
mass flow kg/s
speed of rotation 1/s

polytropic exponent -

wm.mw=2§,§§§§~§~$»wwg

power kW
pressure MPa (bar)
heat flow kw
specific gas constant J/(kg-K)

Ra average roughness pum

Rinol universal gas constant J/(kmol-K)

Re Reynolds number -

S digital measuring step -

s specific entropy kJ/(kg-K)

T thermodynamic temperature K

t temperature °C

u tip speed, referred to D m/s

u specific internal energy kd/kg

14 confidence interval or measuring uncertainty -

v specific volume m3/kg

14 volume flow m3/s

w result function -

w mass fraction -

X compressibility function -

Xy ratio of reduced speeds of rotation -

X vapour content referred to moist mass of vapour of the same gas kg/kg

X(Subscript) vapour content of vapour/gas mixtures referred to dry gas kalkg

Y compressibility function -

y function value -

2 © 1SO 2005 - All rights reserved
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Symbol

Meaning
specific compression work
compressibility factor

number of stage groups

3.1.2 Greek letters

Symbol

a

A I I % DR ™

<

‘DQ<

4

P(Subscript)
174

(4]

3.1.3 Subscripts

Index

1

2

LA .,z
0

A

air

amb

an

av

cal

Meaning

coefficient of heat transfer
coefficient of cubic expansion
weighting factor

difference

calculation coefficient

efficiency

dynamic viscosity

ratio of (RZ, T,) values

ratio of specific heat capacities
polytropic ratio

kinematic viscosity

pressure ratio

density

relative uncertainty of measurement
ratio of volume flow ratios

flow coefficient

relative humidity

reference process work coefficient

angular speed

Meaning
inlet (suction side)

outlet (discharge side)

stages, numbered in direction of flow
at an infinitely large Reynolds number

uncooled section of an intercooled compressor

dry air
ambient (air, temperature)
assumption, driving machine

average

cooled section of a multi-stage intercooled compressor

calibration

© 1SO 2005 - All rights reserved
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Index Meaning
co converted to guarantee conditions
cog converted to the pressure ratio and inlet volume flow of the guarantee point
comb combined sections
cond condensate
cou coupling
crit critical
d dynamic
dev deviation
dr driving machine
dry dry
eff effective
Ex extreme value of ¢
g guarantee or reference conditions
gas gas
i ithtermofasum (i=1,2,3, ..)
i internal
in input
j number of stage group (j =1, I, 1ll, ..., 2)
k isentropic exponent
L leakage
lub lubricant
M measurement, motor
m mass flow
mech mechanical
n standard state
N frequency of rotation
out output
p polytropic
P power
Pr reference or standard process
pr precalculated or predicted test results
rad radiation and convection
ran relevant measuring range of instrument
Re referred to Reynolds number
red reduced speed
ref reference value
res result
s isentropic
sat saturated steam/vapour
4 © 1SO 2005 - All rights reserved
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Index
seal
side
st
sup
sur

sys

te
term
tol
tot

us

vap
wet
wf
W

X

y

Meaning

sealing liquid

sidestream or extractions

static

supply

surface

system

isothermal

temperature

test result

terminals

permissible deviation
total

tip or peripheral

usable

volume

vapour, steam

moist

working fluid

cooling water or coolant
between inlet and outlet

function value

ISO 5389:2005(E)

Where no specific remark is made to the contrary, the thermodynamic variables of state used without indices

in this International Standard describe total state.

3.2 Definitions

For the purposes of this document, the following terms and definitions apply. Additional terms and definitions
are given in Annex E.

3.21

ratio of volume flow ratios

3.2.2

ratio of reduced speeds of rotation

XN:

JR-Z4 T Jte
o)
R-Zy:Ty )

© 1SO 2005 - All rights reserved
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3.23
tip Mach number

Ma, =— (3)
aq

3.24
tip Reynolds number

_ub

Re, @)

D4

3.25
volume flow coefficient
V1
p=—— (5)
T p?2.y
4

3.2.6
reference process work coefficient

YPr
Wpr = (6)
' u?/2

3.2.7
enthalpy coefficient

Ah
vi= 2 (7)
u<l/2

3.2.8

RZ,T, ratio
| (R-Z4-Ty), 4 :(R'Z1'T1)_,« @)
7T (R-Z4Ty), 7B (R-Z4-T) g

where |,B is the first stage of cooled section B

3.2.9

section

one to several successive stages of a turbocompressor without intercooling through which the same mass
flow flows

4 Guarantees

4.1 General

The customer and the manufacturer shall make a contractual agreement specifying which properties and
characteristics of the compressor are to be guaranteed and demonstrated by the acceptance test. Verification
of these properties is effected by means of the values measured in the acceptance test and converted to the
guarantee conditions.

Fulfilment of the guarantee may be demanded only if all components of the compressor system are in correct
condition at the acceptance test (see 6.1.3).

6 © 1SO 2005 - All rights reserved
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4.2 Preconditions for the guarantee

The conditions that apply as a precondition for the guarantee, modification of which will affect the functioning
of the compressor, shall be specified in the contract of supply. These conditions can include the following:

a) inlet pressure (or discharge pressure in the case of suction-type compressors) and inlet temperature;
b) in the case of inward sidestreams, their thermodynamic states and the ratio of the side mass flows to the
inlet mass flow, in the case of intermediate extraction the ratio of the extracted mass flows to the inlet

mass flow and the extraction pressure;

c) in the case of intercooled compressors, the recooling temperatures and pressure drops between the
relevant compressor sections;

d) physical properties of the gas or vapour and its composition in volume or mass fractions;
e) coolant, its mass flow and inlet temperature;

f)  operating conditions of the driving machine (e.g. enthalpy differences, inlet and outlet state, heat value of
the fuel, type, voltage and frequency of electrical current, speed);

g) inlet and outlet state referred to the inlet and outlet flow area of the compressor;

h) speed (necessary deviations to meet the guarantee points shall be agreed upon between customer and
manufacturer).

4.3 Object of the guarantee
The following values can be guaranteed under the preconditions specified in 4.2:
a) actual inlet volume flow as defined in E.4.2;

b) discharge pressure (or inlet pressure in the case of suction-type compressors) and intermediate
pressures in the case of inward sidestreams and intermediate extraction;

c) the power for specified inlet volume flows and discharge pressures (or inlet pressures in the case of
vacuum-type compressors) in the form of

— compressor power at the compressor coupling, or

— power of the compressor with gearbox at the coupling of the driving machine, or

— electrical power at the terminals of the drive motor, or

— driving machine fuel consumption.

Where the compressor and driving machine have common components (e.g., bearings, oil pumps, etc.),
an agreement shall be made specifying the manner in which the losses occurring inside the components

are to be apportioned (see 5.9).

The related power or the efficiency related to a suitable reference process (see E.5) may also be
guaranteed instead of power.

d) the power of auxiliary machinery (e.g. oil pumps or cooling-water pumps) where such is not included in
the guaranteed power;

© 1SO 2005 - All rights reserved 7
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e) operating range limits, as follows:

— maximum actual inlet volume flow at a specified discharge pressure or maximum pressure at a
specified actual inlet volume flow,

— minimum actual inlet volume flow at a specified discharge pressure,
— surge limit.

See E.9.

4.4 Supplementary guarantees

Additional guarantees (for part-load efficiencies, sealants, temperature of the gas compressed, cooling
efficiency of coolers and condensers) can be required in cases were they are of significance for operation, or
for any other reasons.

4.5 Guarantee comparison

In case of an acceptance test, the test results measured and converted to the guarantee conditions shall be
assessed against the values guaranteed (see Clause 8), making allowance for the limits of measuring
uncertainties (see 6.4).

Any manufacturing tolerances for the guarantee shall be deemed to constitute a component of the contract of
supply and not of this International Standard.

4.6 Guarantees for series production

Where a series of compressors of the same design are manufactured within a short period of time, it is not
customary to perform an acceptance test on each individual compressor. Such a test performed on a few
compressors selected at random from the series and completed successfully, constituting a type-test, shall be
deemed to suffice. The details of this procedure shall be governed by the contract of supply.

5 Measuring methods and measuring equipment
5.1 General

5.1.1 Measuring methods and measuring uncertainties

Following measuring methods and measuring instruments inclusive of the rules necessary for their use shall
be used if applicable.

Other measuring methods may be used upon agreement regarding testing and fitting.

5.1.2 Facilities for measurement

The measuring points and equipment for measurement of pressure, temperature, flow, power and speed shall
be incorporated into the compressor during design and during its installation into the subsequent system.
Above all, it shall be ensured at all points for measurement of flow as specified in ISO 5167-1 that adequate
lengths of straight pipe are available and suitable flanged joints for installation of the orifices and nozzles.
Figures E.3 and E.4 illustrate a suitable arrangement for two measuring points each for pressure and
temperature on the compressor. Guarantees should be referred to the measuring points provided and
prepared. Sockets for reference instruments should be provided at the main measuring points.

8 © 1SO 2005 - All rights reserved
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5.1.3 Measuring instruments
The following measuring instruments shall be used for acceptance tests:

a) measuring instruments which have been calibrated by comparison with measuring instruments as
specified in 5.1.3 ¢),

b) measuring instruments for which a calibration or test certificate issued by an accredited authority is
submitted,

c) other tried and proven measuring instruments of a known accuracy, the use of which has been agreed
between the parties to the contract.

All measuring instruments (and orifices and nozzles in particular) shall be checked immediately before
installation and/or before and after the test for condition and dimensional accuracy. It shall, in addition, be
ensured that the installation point, installation itself, and the measuring instrument itself comply with the
relevant specifications. The result of this check shall be recorded.

5.1.4 Use of transducers; data acquisition

When electronic measuring instruments are used with transducers of any type and digital evaluation is
possible, the transducers shall be calibrated and a record kept of calibration. It shall be possible to check the
measuring systems by suitable means. This provision applies analogously to the use of data acquisition
systems and electronic data processing.

5.2 Pressures

5.2.1 Static pressure

The static pressure present at a wall should be measured by means of holes drilled in the wall. Such holes
shall have neither a burr on the wall surface, nor a flared opening. The diameter of the holes shall be kept as
small as possible; the lower limit is that adequate to avoid the danger of blockage.

In long straight pipes, flow parallel to the pipe axis is established. The static pressure may then be assumed to
be constant in every flat flow cross-section perpendicular to the axis of the pipe; sampling of pressure by
means of a hole drilled in the pipe wall then suffices for the purpose of measurement (see Figures E.3 and E.4
for the pressure-sampling apparatus).

5.2.2 Dynamic pressure and total pressure

Where an average velocity, ¢, is known from flow measurement and flow area, an average dynamic pressure,
Py can be calculated from this and with the static pressure, p, an average total pressure, p,, can be
calculated as follows:

For the average velocity:

2
c .p.A c .p.A
p p
C:—m.R.Z +\/[mRZJ +2'Cp'Ttot (9)

For the ratio of total to static pressure:

k
+ Tiot ) k-1
Ptot _ P+ Pd :[ totjk (10)
p P r
© 1SO 2005 - All rights reserved 9
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This approximation for the calculation of the dynamic and total pressure with the average velocity, c, is
regarded as sufficiently accurate in the scope of the present rules.

5.2.3 Installation of measuring lines

Measuring lines installed between the sampling point and the display instrument shall be installed with great
care. Any leaks shall be eliminated. Provisions shall be made to prevent blockage by foreign bodies. Where
condensate occurs in the measuring lines, such lines shall be completely filled with condensate or shall be
reliably kept free of condensate (e.g. by arranging the measuring instrument at a geodetic higher level than
the measuring point).

5.3 Temperatures

The static temperature, 7, and total temperature, Ti,, cannot be directly measured as variables of state of a
gas in flow.

Ratio of total to static temperature:

Thot 1
= (11)
T 2
1<
2.cp.Tt0t

Temperature sensors of conventional type and size (liquid thermometers, thermocouples, resistance
thermometers with or without thermowells for installation) gravitate, even when correctly installed, to their so-
called characteristic temperature, which is located between T and T, as soon as they are exposed to the

flowing gas. There are, however, temperature probes (“total temperature measurement instruments”) such as
plate-type, hook, and diffusor thermometers, the indication of which approximates extremely closely to the
total temperature (temperature at rest) of the gas.

Where it can be shown that the velocity recovery effect is insignificant, it may be neglected. In no case should
it be neglected if the dynamic head exceeds 0,5 % of the specific compression work. The velocity recovery
factor to be used should be agreed on. In the absence of any more specific values, the following may be used:
a) thermometers and thermocouples in wells: 0,65;

b) bare thermocouples: 0,80;

c) bare thermocouples with insulation shields:  0,97.

5.4 Gas density

For gases and vapours of known composition, density can be determined from equations of state, state charts,
or tables. In the case of gas mixtures of unknown composition, density should be measured directly using an
acknowledged method.

5.5 Gas composition

5.5.1 General

Where mixtures of gases or gas/vapour mixtures are being compressed, the composition of the mixture shall,
if necessary, be checked at regular intervals using an acknowledged method. The frequency, nature and
accuracy of such checks will vary according to fluctuations in gas composition.

10 © 1SO 2005 — Al rights reserved
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5.5.2 Moisture content

5.5.2.1  Air humidity

The relative humidity, expressed in percent, of air at atmospheric pressure (p,,) can be calculated as follows
using the temperatures read on the wet (1) and dry (z4,) thermometer of a psychrometer (as defined, for
instance, by Assmann) using Sprung's approximation equation:

p
Psat _0’5'(tdry _twet)’ 7a5rr15b
Pyap = ay -100 (12)

where
Dsat 1S the saturated vapour pressure at ¢,
Pdry is the saturated vapour pressure at /4 ;
Pamp IS the ambient pressure reading.

Relative humidity (¢,4,) can be read from an ;. - x,; chart for any pressure, p, of the air at known values for
Iwet @nd 4, and the barometer level py ..

The relative humidity of compressed air can be determined by diverting a side stream from the centre of the
pressure line and depressurizing it to atmospheric pressure. The relative humidity, Pyvap: measured at
atmospheric pressure, shall then be converted to the state in the line.

Recognized methods other than the psychrometric measuring method are also permissible (e.g. the dewpoint,
freezing-out, lithium chloride and absorption methods).

5.5.2.2 Moisture in other gases

The other methods mentioned in 5.5.2.1 are recommended for use with gases other than air [instead of
Equation (12)].

5.6 Gas velocity

5.6.1 Quantitative measurement

The numerical value for local velocity can be measured using indicating anemometers or probes (e.g. Prandtl
or pitot tube), which are non-direction-dependent within certain limits (see 5.7.3).

5.6.2 Determination of direction

The direction of velocity can be determined using fixed calibrated probes, or by means of the pressure
differences measured at adjustable probes.

Determination of direction is not necessary in long straight piping sections.
5.7 Volume flow and mass flow

5.7.1 Flow measurement using orifices and nozzles
ISO 5167-1 is definitive for measurement of flow using orifices and nozzles. Measurement may be effected

using non-standardized orifices and nozzles if special agreements to this effect have been made (see e.g.
References [4] and [5]).

© 1SO 2005 — All rights reserved 11
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5.7.2 Measurement using gas meters
Volume flow measurements can be effected using calibrated gas meters.

It shall be ensured that the gas flows through the meter without disruption by pulsating surges. The meter
shall also be checked for leaks at the drums or bellows and for precise filling with sealant liquid and for
changes in the gas-saturation level of the sealing liquid.

5.7.3 Other measuring methods

If one of the measuring methods mentioned in 7.5.1 and 7.5.2 is not be practicable for technical or economical
reasons, other measuring methods may be used upon agreement between the customer and the
manufacturer.

In a constant flow, the volume or mass flow can be determined from a calibrated pressure difference or by
means of measurement of the velocity profile (e.g. Reference [6]). The mass flow can also be calculated from
suitable energy balances, with the inclusion of drive power or of the process.

5.8 Speed of rotation

Where measurement of the speed of rotation is necessary for the performance test, it shall be determined with
the accuracy necessary for this purpose using a cyclometer, tachometer, frequency meter, etc.

5.9 Power
Where the power input to the compressor is guaranteed, this shall be measured

a) by performing an energy balance on the driver in accordance with the appropriate test codes for the
particular type of machine;

b) by measuring the torque using a cradled (swinging field) type of motor or a precision torque-meter;

c) by establishing a total energy balance for the compressor, by measuring all the losses and adding them
to the energy input to the compressed gas.

In case 5.9 a), where the performance is guaranteed in terms of the energy input to the driver, this shall be
measured in accordance with the appropriate International Standards or national standards.

In the case 5.9 b) of measuring the torque, torque-meters shall not be used for measurement below one-third
of their rated torque. They shall be calibrated with the measuring element at the same temperature as used
during the test. The calibration shall be carried out twice, once with continuously increasing load and once
with continuously decreasing load, and the mean of the two sets of readings shall be used. With both torque-
meters and cradled electric motors, it shall be shown that the hysteresis effect, i.e. the difference between the
readings with increasing and decreasing load due to mechanical friction etc., does not exceed 0,5 % of the
measured torque.

In the case 5.9 c) of establishing a total energy balance of the compressor-heat exchange with the ambient air
by means of conduction and radiation shall be taken into account:

Qrad =a - Arag '(tsur _tamb) (13)

A coefficient of heat transfer « = 14 [W/(m2-K)] can be used for estimation of these losses. Ap5q is the external
surface of the compressor between inlet and discharge. g, is a mean surface temperature of the compressor,
either measured or estimated from the gas temperatures in the compressor. If the radiation heat loss, Q .4, is
already known when evaluating the test values, test power can already be corrected by adding O ,q ¢ to the
gas power, P ,; o, €valuated from mass flow and temperature rise.
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Pite = Piatte + Orad te (14)

Otherwise, e.g. in case of an online test evaluation, O rad IS converted separately (see 7.2.4.5).

6 Performance test

6.1 Preparation for the test

6.1.1 General

It shall be ensured when preparing for the performance test that measuring instruments, the measuring
inaccuracies of which ensure the necessary level of accuracy (see 6.4.2), are selected.

6.1.2 Test procedure

The type, scope and chronological sequence of measurements, the location of the measuring points and the
measuring methods to be used, should all be specified in a test schedule. The diagrams and drawings
required for comprehension should be attached to the test procedure.

In the case of performance tests, this procedure should be agreed between the supplier and the purchaser on
the basis of the guarantee conditions.

The operating points at test shall be selected in accordance with 7.2. Bypass lines from the pressure to the
suction side of the compressor and from the hot-water to the cold-water side of the coolers, including the flow-
restriction elements, etc., can be installed, if necessary, as an aid to adaptation of test conditions to guarantee
conditions.

6.1.3 Inspections and preliminary test

It shall be ensured before (and after) the performance test that all lines are free of obstructions and all parts of
the system are in correct condition. It shall also be ensured that all supply and return lines not in use during
the test are correctly closed, by installing blind discs if necessary. All relevant pipes shall be checked for
tightness. Any components in the system exposed to fouling, and surface heat-exchange coolers in particular,
shall be cleaned on the water and gas sides before the test is started. If this is not possible, corresponding
agreements shall be made on the implications.

All measuring instruments and measuring lines shall be carefully checked for correct adjustment and correct
connection (see 5.1).

Also in the case of performance tests to be performed at the installation location, the supplier may first
perform his own preliminary test. Such preliminary tests can also be used to familiarize the test staff and to

test and check the instruments and equipment used. If this test is successful, it can be accepted as a
performance test by the customer.

6.2 Execution of the test

6.2.1 General

Performance tests should, wherever possible, take place under the operating conditions specified. It is
recommendable to isolate the compressor system from operational fluctuations.

Where the performance test is performed in the system, the adjustment of operating parameters may be
performed only in consultation with the person responsible for the system.

© 1SO 2005 — All rights reserved 13
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During a performance test on a compressor or a compressor system, no modification that would influence the
compressor performance and that could not be retained under normal operating conditions may be
implemented.

The performance test shall be carried out with all values in steady-state condition.

The data measured, the time of measurement and unusual occurrences shall be documented during the test.
The most important measured values shall (wherever possible) all be registered simultaneously. After the test,
the supplier's and purchaser's representatives and any neutral parties attending shall all be supplied with a
copy of the documentation.

The type, number and duration of measurements and their frequency will vary according to the importance of
the particular measurements, taking into account the special characteristics of the measuring equipment and

of operation. An agreement shall be made on this item.

In the case of cooled compressors, it is also advisable to ascertain in a test the effectiveness of the intercooler
under design conditions.

6.2.2 Permissible mean value deviations from the values specified in the guarantee conditions and
permissible fluctuations of individual values around the mean values

If the operating conditions deviate from the guarantee conditions, the test shall be valid, provided the mean
value deviations from the values in the guarantee preconditions are within certain limits. The limits can be
found in Tables 1 and 2 (7.2), in Figure 2 and Annex A.

Still greater deviations can be allowed, provided corresponding agreements have been made between the
supplier and the purchaser.

Where individual values fluctuate substantially, it is necessary to make an agreement regarding the permissibility

and possible enlargement of the measurement uncertainty range, depending on the particular circumstances
(see e.g. Reference [7]).

6.3 Evaluation of test results

6.3.1 Averaging

Readings from the values that influence the calculation linearly, taken at equal time intervals, can be averaged
arithmetically.

Readings from values that do not influence the calculation linearly, taken at equal time intervals, shall be
averaged in the equivalent form.

6.3.2 Mass flow and inlet volume flow

Effective inlet volume flow, V1,us,wet , can be determined from measured mass flow, i, , (see E.4.2).

6.3.3 Power (power at coupling), fluid consumption

The power (power at coupling), P of the compressor can be determined in accordance with 5.9.

cou’

Where a gearbox is used, the gear losses have to be determined separately (by means, for instance, of
measurement of the losses dissipated in the form of heat in the gearbox oil).

Where the compressor is driven by thermal machines, the fluid consumption can be determined from the

acceptance measurements in accordance with the rules for acceptance of the respective driving machine
(see 5.9).
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6.3.4 Power of the reference process

The power of the reference process can be calculated using the measured inlet and outlet state. Selection of
the reference process (isentropic, polytropic, isothermal) depends on the type and manner of operation of the
compressor (see E.5.1).

6.3.5 Specific working fluid consumption

Where a thermal engine is used as driving machine and the operating conditions of the compressor and the
driver are constant, the performance of the compressor may be expressed in terms of the mass flow of the
driver's working fluid per unit effective inlet volume flow of the compressor.

Where compressor operating conditions are subject to change, but the operating conditions of the driving
machine are constant, working fluid consumption should preferably be referred to the power of the reference
process, e.g. 7/ Ppy .

6.4 Measuring uncertainty of test results

6.4.1 Basic principles
Any measurement involves a degree of uncertainty. Uncertainties also arise from conversion (see 7.2.5).

The data contained in 6.4 presuppose that the requirements specified in Clause 5 are fulfilled. If this is not the
case, an agreement shall be made regarding an appropriate increase in the measuring uncertainties for the
individual measured variables and of the confidence ranges for the gas data. It is further assumed that all
registrable systematic errors in the measurement of individual measured quantities and gas data have been
eliminated by means of corrections. A further precondition is that the confidence limits of the reading error and
integration error have been rendered negligible by means of an adequate number of readings. The (small)
non-registrable systematic errors are also covered by the measuring uncertainties. Quality grades and error
limits are sometimes used for determination of the measuring uncertainties of individual measured quantities,
since the registrable systematic error of the measuring instruments used, with some exceptions, covers only a
fraction of the quality grade or error limit.

The data regarding the determination of measuring uncertainties for individual measured quantities (6.4.2), for
confidence ranges of gas data (6.4.3) and for variables of state, are approximations. These approximations
can be improved only with a corresponding level of complexity and expense.

In accordance with Reference [7], the measuring uncertainties defined in this International Standard should be
taken at the 95 % confidence limits.

The instructions regarding determination of overall uncertainties of measuring results (6.4.4) and their
application as semi-axes for the measuring uncertainty ellipses (8.2.4) include convenient simplifications, such
as ignoring certain relationships; see Reference [8].

6.4.2 Measuring uncertainty of individual measured variables
6.4.2.1 Measuring uncertainty of pressures
6.4.2.1.1 Precision pressure gauges and pressure transducers

The relative measuring uncertainty, expressed in percent, for pressure difference is

v
— Y 400 =+ GEPran (15)

A
? Ap Apte

Where the measuring instrument has a quality grade of G < 0,2, the term G = 0,2 should nonetheless be used
in the equation, in order to make allowance for mounting errors.
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6.4.2.1.2 Liquid columns

If liquid columns are applied, the measuring uncertainty depends above all on the readability of deflection AL If
no special aids are used, a measuring uncertainty, 7,;, of =+ 1 mm can be achieved.

Relative measuring uncertainty, expressed in percent, in the 100 mm < Al < 1 000 mm range is

TA,:%-100=A11-100 (16)

For Al > 1 000 mm, relative measuring uncertainty, expressed in percent, is
TAl = 0,1
6.4.2.1.3 Absolute pressures

The measuring uncertainty of an absolute pressure, p, depends on the uncertainty of the measured ambient
pressure, p,mp, and the pressure difference, p — pyp:

2 2
14 p—p
Tp = \/[ apmb 'Tp,amb] +£—amb'z—p—p,amb] (17)

p

6.4.2.2 Measuring uncertainties of temperatures

6.4.2.2.1 General

National standards contain information on the calculation of errors and error limits, with the inclusion of
unavoidable minor boundary influences. The provisions in 6.4.2.2.2 to 6.4.2.2.4 are intended to facilitate
selection.

6.4.2.2.2 Liquid-in-glass thermometers

The error limit determined by means of calibration and enlarged by mounting allowances should be used as
measuring uncertainty, 7;. Normally, 7; = 1 K.

6.4.2.2.3 Thermocouples

Where the entire measuring system has been calibrated recently and precision measuring instruments (quality
grade 0,1) are being used for measurement, a measuring uncertainty, 7;, of +1,0K can be used for
temperatures to 300 °C.

Substantially smaller measuring uncertainties can be achieved via the use of special instrument combinations,
particularly for small temperature differences.

6.4.2.2.4 Resistance thermometers

Where the entire measuring system has been calibrated recently, a measuring uncertainty, 7;, of £ 1,0 K can
be used for temperatures to 300 °C. The most accurate system for the particular application of the measuring
methods should, however, be used for this purpose.

6.4.2.3 Measuring uncertainties of flow

Tolerance, 7, , of the flow measurement using standardized orifices and nozzles shall be calculated in
accordance with 1ISO 5167-1. In cases where it is not possible to completely eliminate pulsation surges,
correction factors shall be applied. In addition, the tolerance, 7, , shall be enlarged by 20 % of the correction

factor.
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Where measurement is performed using meters (e.g. for oil volume flow), the measuring uncertainties of the
instruments (specified, for instance, by means of a test certificate) shall be used.

6.4.2.4 Measuring uncertainties of speed of rotation

The relative measuring uncertainty, expressed in percent, of the speed of rotation using calibrated analogue
measuring instruments is

4 N
TN=TN.100=iGﬁ (18)

te

The relative measuring uncertainty, expressed in percent, of speed of rotation using calibrated digital
measuring instruments is

Uy 400245
N te

Ty -100 (19)

6.4.2.5 Measuring uncertainty of torque

The relative measuring uncertainty, expressed in percent, of torque using calibrated torsion dynamometers is

4
thzMLt 100 =+ G ]\;ra”woo (20)
t te

The measuring uncertainty stated by the manufacturer of the measuring equipment can be used for torque
measurement using cradle-type motors.

6.4.2.6 Measuring uncertainty of power at the coupling of the driving machine

The relative measuring uncertainty, expressed in percent, of power at the coupling via the measured electrical
power of an electric motor is

(21)

where
Vp o is the measuring uncertainty of electrical energy consumed;

VM is the uncertainty of motor efficiency. The supplier of the electric motor shall supply, with the motor,
curves stating motor efficiency as a function of load and shall state the degree of uncertainty.

For the calculation of power at the coupling from measured electrical power consumption and measured
individual losses, the measuring uncertainties of these individual losses shall be taken into account in a
manner appropriate to the method of their measurement.

For the measurement of power at the coupling on other driving machines, the relative measuring uncertainty,
7p cour Shall be calculated in accordance with the corresponding standard.
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6.4.2.7 Measuring uncertainties of power from temperature difference and mass flow

Where power (e.g. gas power, mechanical power losses) is determined from a temperature difference and a
mass flow, the measuring uncertainty, expressed in percent, is

2 2
rp="P100=+ T,$,+r§p+—V”+Vf2.1002 (22)
i (r2-t1)

6.4.2.8 Measuring systems

Since the measured value is generally displayed on measuring instruments at the end of a measuring system,
the rules for measuring systems specified in applicable standards, e.g. Reference [7], shall also be observed.

6.4.3 Confidence ranges for gas data

6.4.3.1 General

Where gas composition fluctuates, particular care shall be devoted to suitable and correct sampling. The
confidence ranges for gas data shall be increased if these fluctuations exceed the ranges that can be
balanced out by means of suitable sampling.

The information in 6.4.3.2 to 6.4.3.4 also presupposes suitable chemical or physical analytical methods for
determination of gas composition.

6.4.3.2 Gas constant

6.4.3.21 Pure gases

Where the gas constant is taken from recognized equations of state, its confidence range, ¥, can be ignored.

6.4.3.2.2 Gas mixtures
The confidence range, V. of the gas constants can be ignored, provided the conditions of 6.4.3.1 are met. If

the gas constant is determined by means of measurement of density using precision measuring instruments
as specified in 5.4, a relative confidence range V,/R of £ 0,5 % should be used.

6.4.3.3 Compressibility factor

6.4.3.3.1 Pure gases

The confidence range, 7, of the compressibility factor can be found in the relevant literature for the pure
gases most commonly compressed; see Reference [9].

Where the compressibility factor is determined using equations of state, confidence range, V,, should be
estimated.

6.4.3.3.2 Gas mixtures

The greatest accuracy level can be achieved by means of measurement of the compressibility factor of the
gas mixture.

For the estimation of the confidence range of a compressibility factor determined from equations of state, it is
principally the confidence range, 7,, of the compressibility factor of the component occupying the greatest
proportion by volume and the confidence range, V,, of the component whose compressibility factor most
greatly deviates from 1 that should be used.

18 © 1SO 2005 — Al rights reserved



Normen-Download-Beuth-Karlsruher Institut fir Technologie (KIT) Campus Nord-KdNr.7487072-LfNr.5114378001-2010-11-11 12:01

ISO 5389:2005(E)

6.4.3.4 Isentropic exponent

6.4.3.41 Pure gases

Where the isentropic exponent for approximately perfect gases is taken from recognized tables, the
confidence range, V, of the isentropic exponent can be ignored.

No accurate data are available on the confidence ranges, V), of the isentropic exponents of gases which
deviate greatly from perfect behaviour; they can be estimated.

6.4.3.4.2 Gas mixtures

The same remarks as those made in 6.4.3.4.1 apply, provided the conditions of 6.4.3.1 are met.
6.4.4 Uncertainty of measuring results

6.4.4.1 General

The equations for calculation of the relative uncertainties of measured results are compiled in 6.4.4.2. They
state the semi-axes for the measuring uncertainty ellipses (see 8.2.4) and shall be expanded by the additional
tolerances if necessary (see 7.2.5):

Ttot = i(|z'res|+|z'dev|) (23)

These measuring uncertainty ellipses are plotted around the measured points.

In the event that only one guarantee point and one test point are available, a relative total uncertainty of
measuring results can be determined for the power or related power if this is converted to the guaranteed inlet
volume flow and pressure ratio, /7. In this case, the equations for relative measuring uncertainties for related
power apply approximately (see 6.4.4.2.4). This should be applied to the guarantee comparison in accordance
with 8.2.2.

6.4.4.2 Relative uncertainty of measuring results calculated by differentiation

Formulae derived according to Annex D.

6.4.4.2.1 For the inlet volume flow L

The relative uncertainty of measuring results for inlet volume flow is

2 2 2 2 2
Tres,V:i\/Tm HTNFT T+ T 7 (24)

6.4.4.2.2 For the pressure ratio, 1.5 ;;

The relative uncertainty of measuring results for the pressure ratio is

1 2 2 2 2. .2 2 2
Tres 7 =% 2\/(Inn)v(4'7N+TT1+TR+TZ1)+Tp1+Tp2 (25)
Xy
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6.4.4.2.3 For the specific polytropic compression work, Tres,yp

The relative uncertainty of measuring results for the specific polytropic compression work is

2 2 2
4 1 T 1 T 1
».p 2 2 2 2 1 2 2,2
Tres.y.po = =4 '(T =7 2)+ -——| ‘Tro+ ———— | ‘tptrR+77, (26)
PO v Inf2 e =Ty | 12 =T |z 12 "
P T Ty
6.4.4.2.4  For power, 7 p oo related power, 7o, /), and efficiency, 7., oo,

The relative uncertainties of measuring results required for formulation of the equations for relative uncertainty
of measuring results for power, related power and efficiency, and the factors by which these relative individual
measuring uncertainties are multiplied, are compiled in Table 1.

Table 1 — Factors or relative measuring uncertainties for individual measured variables for
determination of uncertainty of measuring results for determination of power, related power and
efficiency in accordance with 6.4.4.2.4

Relative U led Cooled compressor Cooled compressor
: ncooled compressor
measuring P 910 =Yg Gie# 9ig
uncertainty for i i i i
individual Case1°|Case29|Case3¢|Case1°|Case29|Case3¢|Case1°|Case29| Case3®
measured values
1 1 1
¥ pcou 0 1+y 0 0 1+y 0 0 1+y 0
€2 €2 €2
Pi CcOo PI CcOo PI CcOo
7 pj —_— 0 0 —_— 0 0 —_— 0 0
I PCOU,CO PCOU,CO PCOU,CO
Pmech,co 1 1 Pmech,co 1 1 Pmech,co 1 1
7 p,mech Peou,co 1+6‘2 1+6‘2 Peou,co 1+, 1+ &, Peou,co 1+ &, 1+ &,
1 1 1
Mt 0 0 1+y 0 0 1+y 0 0 1+y
€2 €2 €2
1 1 0 1 1 0 1+2€3|n17A’CO 283 InIYA,CO
i 265N 1T ™
0 0 1 0 0 1 E3INLLA co 263N 1T p oo
0
Trl"l a
1
In/7
T a
p
1
N7
0 &3 In HA,CO
T2
1 1+ &3 In HA,CO
0 &3 In HA,CO
718
1 1+ &3 In HA,CO
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Table 1 (continued)

Relative Cooled compressor Cooled compressor
measuring Uncooled compressor P G
uncertainty for A /9 A /9
individual c d e c d e c d e
measured values Case1°|Case29|Case3¢|Case1¢|Case2%|Case 3¢| Case 1°|Case 2 Case 3
0 €3 In HA,co
TR a
1 1+ &3 In HA,CO
1
p2 A‘ s
Tk &1 &1 &1 0 0 0 0 0 0
T8 0 0 0 0 0 0 £3 £3 &3
T71,B 0 0 0 0 0 0 £3 &3 £3
TT1,jb 0 0 0 z-1 z-1 z-1 z-2 z-2 z-2
z z z z—1 z—1 z—1

@  Here, the factors for determination of uncertainty of measuring results for power at coupling Tres, peou . NOt including 74e, , are

shown in the top line, and those for related power and for efficiency 7 eg pcou » NOt including z4ey , in the bottom line.

= =
2Ty 27
p

res(Pcou/V)

b For@i=9 . T.. =23y _JMN ng g =0V
jte T Yj,g {1jav s g vy T4 ;) T1jav
Jj=z Jj=z
z Iy Z Vi ;
=l j=Ill yav
For $ta# $iq THimy =Lt—, V.o, =2 and gz, =0
o™ e Tray z-2 Va2 m 1jav

€ Case 1: Power at the coupling, Pgoy te: is determined by means of measurement of gas power Pjt and mechanical losses

Pmech,te-

d  Case 2: Power at the coupling is measured on the driving machine.
€  Case 3: Power at the coupling is determined by means of measurement of torque M ¢ and rotational speed N
Coefficients:
1 1 In77
1- kte kte (ﬂ]
k Jte
111
P,
£y = cou,te (28)
p Pre _p
mech,co P ~ “mech,te
i,co
P
3= iB,co (29)
Pi,co
© 1SO 2005 — All rights reserved 21



Normen-Download-Beuth-Karlsruher Institut fir Technologie (KIT) Campus Nord-KdNr.7487072-LfNr.5114378001-2010-11-11 12:01

ISO 5389:2005(E)

EXAMPLE The equation for relative uncertainty of measured results for power at the coupling of a cooled
compressor (9 = J; g) can be formulated as follows in accordance with Table 2 if power at the coupling in the test Peoy te
has been determined by means of measurement of torque and rotational speed (case 3):

2

1 1

2 2
T == T + T +(2~5 -Inr7 T )2+ 1- L T +
res,(Pcou) U+ P Pmech 1. i Mt 3 Aco’ ‘N In T p1

€2

...+(€3 'InHA’CO'TT1)2+(S3 'InHA’CO'Tz»])z +(S3 'InHA’CO 'TR)2+...

2 21 /2
1 i =2 30
a In 77 ¢ fr2 +(63'TT1’B) +(83'TZ1,B) Ty (30)

6.4.4.3 Determination of measuring uncertainty using the difference method

The uncertainty of measuring results 7., of a result function, #, (e.g. steam consumption) can be
determined as follows, particularly in the case of complicated functional interactions whose derivation by
means of closed mathematical solutions is difficult.

The result function, W, is based on all measured values, converted to the guarantee preconditions and
corrected to the guarantee value.

For example, for W= P with 7,.¢ 5 €xpressed in percent:

cou,g’
YTg V1,g

W= Pi,co ’ ’ % + Pmech,co,g (31)
YTeco V1o

4
Tres. 0 :WW-mO:J_r

=+/> £4-100 (32)
fo= W(x;+Vy)=W(x; = V) (33)

2~W(xl»)

For this purpose, the result function, W, for all measured variables and gas data, x;, contained therein is
calculated using the values increased or decreased by the individual measuring uncertainty 7., and the mean
relative deviation f,; of the result function, 17, is calculated from their difference at the position of the measured
value x;.
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W
4 Wix +V,)
W (x)
W (X/ - fo)

Figure 1 — Variation of a result function versus an individual measuring uncertainty

6.4.4.4 Relative uncertainty of measuring results for single-stage measurements on multi-stage
compressors

The following equations apply in the case of the composition of the overall performance curve from the curves
of single stages or sections measured separately:

for the relative measuring uncertainty for volume flow:

T comb,V :(1+0’2' VZ—1)¥ (34)

for the relative measuring uncertainty for the pressure ratio:

Tcomb,77 = (1"'0,2‘\/:)‘ Z(TZH;/.WCOJ) (35)
co,j

for the relative measuring uncertainty for power:

T comb.p :(1+0,2.\/ﬁ).w (36)
co,j

The factors 0,2 and z — 1 make allowance for the unavoidable inaccuracies of separate measurement of the
individual sections and in compilation of the results.

6.4.4.5 Weighted relative uncertainty of measuring results

If different measuring methods have been used, weighted measuring values and uncertainties can be
obtained following Reference [7]:

Weighted measuring result:

— Z(Wi'7i)

W, = (37)

’ 271'
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with

1 2
7i= [W} (38)

Weighted uncertainty of measuring results:

1 1
Vi, = _ (39)
y
27 Z{ 1 JZ
Vwi
Weighted relative uncertainty of measuring results:

V,

Tjpy = W—: (40)

7 Conversion of test results to guarantee conditions
7.1 General

7.1.1 Purpose of conversion

The test results can be directly compared with the guarantee values only if the compressor is measured
precisely under the guarantee operating conditions during the acceptance test.

If the operating conditions during the test deviate from those specified in the guarantee, the test results shall

be converted to the guarantee operating conditions. Only such converted test data may be compared with the
guarantee values in the guarantee comparison as specified in Clause 8.

7.1.2 Object of conversion

The values converted are essentially the following:

— effective inlet volume flow, 7y s;

— pressure ratio, 77, or head;
and power at the coupling, P,

Power at the coupling P, is composed additively of gas power P; and mechanical loss P, Which are
converted separately. Allowance shall be made, if necessary, for the influence of leakage flows.

7.2 Conversion

7.2.1 Adherence to the requirements deriving from similarity theory

Conversion of test results from test conditions to the guarantee conditions is generally possible if similarity of
the flow in the compressor is ensured during conversion of a test point to guarantee conditions, i.e., provided
the essential conditions can be maintained for identical reference process work coefficients, see Equation (6),
and for identical flow coefficients, see Equation (5).

Where variable geometry systems for control of flow in the compressor (e.g. adjustable inlet guide vanes or
diffuser vanes) are installed, the conversion will apply only to one constant setting of such systems. These
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similarity conditions relate only to the flow in the compressor, and not to mechanical losses. For this reason,
these shall be separately measured and converted for the guarantee comparison (see 7.2.4.4).

a) Identical reference process work coefficients and volume flow coefficients

Under identical reference process work coefficients and flow coefficients, y and ¢, the ratio of a
characteristic flow velocity in the compressor to tip speed has an identical value under test and under
guarantee conditions. For this reason, it is necessary, but not sufficient, that ¢ and wor V;/N or Y/N? be
kept constant for conversion of the test point.

b) Identical isentropic exponents

The change of state of the compressed gas can be kept identical under test and guarantee conditions in
all stages of the compressor only if the isentropic exponents are identical.

c) Identical Mach numbers

In order for the velocity ratios to be identical in a gas at every flow path location, the condition shall be
imposed, in addition to the requirement for identical reference process work and flow coefficients, that the
volume flow ratios (volume flow referred to inlet volume flow) remain constant at every flow path location
under test and guarantee conditions. The requirement for identical volume flow ratios in all stages of the
compressor is met — always assuming identical isentropic exponents — if the tip Mach numbers Mq , are
identical under test and guarantee conditions. Under these preconditions, identical tip Mach number
signifies simultaneously identical local Mach number (flow velocity referred to the respective local sonic
velocity).

d) Identical 191 ratios in the individual stages

The similarity condition of identical ¢ ; ratios in the individual stages signifies that the values

&; = (RZ4T1);/(RZ4T4), are constant (j=1,1I,...). In uncooled compressors, this requirement is fulfilled

anyway given identical isentropic exponents and identical tip Mach number.

In cooled compressors, the condition 191 = const shall be achieved by means of corresponding adjustment
of the intercooler.

The cooler performance cannot be assessed if the test values diverge from the guarantee conditions. If
necessary, performance shall be tested separately.

e) Identical Reynolds numbers
In order that the boundary layer of the flow, and thus also the flow pattern influenced by it, remain
constant, the Reynolds number, as well as the parameters already mentioned, shall also remain constant
in the conversion calculation.

f)  Identical heat exchange characteristic

In cases where heat exchange has an influence on the compression process, the corresponding
characteristic variables shall also remain identical.

7.2.2 Approximations to the requirements deriving from similarity theory

7.2.21 General

Since it is, in general, not possible to fulfil all similarity conditions simultaneously, it will be necessary to
neglect individual conditions to a greater or minor extent; see Reference [10].

In compressors operating at flow velocities in the sonic velocity range, it is necessary to check whether the
deviations in Mach numbers during the test from those in the guarantee conditions are within the permissible
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range. In this context, however, it is not the tip Mach numbers Ma,, for which allowance shall be made, but
instead the local Mach numbers (ratio of local flow velocity to local sonic velocity).

7.2.2.2 Negligence of influence of certain characteristic variables

If it is not possible to satisfy all the conditions required for the characteristic variables simultaneously, it is
necessary to dispense with the equality of those characteristic variables which generally have only secondary
influence on efficiency and are of significance only in boundary areas, once their magnitude has been
checked under test and guarantee conditions.

As heat exchange generally has only a slight influence on the compression process in uncooled compressor
stages, the corresponding characteristic variables for heat transfer play a role only in case of extreme
deviations in test conditions. Intercoolers are not considered in this context.

7.2.2.3 Permissible deviations of characteristic variables whose Influence cannot be neglected

7.2.2.31 Preconditions

Similarity in the entire compressor is ensured provided Yo and ¢ of each stage, Ma,,, k, 191 and if necessary Re
remain identical.

Approximations may be appropriate in cases where the tip speed Mach number or the isentropic exponent %,
or both variables, in test conditions cannot be precisely adopted to the guarantee conditions in uncooled
compressors; and in cooled compressors if, in addition to the two conditions mentioned above, the
temperature ratios cannot be maintained either.

Deviations of the Reynolds number are permissible up to certain limits (see Figure 2). If the Reynolds number
in the test is lower than the limits of Figure 2, only a Reynolds number correction, in accordance with Annex C,
within the limits of Figure 2 shall be made. The influence of the Reynolds number on efficiency, specific
compression work and flow coefficient shall be taken into account when determining the test conditions (see
7.2.2.3.2) and converting test results to guarantee conditions (see 7.2.4.1).

Re, , = [(u-b)/ v
10 uE ’

4

0,01 \ -

100 10 100 100 107 100 X

Key
X guarantee Reynolds number, Re, g
. Reyge
Y Reynolds number ratio, ——
eu’g

a8  Permissible range of application.

Figure 2 — Permissible range of application for conversion
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The approximation procedures start from the precondition that at ¢, = g OF (V1 /N)t = (V1 /N) the velocity
ratios, and thus the volume flow ratios in the compressor during the test, can deviate upgto a certain
percentage from the ratios under guarantee conditions without a substantial effect on efficiency and specific
work of compression.

7.2.2.3.2 Permissible deviation of volume flow ratio, ¢
The greatest deviations in volume flow always occur for ny, = ng at the end of the compression process.

For ny # ng, the condition of identical volume flow ratios throughout the compression process is achievable
only approximately, since the maximum volume flow deviations can occur within the compressor as a result of
a divergent pattern in change of state.

The inner tolerance limit for deviation of the ratio of volume flow ratios ¢is Ag,, =+ 0,01. It shall be checked if
this limit can be maintained by means of variation of test values Ny, Ry, Zj 1o OF T4 1. In such cases, the test
should be performed without the use of a supplementary tolerance. Otherwise, it has to be checked whether
the test can still be performed within the outer tolerance limit Ag,, = 0,05 (see 7.2.5). In this case, the test can
be performed with approximated similarity using a supplementary tolerance (Figures 6 and 7).

The permissible ratio of reduced speeds X} ;,;, Equation (2), can be calculated using the permissible deviation
Ay Of the ratio of volume flow ratios, ¢, Equation (1); see Annex A.

If the outer tolerance limits do not suffice, it shall be checked on a case-to-case basis if tests may still be
performed according to the method described in Annex B.

If the check of the test values indicates that the values 7, , and (py/p4) deviate from the values 7, . and

(p2/p1)pr predicted for the test conditions, the check for similarity conditions should be repeated using these
values.

7.2.2.3.3 Permissible deviations of tip Mach Number

The permissible deviations of the volume flow ratio themselves include a limitation on the permissible
deviations of tip Mach Number.

May, te _ . k1,g
Mau’g N

(41)
k1,te

Mach number effects shall be considered if the critical relative Mach number Ma,; (localy sonic velocity in the
stage) is reached under guarantee or test conditions for the test point and the converted point.

7.2.2.3.4 Permissible deviations of the Reynolds number

It is necessary to check the deviation of the test Reynolds number from that of the guarantee conditions.
Allowance is made for the influence of this deviation on operation of compressors by means of suitable
correction provisions, which, however, may be used only in specific cases.

The cases for application of the correction equations and the selection of a suitable test Reynolds number are
determined by two factors:

— accuracy of the correction equation for various Reynolds numbers;
— accuracy of the test results achieved at reduced inlet pressures or lower speeds.

In the case of centrifugal compressors, the well-proven method for correction of the Reynolds number (see
Annex C) shall be used. The limits of application of the equations are shown in Figure 2.
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In the case of axial compressors, the correct method for Reynolds number correction depends on the blade
characteristics used by the compressor manufacturer. For this reason, the method and the application ranges
should be agreed between the manufacturer and the user.

7.2.3 Subdivision of conversion cases

7.2.3.1 Classes of conversion
According to the test conditions, the following classes derive for adjustment, test and conversion:
— Class A: Test, maintaining the inner tolerance limit Ag,,, = + 0,01. If this is not possible:

— Class B: Test, maintaining the outer tolerance limit Ag,;, =+ 0,05. If this is not possible:

Normen-Download-Beuth-Karlsruher Institut fir Technologie (KIT) Campus Nord-KdNr.7487072-LfNr.5114378001-2010-11-11 12:01

7.2.3.2

Class C: Test beyond the outer tolerance limit.

Conversion according to classes A and B

These cases are shown schematically in Tables 2 and 3 and in Annex A.

7.2.3.3

This case is described in Annex B.

Conversion according to class C

Table 2 — Adjustment, test, conversion: uncooled compressor

Nie = I’lg

Nt # ng

Case

3a

3b

3c

3d

Example

Annex F, Example 1

Annex F, Example 5

Ratio of reduced
speeds, see
72232

Set compressor at

Xntol = \Vp.g/Vpie -

Deviations within
tolerance limit

Adio = £ 0,01 as per
Annex A are
permissible.

No supplementary
tolerance for
conversion.

If adjacent condition
cannot be met, set
compressor at XN tol
within outer tolerance
limit Agyo) = £ 0,05 as
per Annex A.

Supplementary
tolerance for
conversion as per
7.2.5.

Set compressor with Xy, to
be within inner tolerance
limit Agy,; = £ 0,01 as per
Annex A.

No supplementary
tolerance for conversion.

If adjacent condition
cannot be met, set
compressor with Xy, to be
within outer tolerance limit
Ao = £ 0,05 as per
Annex A.

Supplementary tolerance
for conversion as per 7.2.5.

Mach number:

If Ma, ¢ # May g, check whether changes caused by Mach number occur in the performance curve

see 7.2.2.3.3 range relevant for the guarantee comparison (critical Mach number, choke Mach number).

Reynolds Check whether Re, o/Rey, 4 is within the range permissible for conversion of efficiency (in accordance

number: see with Figure 2 for centrifugal compressors).

72234

Performance Operation of one point in the vicinity of the guarantee point or not less than two test points which

curve enclose the guarantee value for specific work of compression or for inlet volume flow (depending on
guarantee comparison).

Conversion 7.2.4.1, Figure 3.

Converted Check whether the similarity conditions have been met in the test.

values

Guarantee Clause 8.

comparison
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Table 3 — Adjustment, test, conversion: intercooled compressor

e = ng and Rey te = Rey g

Other application cases, for instance:
a) ng = ng and Rey e # Rey g

b) e # ng

¢) Inward sidestreams or extractions

Deviations within inner
tolerance limit

Ay =+ 0,01 as per
Annex A are
permissible.

No supplementary
tolerance for
conversion.

tolerance limit
A¢o =+ 0,01 as per
Annex A.

No supplementary
tolerance for
conversion.

If the above condition
cannot be met, set first
section at Xj, within
outer tolerance limit
A¢o =+ 0,05 as per
Annex A.

Supplementary
tolerance for first
section for conversion
as per 7.2.5.

Case 4a 4b 4c 4d
Example Annex F, Example 4 Annex F, Example 3 Annex F, Example 2
Ratio of reduced [ Set first section at Set the individual Set the individual If the adjacent condition
speeds: See Xyt = 1. uncooled sections with [ uncooled sections with | cannot be met for all
72232 ' Xy to be within inner Xy to be within inner uncooled sections, set

tolerance limit
Ado =+ 0,01 as per
Annex A.

No supplementary
tolerance for conversion
for these sections.

the relevant sections at
Xy within the outer
tolerance limit

Adyo £ 0,05 as per
Annex A.

Supplementary
tolerance for conversion
as per 7.2.5 for the
relevant sections.

RZ4T4, ratio as
defined in 3.2.8

Set stage inlet
temperatures in such a

way that
dite _

9jg

If the adjacent condition
cannot be met,
subdivide into uncooled
first section and
intercooled downstream
section at

19j,B,te
9

=1
J:B.g

Wherever possible, set the stage inlet
temperatures in such a way that the test can be
run at an identical speed for all sections.

Mach numbers:
see 7.2.2.3.3

If May o # May, g, check whether changes due to Mach number occur in the characteristic curve range
relevant for the guarantee comparison (critical Mach number, choke Mach number).

Reynolds number:
see7.2.2.3.4

Overall conversion via
specific isothermal work
of compression and
isothermal total
efficiency only possible
if Rey te ~ Rey g-

(No change in
polytropic stage
efficiency.)

Check that Re, 1¢/Rey 4 is in the permissible range for conversion of
efficiency (in accordance with Figure 2 for centrifugal compressors).
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Table 3 (continued)

nye = ng and Rey te = Rey g

Other application cases, for instance:
a) ng = ng and Rey e # Rey g

b) e # ng
¢) Inward sidestreams or extractions
Case 4a 4b 4c 4d
Example Annex F, Example 4 Annex F, Example 3 Annex F, Example 2
Performance As for uncooled First uncooled section First uncooled section as in Table 2, all other
curve compressors in Table 2. | as the intercooled sections with adequate number of performance
high-pressure section curve points for superpositioning.
indicated in Table 2
with adequate number
of characteristic curve
points for
superpositioning.
Conversion 7.2.4.2.1, Figure 4 7.2.4.2.1, Figure 5. As per Table 2 for each uncooled section, then

superpositioning with recooling temperatures and
pressure losses, and mass flow ratios as per
guarantee conditions if necessary,

Section 7.2.4.2.2.

Converted values

Check whether similarity conditions were met in test.

Guarantee

comparison

Clause 8.

7.2.4 Conversion equations

7.241

Conversion for uncooled compressors or sections

Provided the conditions specified in 7.2.1 and 7.2.2 are met and the gas behaves approximately perfect, the
test values can be converted to guarantee conditions using the procedure shown in Figure 3.

For real gas behaviour, the variables [1], [3], [6] and [7] in Figure 3 should be calculated from the temperatures
and pressures measured, either using the compressibility functions; see Equations (E.22) and (E.23), or using
gas data programs. At small pressure ratios, calculation can also be effected by means of the isentropic
change of state; see Equation (E.74).

30
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a8  Test values.
b Guarantee conditions.

Figure 3 — Calculation for uncooled compressors or sections
with approximately perfect gas behaviour

7.2.4.2 Conversion for cooled compressors

7.2.4.21 Overall conversion

Provided the conditions specified in 7.2.1 and 7.2.2 are fulfilled and that the test conditions achieved mean
that there is no need to make allowance for the influence of the Reynolds number, the test results can be
converted to the guarantee conditions using the procedure shown in Figures 4 and 5.

Where ;1 = 9

g conversion can be carried out as shown in Figure 4.
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a8  Test values.
b Guarantee conditions.
Figure 4 — Overall conversion for cooled compressors where 9, = 4, nie = ny and

with approximately perfect gas behaviour

Where 9, # 9, 5, the test results can be converted in accordance with Figure 5 It is presupposed here only
that, where multiple intercooling is installed, the products RZ, T, downstream of the intercoolers have the same
ratio to one another in the test as in the guarantee conditions.

The measured gas power of the compressor shall be subdivided into a section A for the uncooled section and
a section B for the cooled section. It will, in general, be possible to perform this subdivision during the test.
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Figure 5 — Conversion for cooled compressors where ;. = J, ;, but 95 = 8 o, e = ng and

approximately with perfect gas’behaviour
Where this is not possible, the subdivision can be performed proportional to the specific design work of
compression.

These power portions shall then be converted to the guarantee conditions using the procedure shown in
Figure 5.

7.24.2.2 Conversion by means of uncooled sections
Where the conditions for an overall conversion are not met (e.g. greater Reynolds number deviations, different
isentropic exponent, intercooler operating conditions diverging from guarantee conditions), the conversion

shall be effected by means of superpositioning of the section performance curves converted in accordance
with 7.2.4.1.

7.2.4.3 Provision for leakage flows

Allowance shall be made in the conversion for changes in leakage flows where the test conditions in the test
diverge significantly from the guarantee conditions.
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7.2.44 Conversion of mechanical power loss

Mechanical power loss, Pech, is the sum of all individual mechanical losses. These depend on the respective
test and guarantee conditions, and on speed, power consumption, axial thrust, and the viscosity and
temperature of the lubricant, in particular.

Individual mechanical losses occur in axial and radial bearings, lubricant pumps, compressor gear boxes,
liquid and gas operated shaft seals, mechanical contact seals, etc., in particular.

The losses are normally measured on the basis of oil-temperature rise and/or calculated from design
dimensions and the test data.

The sum of the converted individual losses is the mechanical power l0ss, Pech cor from which P
now be calculated:

cou,co can

P

cou,co — Pi,co + Pmech,co (42)
The power loss due to bearing friction can be determined for plain bearings.

The influence of speed on the mechanical losses can be estimated by the equation:

Ng Y
Pmech,co = Imech,te (43)
Nte

where b =1,5t0 2,0

7.24.5 Correction of gas power due to radiation

If not directly added to measured gas power according to 5.9, the heat transferred to the ambient air during
the test in case of an energy balance is converted to guarantee preconditions by the equation

Pi,At,CO

Qrad,co = Qrad,te ’ (44)

Pi,Az,te

and added to the gas power, P; 5, .o, measured over mass flow and enthalpy rise and converted to guarantee
preconditions

Pi,co = Pi,At,co + Qrad,co (45)

The converted discharge temperature #, ., then can be corrected by

Pi co
: 46
- (46)

i,At,co

f2c0 =119 +(t2,co,At _t1,g)'

Qrad’co is not the heat transferred to ambient air by radiation at guarantee preconditions.

7.2.5 Supplementary tolerances

Where it has not been possible to meet the inner tolerance limit during the test, a supplementary tolerance for
power and specific compression work shall be determined as follows:
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For the pressure ratio, /7, and the polytropic exponents, n,,, and ng, the permissible upper and lower limit
values of X}, with the parameter Agy, shall be calculated according to the flow diagram in Annex A or

l/’p,te

X Nytol (47)

¥Ypg

at the inner tolerance limit and at the outer tolerance limits shall be taken from the relevant figures and Xy
shall be calculated with this value.

Figure 6 shows an example of such a diagram, which shall be drafted newly in each case.

Y
1,5 — Bq]\g\ s
& . _
I
I
1 F I
I
| |
| ¢f0[ < 0
05 | l l l 1 l -
0 0,01 0,025 0,05 X
Key
X deviation, [Ag|, of the ratio of the volume flow ratios
Y Xy

a8  Achievable in the test.

Figure 6 — Procedure to determine the deviation of the ratio, ¢, of volume flow ratios
for determination of supplementary tolerance

This figure supplies the corresponding value for A¢ for the test value X

The supplementary tolerance 4., can then be calculated:

If |Ag| < 0,01 Tgey = 0
If 0,01<|Ag| < 0,05 Tgev = 25 (|Ag[ - 0,01) in %
If |Ag| > 0,05 (Test class C) Tyey = 1,0 %

7.2.6 Special notes

Where a portion of the gas condensates, e.g. in the intercoolers in the test and/or guarantee case, the
condensated amount shall be taken into account in power in accordance with the compression work
necessary for it, and in the volume flow. It shall be borne in mind that the amount actually condensated up to
stage “/” of the compressor is, in general, smaller than its thermodynamically calculated quantity (separation
efficiency < 1). Where it is necessary to convert from a test state at a specified moisture content to a
guarantee state of a different moisture content, the separation efficiency of the respective coolers shall be
assumed constant in the test and guarantee conditions by way of approximation. The measured amounts of

condensated water in the test shall be converted at the ratio of the amounts which would result in each case
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at a separation efficiency of 1. The power for each stage shall be corrected by the amount by which the gas
mass flow differs in the test and guarantee conditions due to differing amounts of water condensation. Precise
conversion, on the other hand, is possible from a test with moist gas to the guarantee state (dry gas) by
adding to the power for each stage the extra energy required for compression of the gas which, in the
guarantee case, would remain in place of the fluid condensated out during the test.

Furthermore, during the compression process or in the compression system and its measuring points,
chemical reactions which modify gas contents, volumes and temperatures, in particular, can occur.

Where a compressor features inward sidestreams and/or extractions, the volume sidestream flows or
extraction flows under test and guarantee conditions shall be harmonized in proportion to the main flow. Here,
conversion shall be performed on the basis of the mixture states.

Where the compressor is operated under test and guarantee conditions at differing pressure levels, leakage
losses shall be considered.

Where a compressor consists of several casings or where its design makes it possible to remove intercoolers
and install measuring lines in their place, the compressor can be subdivided into separate compressor units
for test purposes.

The acceptance test does not necessarily furnish proof that the intercoolers fulfil the guarantee conditions with
regard to re-cooling temperature, pressure loss, coolant flow, etc.

8 Guarantee comparison

8.1 Object
The guarantee comparison is comprised of the following:

a) verification of the guaranteed absolute and/or related values for power or fluid consumption, and/or for
the efficiency of the compressor under guarantee conditions (see 4.3);

b) verification of the guaranteed upper limit of the operating range of the compressor under guarantee
conditions and, possibly, also of the lower limit of the operating range and the corresponding efficiencies
under guarantee conditions.

8.2 Execution

8.2.1 General

In order to verify fulfilment of the guarantee, the guarantee values are compared with the test results
converted to the guarantee conditions. Inclusion of total uncertainty 7, (6.4.4.1) in the guarantee comparison
is dealt with below.

The guarantee comparison is carried out in most cases by means of graphic presentation. The inlet volume
flow, V', is selected as the abscissa X. The equations for the relative uncertainty of measured results shall be
derived anew for other plotted features. The variable to be verified, e.g., efficiency 7., is plotted as the
ordinate Y. The methods for the guarantee comparison described below apply, provided no contractual
agreements to the contrary have been made.
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8.2.2 Comparison of single test points with single guarantee points

Power at the coupling P, ., converted to guarantee conditions in accordance with 6.3 is converted to the
values taken as a basis for the guarantee for inlet volume flow, Vig and pressure ratio Il4lyg =f(Hg)]; see
Figure 7 assuming constant gas efficiency:

Vig v

9 9

Pcou,cog =Lico : + Pmech,cog (48)
Vico Yeo

A PCOU,CO

cou

<
¢

P

cou,g

P

cou,cog

cou,co

s A /-0- Jq
yCO

Vo Vg V

Figure 7 — Guarantee comparison for single test points

The applicability of this procedure is restricted by the permissibility of the assumption of a constant efficiency.
A guarantee comparison with respect to the performance curve shape is not possible. The measuring

uncertainty for P, shall, in this case, be calculated using the equation for related power at the coupling in
6.4.4.2.4

cou,co

8.2.3 Comparison of measured performance curves with guarantee points

8.2.3.1 Compressors with fixed geometry and speed

Where a manufacturing tolerance is agreed for the inlet volume flow and/or discharge pressure (pressure
ratio) for a compressor due to the lack of facilities for control to vary the performance curve, the guarantee
comparison for power shall be carried out in accordance with Equation (48). The following point of the
performance curve is taken as a basis for this, according to the type of manufacturing tolerance agreed:

— manufacturing tolerance on inlet volume flow;

— performance curve point at guaranteed discharge pressure (pressure ratio); see Figure 8;

— manufacturing tolerance on discharge pressure (pressure ratio): performance curve point at guaranteed
inlet volume flow; see Figure 9;

— manufacturing tolerance on inlet volume flow and discharge pressure (pressure ratio): intersection of the
performance curve with the straight line from the guarantee point to the minimum or maximum point of the
tolerance field; see Figure 10.
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Figure 8 — Guarantee comparison for a compressor at guaranteed pressure ratio

cou

Figure 9 — Guarantee comparison for a compressor with guaranteed inlet volume flow
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Figure 10 — Guarantee comparison for adjustable pressure ratio and inlet volume flow
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(e.g. where manufacturing tolerance applies to pressure ratio and inlet volume flow)
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8.2.3.2 Compressors with variable geometry or variable speed

Here, the guarantee comparison can be carried out directly in accordance with Figure 11 using a performance

curve through the guarantee point (V1,g’ng)-

AP‘:OU

P

cou,cog

. L Peoug

=P

cou,co

Y

9

Figure 11 — Guarantee comparison for a compressor with variable geometry or variable speed

This performance curve can be operated directly, or may be produced from adjacent performance curves in
conjunction with the similarity conditions or by means of interpolation.

8.2.3.3  Special case: inlet throttle control

Where the converted performance curve for the inlet volume flow of the guarantee point exhibits a greater
pressure ratio than the guaranteed pressure ratio and inlet throttling is possible at the place where the
compressor is installed, the guarantee comparison may be carried out making allowance for inlet throttle
losses. Under perfect gas behaviour and without intercooling (Figure 12):

P2g
Pcou,co - Pmech,co )— + Pmech,co (49)
2,co

Pcou,cog =(

Where p,/p is a constant

V.
19 _ P2g (50)

V1,co P2co

The throttled inlet pressure is
P2,
Pteog =~ (51)
p2,co/p1,g

This suction pressure shall be in the tolerable operating range.
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/DZ,g
Peow a o

] \6 gcou,co
3 \ cou,cog

A N Pcou,g
0 =

0 V1,g V1,co 4

a8  Straight line.

Figure 12 — Guarantee comparison with suction throttle control

8.2.4 Measuring uncertainties and manufacturing tolerances with regard to the guarantee
comparison in 8.3.2

8.2.4.1 General

In the following, total uncertainties, 7., see 6.4.4.1, of the abscissa and ordinate values are plotted around
the converted measured points, M, in the form of horizontal and vertical ellipse semi-axes. The appurtenant
measuring uncertainty ellipses are entered. For example, for guarantee comparison of the efficiency of a
compressor, total uncertainty, z .., , for inlet volume flow V4 is entered horizontally, and total uncertainty,

res,V ’ .
Tres, ncour fOF efficiency, is entered vertically.

Teow

These measuring uncertainty ellipses shall be plotted only if they have a significance for the guarantee
comparison. This is, for instance, not the case where the deviation at the guarantee point is smaller than the
magnitude of the corresponding semi-axis.

8.2.4.2 Given: One test point and one guarantee curve

Where several guarantee points, My, whose connecting line produces a performance (guarantee curve, Kg)
and only one test point, M, are given, the procedure shown in Figure 18 should be used.

Y Thot x

\

a8  Measuring uncertainty ellipse.

Figure 13 — Comparison of one test point with the guarantee curve, where the guarantee is not met
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The deviation from the guarantee is provided in the case illustrated by the vertical difference A between the
guarantee curve and the guarantee curve shifted vertically up to contact with the measuring uncertainty ellipse.
In the case illustrated, the guarantee is not met.

The guarantee is regarded as met if the measuring uncertainty ellipse is intersected by the guarantee curve as
in Figure 14.

The guarantee is also regarded as met if the measuring uncertainty ellipse touches the guarantee curve, K,
as in Figure 15.

Figure 14 — lllustration of a test point with a given guarantee curve, in which the guarantee is met,
partially taking into account the measuring uncertainty

Figure 15 — Comparison of a test point with a guarantee band, in which the guarantee is not met
fully taking into account the measuring uncertainty

8.2.4.3 Given: one test point and a guarantee band

Where manufacturing tolerances have been agreed (see 4.5), the guarantee curve is converted to a
guarantee band (see for example Reference [7]).

In this cases, a guarantee band, B, is given (see, for example, Reference [7]) which, in Figure 16, for
instance, is limited by the curves K';, and K”,. The remarks made in 8.2.4.1 apply with regard to the

construction of measured points, M, and the measuring uncertainty ellipses.
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a8  Measuring uncertainty ellipse.

Figure 16 — Comparison of several test points with one guarantee curve

The deviation from the guarantee in the case illustrated is provided by the vertical difference, A, between the
lower limit of the guarantee band, K", and the lower limitation curve of guarantee band, K", shifted vertically
to contact with the measuring uncertainty ellipse. In the case illustrated, the guarantee is not met.

The guarantee is regarded as met if curve K"y intersects the measuring uncertainty ellipse, as in Figure 17.

The guarantee is also regarded as met if the measuring uncertainty ellipse touches curve K"y as in Figure 18.

yﬂ

Figure 17 — lllustration of a test point with given guarantee band, in which the guarantee is met,
partially taking into account the measuring uncertainty

y
K
g
MCO
X

Figure 18 — lllustration of a test point with given guarantee band, in which the guarantee is met,
fully taking into account the measuring uncertainty

8.2.4.4 Given: several test points and one guarantee curve
Where several guarantee points, whose connecting line produces a characteristic, are given and where

several points were measured, the procedure described in 8.2.4.1 should be used for each valid test point.
Figure 19 shows an example of two valid test points. The measured result for test point M, 4 diverges from
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the guarantee by more than the measuring uncertainty, because the measuring uncertainty ellipse fails to
contact with guarantee curve, K. The guarantee is met at test point M, ,

/\‘@\(K 3
Mco,Z

M

co,1

Figure 19 — Comparison of several test points with one guarantee curve

8.2.4.5 Given: single guarantee points and one test result band

Where only one guarantee point or single guarantee points are given and a sufficiently large number of test
points converted to guarantee conditions, whose connecting line can be regarded as a characteristic, the
procedure shown in Figure 20 should be used. Guarantee point M, should be plotted. The converted test
points, M, should be plotted and the measuring uncertainty ellipse entered as described in 8.2.4.1. Envelope
curves K'i, and K"y, are then placed onto the measuring uncertainty ellipses. The envelope curves limit the
result band. In the case illustrated, the horizontal distance, A, between the guarantee point and the upper
envelope, K'y,, of the result band is, for instance, a measure of the deviation from the guarantee. The
guarantee is considered not to have been met in the case illustrated.

 J
A

a8  Measuring uncertainty ellipse.

Figure 20 — Comparison of a guarantee point with a test result band, where the guarantee is not met

Where the guarantee point is within the test result band, see Figure 21, the guarantee is considered to have
been met.

Where the test result band touches the guarantee point, see Figure 22, i.e., the guarantee point is located on
curve K", the guarantee is also considered to have been met.
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Figure 21 — lllustration of a test result band with given guarantee point, in which the guarantee is met,
partially taking into account the measuring uncertainty

A
y Mg
—\x/}(re
Klrle
X
Figure 22 — lllustration of a test result band with given guarantee point, in which the guarantee is met,

completely taking into account the measuring uncertainty

8.2.4.6 Given: single guarantee points with manufacturing tolerance and one test result band

The manufacturing tolerance is plotted in the manner specified in the contract of supply around the guarantee
point, My, extending this to the guarantee range, B,. Figure 23 shows an example, in which a positive and
negative manufacturing tolerance of equal magnitude are plotted parallel to the abscissa.

A By | +Bg

A LM
Yl ’
\/Kfle

K¥e

>

Figure 23 — Comparison of a test result band with a guarantee point and agreed single-axis
manufacturing tolerance in the x direction, in which the guarantee is not met

In the case illustrated, the smallest distance, A, between guarantee range, B,, and the result band in the
direction of the manufacturing tolerance provides a measure of the deviation from the guarantee. The
guarantee is considered to have been met if the test result band includes a portion of the guarantee range, as
in Figure 24.

Where the guarantee range, By, touches the test result band, as in Figure 25, the guarantee is also
considered to have been met.
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—\%Kr’e
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X
Figure 24 — lllustration of a test result band with given guarantee point with agreed single-axis

manufacturing tolerance in the x direction, in which the guarantee is met, partially taking into account
the measuring uncertainty and manufacturing tolerance

v 4 By M,
\%Kr’e
Klrle
X
Figure 25 — lllustration of a test result band with given guarantee point with agreed single-axis

manufacturing tolerance in the x direction, in which the guarantee is met, fully taking into account
the measuring uncertainty and manufacturing tolerance

8.3 Special notes

8.3.1 Linking of manufacturing tolerances

Where a manufacturing tolerance for the inlet volume flow or for the pressure ratio has been agreed for a
guarantee point, this manufacturing tolerance also applies to all other guarantee points, unless agreements to
the contrary have been made in the contract.

8.3.2 Linking of guarantee points

The percentage deviations A* from the guarantee values are calculated from the absolute deviations A as
defined in 8.2.4 and the weighted average deviation formed in accordance with

o (A}‘c,.)
A = 7 52
" 2c; (52)
The various values of ¢; are the evaluation characteristic numbers (weightings) allocated to the guarantee
points. They shall be assumed equal to 1 where they have not been agreed in the contract.

Where it is not possible, for reasons beyond the supplier's control, to verify all guarantee points, the
guarantees for the non-verifiable points will in all cases be deemed to have been fulfilled.

In cases where the supplier is demonstrably disadvantaged with regard to the overall guarantee comparison,
separate agreements shall be made.
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8.3.3 Upper limit value of the operating range on compressors with a performance map

The guarantee for the upper limit value of the operating range is deemed to have been met where the value
for inlet volume flow or pressure ratio measured and converted at the upper maximum setting of the guide
vanes or at maximum permissible speed falls below the relevant guaranteed limit value by less than the total
measuring uncertainty.

Where the guarantee is not fulfilled at the maximum permissible speed (to be specified in the contract of
supply), the speed necessary for fulfiiment of the guarantee shall be calculated. The increase in speed shall
not endanger the system or parts thereof (due, for instance, to mechanical loads, vibration, generation of heat).
The supplier shall expressly declare the excess speed to be permissible for continuous duty. Where the
driving machine is not manufactured by the compressor supplier, the compressor supplier shall be deemed
obliged to obtain the agreement of the driving machine supplier to the necessary increase in speed.

8.3.4 Lower limit value of the operating range

The lower limit of the operating range is defined by the anti-surge control line plus the tolerance as agreed in
the contract. If a guarantee comparison in respect of the power for a guarantee point below the actually
measured anti-surge line has to be made, then the power of the measuring point at the just still stably

operable inlet volume flow shall be referred to the inlet volume flow for the guarantee point in respect of the
related power for this guarantee point.

9 Testreport

A test report shall be written on the result of the acceptance test. It should include the following:

a) technical data on the compressor: customer/operator, installation location, application, type, machine
number, year of manufacture, short technical description, power rating, rated speed, other relevant
special features of the machine/system;

b) technical data for the driving machine: data as far as necessary for the guarantee comparison;

c) guarantee conditions (see 4.2) and the object of the guarantees (see 4.3);

d) date, location, persons in charge and witnessing parties;

e) test procedure (see 6.1.2) and flow scheme, with measuring points;

f)  report on the execution of the acceptance test, with the attachment of a table of mean values of individual
read-offs of significance for evaluation with statement of times; records made shall be attached, as shall
documentation of analyses of the compressed gas, data on the instruments used for measurement,

calibration certificates if required, etc.;

g) documentation for conversion to guarantee conditions: tables and diagrams used shall be stated;
deviations from the standard specifications for measuring and conversion procedures shall be stated;

h) calibration method for gas properties, if relevant, shall be stated as agreed upon;
i) documentation for the guarantee proof: this should prove unequivocally whether, and the manner in

which, the guarantees have been fulfilled. Allowance shall be made for total uncertainties in accordance
with 6.4 and, possibly, in accordance with 8.2.4.
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Annex A
(normative)

Flow diagram and figures for volume flow ratio

Flow diagram within flow similarity conditions — Calculation of test setting conditions for an uncooled section.

Start Result Next step
Guarantee conditions:
Gas data: Inlet — discharge
o Mpg Ng
Geometry 15t stage
Test conditions:
Gas data: Inlet
Wp,te,an = "Up,g Mp,te,an = Tp,g
; 3 1
te,an — . k1,te 1
k1,te '77p,g
|Ay)| = 0+0,052
A " yes cont.
—te _1<0,001 no B
g
ng—1 C
(1+A¢tol)nte_1 {pzj "o 4
X ntol = Tp,g ’ - :
f Tp,te ng—1

(pZJ "9 _4
P1)g
C Ve =t [ReZreTre
' RyZ 44T
919" 19

Correction of the Reynolds number P
Reu’te :f(Nte7)

Mote = f(Reu’te,...)
Wp,te = f(77p,te7-")

2
SUp,te Uate
Mpte 2
Real gas calculation:

ne = f(P14e:T1 0 Drte Mp te )

Ahte =
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yes end
MJ < 0,001 no cont.
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and
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Start Result Next step
$ <1-|Dpyy] yes H
no D
G ¢y < 1—|A¢tol| yes H
no cont.
dex <1- Dy yes cont.
no I
¢2 = ¢2 + 0,001
$o > 1+ | Dy yes H
no D
! b2 > 1+ [Ddyg yes H
no E
H Can another test gas be used or the section be further subdivided for yes J
measuring purposes ? no cont
No test possible within [Agy| end
J Proceed using another test gas or further sub-divisions of the section A

@  Rotational speed of test, calculated with
Agio; = £ 0,01 inner tolerance limit;
A¢yo) =% 0,05 outer tolerance limit.

For Reynolds number correction, see Annex C.
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Annex B
(normative)

Tests for volume flow ratio beyond flow similarity

B.1 General

In the event that no setting conditions for a test can be found where a flow similarity in accordance with the
limitations of 7.2 and Annex A can be fulfilled, the following method can be used.

For setting conditions as near as practicable to flow similarity, the manufacturer shall predict a test

performance curve.

Each point of the guarantee performance curve has a reference point on the predicted test performance curve.

Due to deviations of the volume ratios under guarantee and test conditions at the same flow coefficient of the
first stage, the flow coefficients of the following stages are different under guarantee and test conditions.

In case of a 3-stage compressor as in example (see Figure B.1), the last stage has the largest deviation Ag
from the guarantee conditions (see Figure B.2). The smallest deviations for all stages during test from
guarantee conditions has reference point R on the predicted test curve “pr’ with the same average flow

coefficient in accordance with Figure B.3.

Figure B.1 — 3-stage compressor

Average flow coefficient

with inlet flow coefficient of the first stage

3 Vi
@)=

2 T
D5y-—-u
2, 4 2]

50

(B.1)

(B.2)
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and ratio of average and inlet specific volume with

_Iv-dp_y_p

Vay = o = A (B.3)
L VI N S N (B.4)

vil  R-Zq-Ty P2z 4 Paz=ry Wy

P
where

Dy, outer diameter of the impeller of stage | m

Uy | circumferential speed of the impeller of stage | m/s

14 1.1 inlet volume flow of the first stage of the stage group m3/s

2K inlet specific volume m3/kg
D1 inlet pressure MPa (bar)

Z4) inlet compressibility factor —

Ty inlet temperature K

Vav average specific volume m3/kg
P2z discharge pressure of the last stage group MPa (bar)

Voo discharge specific volume m3/kg
R gas constant Jikg/K
Yo polytropic specific compression work J/kg

m mass flow kg/s

Each test point is converted to guarantee conditions at constant average flow coefficient p,, + = ¢,y r = @av.G
(see Figure B.3).

For test conditions with the same volume ratio

{Vz,z} :|:V2,z} (B.5)
i e L g

curves “pr” and “g

would be identical (full flow similarity) with

PR =916 at PayR =Pavc (B.6)

B.2 Conversion of test points (see Figure B.3)

Deviations of each point T on the measured test curve from the predicted test point R will then be transferred
to point G on the guarantee curve with the same percentage resulting in corrected test point C according to
the following relation:
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Inlet flow coefficient

AT
Pc=—"""?G (B.7)
PR

Head coefficient

Yp,T
l/’p,C =P 'V/p,G (BS)
Wp,R

The same relation is valid for other characteristic numbers like enthalpy coefficient and efficiency of the stage

group.

B.3 Correction of surge volume flow and choke volume flow (see Figure B.3)

Surge volume flow and choke volume flow can be compared directly between measured test curve “te” and
predicted test curve “pr” and transferred to the converted test curve co and the guarantee curve g, because
they are not influenced by the average of all stages but normally by only one stage.

Correction of surge flow coefficient, ¢ g o

P1S,co =P159 7t (fﬂl,s,te - <0|,s,pr) (B.9)

Correction of choke flow coefficient, ¢ o co:

?1c
#I,CH,co = —(p "@I,CH,g (B.10)
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pr predicted curve
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R predicted test conditions ¢,, g = ¥ay R

Figure B.2 — Polytropic head coefficient of single stages and complete compressor
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surge flow

choke flow

point on measured test curve “te”

reference point to T on predicted test curve “pr’
reference point to T on guarantee curve “g”
corrected point for the converted curve “co”

Figure B.3 — Determination of the reference points
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Annex C
(normative)

Correction method for the influence of Reynolds Number on
the performance of centrifugal compressors

C.1 Summary

This method (Reference [11]) provides equations that are needed in case of differing Reynolds numbers in
test and guarantee conditions, for corrections to efficiency, specific compression work and volume flow. The
total losses are subdivided into losses irrespective of Reynolds number, covered by a coefficient of 0,3, and
losses due to friction, which are regarded as being dependent on a representative value of the coefficient of
friction, 4. The representative value of 1 is dependent on a reference Reynolds number and a reference value

for the relative average roughness of the compressor. These corrections can be applied in the permissible
range as shown in Figure C.2.

C.2 Definitions
The representative value of the Reynolds number for the first stage of a section is stated by

Rey =0 (C.1)

VA

where

u is the tip speed of the first impeller of the section, expressed in metres per second;

b s the outlet width of first impeller of the section, expressed in metres;

vy is the kinematic viscosity for total inlet state, expressed in square metres per second.
Average roughness, Ra, signifies average roughness starting from the centre line of the roughness peaks of
the impeller and its diffusor. Ra can either be measured, or readoff from the manufacturer's drawing (assuming
agreement on this procedure between the manufacturer and the purchaser). The representative relative

roughness of the stage is stated by Ra/b.

In multi-stage compressors, the reference values for the Reynolds number and the relative roughness of the
first stage of each section are taken.

The correction method relates only to internal flow losses. Separate allowance shall therefore be made for
leakage mass flows and mechanical losses.
C.3 Correction equation for efficiency

The equation for correction of efficiency in the optimum efficiency range is stated by the equation:

ﬂg
1-p 0,3+0,7- T
P2 ® (C.2)
1=pte 03+07.%te
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where
7 is the polytropic efficiency of section;
A s the coefficient of pipe friction.

with the subscripts

co converted from test to guarantee conditions or the guarantee value during determination of test
setting conditions;

g guarantee conditions;

te test conditions;

o at an infinitely large Reynolds number.
Equations for calculations of A values:
(von Karman):

1

N

(Colebrook)

:1,74—2-Iog10(2-%j (C.3)

i=1,74—2-|og10[2-&+ 18,7 ]

\/z b Reu \/z
Values for 1 and 4, can be taken from Figure C.3.
C.4 Correction equations for specific compression work, enthalpy difference and

volume flow

Correction of specific work of compression:

Yoco _5.0,5. P00 (C.5)

Ypte Mp.te

Correction of enthalpy difference:

Mp.te

Yico _g5.05.
Vite p,co

Correction of volume flow

Pco _ Yoo (C.7)
Pte Yp,te
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where

Yo is the polytropic reference process

= 2yp/u2;

w; is the enthalpy coefficient of section
=2 Ahlu?;

¢ is the volume flow coefficient of the section
= 4V1 /(Dznu) ;
Yo is the specific polytropic compression work of section, expressed in joules per kilogram;
Ah is the enthalpy difference of section, expressed in joules per kilogram;
V1 is the inlet volume flow of section under total inlet state, expressed in cubic metres per second;
D is the outer diameter of first impeller of section, expressed in metres.
The above equations define the change in the performance curve point at optimum efficiency, (see Figure C.1).

The other performance field points are converted at the same ratio as the optimum point, with the result that
the performance curve shape remains unchanged.

C.5 Permissible range of application

The permissible range of application for the correction equations is shown in Figure C.2 (see 7.2.2.3.1).
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o

Q o

58

Test.
Converted.

Equation (C.2).
Equation (C.5).
Equation (C.6).
Equation (C.7).

Figure C.1 — Correction of Reynolds number, diagrams for conversion
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Re, . = [(u-b)/ ]
10 uE ’

4
wp]
'77'7,,,,7,,,
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100 10 100 100 107 100 X

Key
X Guarantee Reynolds number, Re, 4

. Rey e
Y Reynolds number ratio ———

eug

a8  Permissible range of application.

Figure C.2 — Permissible range of application for conversion
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Figure C.3 — Friction factor for turbulent flow in rough pipes
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Annex D
(informative)

Derivation of equations for calculating the uncertainty of measuring
results

The uncertainty of measuring results, 7. 5, expressed in percent, of a result function 7 (e.g. specific
polytropic compression work) can be determined as follows, particularly in the case of simple functional
interactions, whose derivation by means of closed mathematical solutions is possible:

2
rreS’W:VWWﬂOO:i Z[%-%j 100 (D.1)
1

EXAMPLE

Basic equation for specific polytropic compression work:

Inf2
k k-1 " p
=Ah-n,=——R-Z(Ty—T4)-—- D.2
yp 77p %—1 m ( 2 1) k |n& ( )
T
|n&
Vo =R-Zy(To~Ty)- ? (D.3)
In=2
T
Relative uncertainty of specific polytropic compression work:
V oy 2
Tresyp = 2100 =, > D Vi | 400 (D.4)
- Vp ox;  Yp
Derived from Equation (D.2):
%:wii:wi (D.5)
op2 inlz P2 py inlz P2
T P1 T
ayp Vp2 1 Vp2 (D 6)
2 Yp |nP2 P2
P
% R-Zp (Tz—T1),L,_Q:_R Zm(To-T1) 1 (D.7)
Iy P1 Iy
D VY1 h (D.8)
o Yp P2 Py
P
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1 1
N=2—(Ty-T4) = —
(T2=T1) 7 ,
1 —= 1 |n7—(T2—T—|) —_—
%p P2 T P2 1 2
aT:R Zm In—' P =R Zm'ln 2 (D 9)
2 P1 P1
(In TZ] [InTz]
T T
Do Vrp | T2 1 | Vr2 (D.10)
0Ty yp |T2-Ty 12| Ty
T
1 T
2 2
—In +(T2—T1) Tz F ;
1 —= —|n7+(T2—T1) —
Ap p T. P T
E:RZm-In—z- — =R-Zy-In£2. 1 E— (D.11)
1 P1 P
In& In&
Ty T
Mo V| 1 |V (D.12)
0Ty yp Tp=Ty zT2 | Ty
T
o Inf2
p P1
— =7 (T =Ty)- D.13
or ~om(T2-T) 12 (D.13)
T
0
Do Vr _Vr (D.14)
oR y, R
0
Yo _Vzm (D.15)
Zm Zm
2 2 2
v, 1 T. 1 T 1
yp 2 2 2 2 1 2 2 2
Tresyp =2 =% (Fi-r2a)+| 2~ Ryt - Hrededy (D.16)
P v In£2 mer To=T1y p12 To=Ty pl2
P1 T T
Further derived equations are given in 6.4.4.2. For complicated functional interactions, see 6.4.4.3.
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Annex E
(informative)

Special terms for compressors

The basic function of a compressor is to transfer energy to a mass flow of a gas, gas mixture or vapour, in
order to increase its pressure; generally such fluids undergo a change in their other thermodynamic variables
of state, too.

E.1 Thermodynamic state

The thermodynamic state of a simple system in which the constant chemical composition of the fluid, the
absence of magnetic, electrical and capillary effects and the negligibility of the field of gravity (generally
fulfilled in present-day compressors) are assumed is determined by two independent thermal or caloric
variables of state. This thermodynamic state of a system is referred to as the state of equilibrium when it no
longer changes even following isolation from the effects of its environment.

E.1.1 Thermal variables of state

The state of a simple homogeneous system is defined by two of the three thermal variables of state:
— p absolute pressure

— v specific volume or reciprocal p = 1/v (density)

— T thermodynamic (absolute) temperature

E.1.1.1
pressure
quotient of the perpendicular force, F,, that is exerted on an area, 4, divided by this area

NOTE The term “pressure” and the units of measurement to be used in conjunction with it are defined in ISO 31-3 [14],

E.1.1.1.1
absolute pressure

p
pressure composed of reference pressure, p,, and the pressure difference Ap (positive or negative)

determined relative to this reference pressure using a pressure measuring instrument
P=ro+hp (E.1)
where p, is the atmospheric pressure in most cases.
E.1.1.1.2
static pressure
(flowing fluid) pressure that would be indicated by a pressure measuring instrument located in the flow of fluid

and moving with it at the same speed

NOTE In the case of fluids flowing in a straight line, this is also the pressure that the fluid exerts on a wall located
parallel to the direction of flow. It is stated in the form of absolute static pressure, p.

© 1SO 2005 — Al rights reserved 63



Normen-Download-Beuth-Karlsruher Institut fir Technologie (KIT) Campus Nord-KdNr.7487072-LfNr.5114378001-2010-11-11 12:01

ISO 5389:2005(E)

E.1.1.1.3

dynamic pressure

stagnation pressure

Apy

amount by which the static pressure of the fluid flowing at velocity ¢ would rise if its kinetic energy were
converted to the work of compression without losses (reversibly) and without heat exchange with the adjacent
gas particles, i.e., isentropically and adiabatically

NOTE The following applies with an error of less than 0,5 % for Apgy/p < 0,01, which is generally fulfilled at the
compressor's inlet and outlet nozzles:

2
C
Apg~—7=p (E2)

Where Ap4/p > 0,01, the precise relationship between Apq and ¢ should be determined, in order to prevent the error from
becoming too large:

k1

9 k1

C_ZL.R.Z.T. 1+% _1 (E.3)
2 k-1 )4

E1.1.1.4

total pressure

ptOt . . . .

absolute total pressure is the sum of absolute static and dynamic pressure, which equals:
Ptot = P+DBpg (E4)

E.1.1.2

temperature

NOTE The unit of thermodynamic temperature is the kelvin (unit symbol: K). Where Celsius temperatures are stated,

the unit name “degrees Celsius” (unit symbol: °C) is used. This is 7= 273,15 + ¢, with Tin Kand ¢in °C.

E.1.1.21
static temperature
(complete temperature equilibrium) static temperature prevails in a motionless fluid

NOTE A static temperature also exists in every flowing fluid. It is the temperature which a thermometer located in the
flow of fluid and moving with it at the same velocity would indicate.

E.1.1.2.2

dynamic temperature

stagnation temperature

(ideal gases) temperature increase (dynamic or stagnation temperature) that results from an isentropic
adiabatic conversion of total kinetic energy to work of compression as follows:

2
Aty = 20 (E.5)
. cp
where ¢ is the mean isobaric specific heat capacity between ¢ and ¢ + Az.
NOTE Given ideal gas behaviour, the following numerical value equation applies approximately to air:
.2
Aty ~ E.6
47 2000 (E6)

where c is expressed in metres per second.
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E.1.1.23
total temperature
ttOt =r+ Atd

or

total thermodynamic temperature

TtOt :T+Afd (E?)

NOTE Together with the total absolute pressure, py, as defined in E.1.1.1.4, it constitutes the “stagnation state” of
the gas prior to isentropic acceleration or following isentropic retardation. Given ideal gas behaviour, the following
relationship exists between the total and static variables of state:

k-1
Thot _ [&J (E.8)
T p
E.1.1.3

specific volume
v
volume of a unit of mass

NOTE 1 The common unit is cubic metres per kilogram.

NOTE 2  The reciprocal, p = 1/v, is referred to as “density”, i.e., the mass of the unit of volume, expressed in kilograms
per cubic metre.

E.1.2 Caloric variables of state

E.1.2.1 Enthalpy

Total enthalpy, given by the equation:

2
Pot =h+%+gz (E.9)

is the sum of static enthalpy, %, the kinetic energy, ¢2/2 and the potential energy, gz, which derives from the
acceleration due to gravity and geodesic elevation, z. The term gz can be ignored in the case of the enthalpy
differences under observation here.

Given ideal gas behaviour, enthalpy, #, depends only on T. Under real gas conditions, enthalpy is additionally
dependent on pressure, a circumstance for which allowance is made, for instance, in the #4,s diagrams for the
various gases.

Since, in the case of gases, pressure and temperature are related to one another on the saturation curve, one

of these two variables of state suffices here for determination. In the two-phase range, two independent
variables of state shall be supplied for pure gases. Vapour content, x, can be used as one of these.

E.1.2.2 Entropy
Each system has a variable of state, s, referred to as specific entropy, the differential of which is defined as

_dh—vdp
T

ds (E.10)

The entropy of an adiabatic system can never decrease. In all natural (non-reversible) processes, the entropy
of the adiabatic system increases; in all reversible processes, constituting a boundary case of the non-
reversible processes, it remains constant.
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E.1.3 Thermal and caloric equation of state

The thermal variables of state have a fixed relationship to the caloric variables of state. A thermodynamic
state can therefore also be described using suitable combinations of thermal and caloric variables of state.

Molar mass, M, (unit symbol: kg/kmol) has the following relationship to the specific gas constant, R:

R
R = Zmol. (E.11)
M

R0l = 8 314,4 J/(kmol K) is the universal gas constant.

At constant pressure, specific heat capacity is

¢, = (%] (E.12)
oT »
and, at constant volume
c, = (%j (E.13)
ar ),

where u is the specific internal energy.

E.1.3.1 Ideal gas behaviour
At low pressures (p—0), all gases exhibit exceptionally simple behaviour: the thermal and caloric equations of

state conform to simple boundary laws. This state range is referred to as the ideal gas behaviour range. In
thermodynamic terms, ideal gas behaviour is defined by the thermal equation of state

pv=R-T (E14)
and the caloric equation of state

u=u(T) (E.15)

Given ideal gas behaviour, the isentropic exponent

_ V(o
k= 5 (ijs (E.16)

is equal to the ratio of specific heat capacities cp/cvi
k=x=-"L (E.17)

Given ideal gas behaviour, £, is constant, or dependent only on temperature.

E.1.3.2 Real gas behaviour

At high pressures and low temperatures, deviations from ideal gas behaviour occur. The thermal equation of
state is then:

pPV=R-Z-T (E-18)
and the caloric equation of state with specific internal energy

u=u(vT) (E.19)
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The compressibility factor

z=2" (E.20)

is then used to make allowance for the deviations from the ideal gas law. The factor Z depends on p and T.

Gases whose critical temperatures are well below 0 °C, such as oxygen, nitrogen, hydrogen, air, etc., have
compressibility factors which differ only slightly from 1 in the temperature range from 0 °C to 200 °C and
pressure range up to approximately 2 MPa (20 bar) which are of significance for compressors. The rate of
change in Z increases as the critical point (pit, Z.rit) IS @approached.

The compressibility factors and variables of state are determined from gas data equations. Figure E.1 shows
the plot of compressibility factor, Z, as a function of the two variables of state, p and 7, using the example of
dry air. Major differences for Z can arise depending on the gas data equation used, in particular in the case of
pronounced real behaviour, i.e. in the vicinity of the critical point. It is recommended, particularly in such cases,
to make agreements in advance on the gas data equations to be used in the test evaluation.

Y
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Figure E.1 — Compressibility factor of dry air
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Real gas behaviour is characterized by the following compressibility functions:
x-Lfov) 4_T [z (E.21)
v \oT), z \oT ),

y=P. || _q_r.[0Z (E22)
v \p ) Z \dp),
Given real gas behaviour, the following equations apply to isentropic changes of state:

1

k,
L:[&] : (E.23)
V2 P
and
kT—1 m kv_1
Toy :[P_zj kr :[Q] Szi.{P_zj b (E.24)
Ty P1 P1 Zos \ D1
where
kv:_l.[a_lﬂj _K (E.25)
p \ov s Y
and
" _kT—1_K—1_ Y (E.26)
s kp x 1+X
and
1 1
o _ E.27
Cogpfor) gxt Y o
T\ op ) x 1+X

In the case of air, k=1,4 + 0,03 in the ranges p = 0 MPa to 1 MPa (0 bar to 10 bar) and =0 °C to 200 °C,
signifying that k= x =c¢,/c, =k, = k;y=constant can be used for calculation in this range with sufficient
accuracy for the gas specified. Figure E.2 shows an example of greatly differing values for cp/cv, k, and ky, for
a natural gas mixture.

Calculation of the compressibility function, Y, can be performed using the relationship derived for the ideal gas
and modified by the inclusion of compressibility factor, Z, and a mean isentropic exponent, &, with adequate
accuracy within the limits specified in Table E.1 for the compressibility functions at each point of the change of
state and for the ratio of minimum and maximum isentropic exponents, k,,,/kmin Occurring during the change
of state. Outside these limits, test evaluation and/or conversion to guarantee conditions shall be performed
with more precise allowance made for real gas behaviour.
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Figure E.2 — Ratio of specific heat capacities and isentropic exponents for a natural gas
as a function of pressure

Table E.1 — Allowable departure for simplified calculation of changes of state [°]

Pressure Maximum Maximum compressibility Minimum compressibility

ratio ratio function function
]]{{:‘ﬁ X Y X Y

1,4 1,12 0,279 1,071 -0,344 0,925

2 1,10 0,167 1,034 -0,175 0,964

4 1,09 0,071 1,017 -0,073 0,982

8 1,08 0,050 1,011 -0,041 0,988

16 1,07 0,033 1,008 -0,031 0,991

32 1,06 0,028 1,006 -0,025 0,993

The basis for this are equations of state, state diagrams and gas data tables. Where no gas data
documentation is available, calculation may be performed by way of approximation using the compressibility
functions obtained with the aid of the reduced pressures and temperatures.

E.2 Determination of gas properties in the case of mixtures

E.2.1 Mixtures of gases

A mixture of n gases can be described in three ways, by stating for each component gas, i (i=1, 2, ..., n)
either

— the molar fraction (equal to the volume fraction given ideal gas behaviour), r;,
— or mass fraction, w;,

— or partial pressure, p;.
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Dalton's Law states that every gas behaves in a mixture of ideal gases as if it were present alone at its partial
pressure. In the gas/vapour mixtures, the vapour, too, may also be regarded with sufficient accuracy as an
ideal gas, since the vapour fraction is generally relatively small. This is particularly true in the case of vapour
in air in the range of 0 °C to 50 °C under atmospheric conditions.

E.2.1.1 Conversion

With the aid of the molar masses M; of all individual gases, molar proportion, r;, can be converted to mass
proportion w; and vice versa by means of Table E.2 and, where pressure, p, of the mixture is known, also to

partial pressures, p;, and vice versa.

The equivalent molar mass for a gas mixture is

1 .
M Z(r[M,-)[—Z(%M[j (E.28)
and the gas constant, R, of the mixture in accordance with Equation (E.11) or
R=Y"(wR;) (E.29)

In dry atmospheric air, the volume and mass proportion of oxygen and nitrogen approximate to the following:

Oxygen Nitrogen
r; 0,210 0,790
w; 0,233 0,767
M; 32 28,2

Table E.2 — Computational relationship between mass proportion, partial pressure and
mole proportion

Unknown: Mass proportion Partial pressure Mole proportion
(for ideal gases identical with
Given: volume proportion)
Mass proportion p,=—2i IM; » PR IM; _ W,ﬁ
— - 1 1 1
wis Zw; =1 X(w;/M;) (w1 M;) R
Partial pressure w. = PiMi LD
1 I I
PiiEpi=p X(piM;) P
Mole proportion
(for ideal gases identical __nM; _nrR . .
with volume proportion) OX(nM;) R pi=rip
ri; Zri = 1

The number of moles of the components per kilogram mixture (mol/kg) is

70

(E.30)
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The number of moles per kilogram mixture is then
m=Xm; (E.31)

With M, m and R:

. (E.32)
m
M. .
wi:&.—l:&.i (E.33)
p M p R;

isobaric specific heat capacity:

Bz

Z[”Mi .cm]

p

50

p

Only under the precondition that all individual gases and vapours conform to the ideal equation of state does
the isentropic exponent equal the ratio of the specific heat capacities of the mixture:

a) from the specific heat capacities, ¢, ;» at constant pressure of the individual gases:
1
k=«x= (E.35)
1- Rmol

b) from the ratios, «;, of the specific heat capacities of the individual gases:

o 1 (E.36)

Tl

In general, it is not possible to calculate the compressibility factor of a gas mixture using simple mixture rules
from the proportions of the individual gases and their compressibility factors; instead, experimentally obtained
influencing factors incorporated in gas data equations shall be used. Where suitable gas data programs are
not available, calculation can be performed using the “mixture rule” as an orientation point for the deviation
from the gas law:

z:% > (ri-2;) 2(mi-2,) (E.37)

Here, w;, and r; represent the mass and molar fractions, respectively, m; is the number of moles of the ideal
individual gas in the mixture and R; is the gas constant. Z; represents the compressibility factors of the
individual gases at mixture temperature, T, and mixture pressure, p.
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E.2.2 Mixtures consisting of gases and vapours

E.2.2.1 General relationships

The vapour fraction should be regarded as adequately small, with the result that the vapour component alone
conforms satisfactorily to the ideal gas law and the compressibility factor of the vapour can, therefore, be
equated to 1. Z is introduced, however, for the dry gas. In numerical calculations, Z should, then, be used
corresponding to the mixture temperature and the partial pressure of the dry gas.

Mixing gases with vapours is possible without the formation of condensate only as long as the partial pressure
of the vapour, p,,, remains below the saturation pressure, p, 4, sot, relating to the mixture temperature. The
relative humidity o?the mixture is described as

p=_tvep (E.38)

Pvap,sat

The value ¢ = 1 identifies the maximum possible vapour pressure and, simultaneously, the maximum vapour
fraction in a mixture volume.

As soon as the value p,,/pyap sat PECOMeEs greater than 1 — irrespective of whether this occurs due to cooling
at the same pressure or due to a reduction in volume or increase in pressure at the same temperature — a
portion of the vapour will condense (dew-line). The “dewpoint” is the temperature at which the dew-line is
reached due to cooling while pressure and vapour fraction remain the same.

In a similar way in the case of gas mixtures, the following equations derive when Pgas is the partial pressure of
the gas and Pvap is the partial pressure of the vapour.

For the pressure of the mixture:
P = Pvap T Pgas = @ Pvap,sat T Pgas (E.39)
For the molar volume vapour fraction in the mixture:

Pva @ Pvap,sat
Fvap = p" = pp (E.40)

For the mass vapour fraction in the mixture:

Pva R Pvap,sat R
Wyap = P. =p- p.sat (E.41)

P Rygp p Ryap

Where the behaviour of the gas (without vapour) and/or of the vapour deviates significantly from that of a
mixture of two ideal gases with gas constants R,,s and R, ., in a practical case, precise precalculation is no
longer possible without knowledge of the compressibility factor, Z, applicable to the mixture (from gas data
programs or special measurements, for instance). Each individual gas may be dealt with separately using the
relevant compressibility factor, Zy,¢, in each case for partial pressure py,s and Z,,, for partial pressure p,,, at
mixture temperature 7 only as long as the molecules of the individual gases in the mixture do not exert too
pronounced an interaction on each other (sufficient remoteness from a tendency to liquefy).

The following applies where the mass of the vapour is related not to the mass of the mixture but instead to
that of the dry gas and is designated vapour fraction, x:

R R

gas T'vap

¥ = - ) - ) (E.42)
1_anp P—® Pvapsat Rvap 1_rvap Ryap

Wvap @ Pvap,sat gas
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It follows therefrom:

X

Wyap = 3 (E.43)
_ @ Pvapsat _ X
Fvap = » = Rgas (E.44)
X+—==
R

vap

The gas constant of the mixture, expressed by means of relative vapour saturation, ¢, is

R =Rgas 1 (E.45)

. R
1 @ Pvap,sat .[1_ gas]

p Rvap

or, expressed by means of the mole or volume fraction, r,,, of the vapour,

R=Rg ! (E.46)

gas
1[4 Roes
va
P Rvap

or, expressed by means of the fraction, x, of the vapour component,

R
R=Rggs |1+ ——| 2 1 (E.47)
x+1 Rgas

For identical values of x, the gas constant of the mixture, R, is, according to Equation (E.47), not affected by
pressure and temperature provided the dewpoint is not reached.

E.2.2.2 Mixture of air and water vapour (Humid air)

Equations (E.42) to (E.47) continue to supply the following numerical relationship at
Ry ap = 461,52 J/(kg'K) for water vapour;
R = 287,1 J/(kg-K) for dry air.

The water vapour content (absolute humidity) related to the dry mass of air is

xgp = 0,622 Pvapsat (E.48)
P~ @ Pvap,sat
The gas constant of humid air is
1
Ryyet = Rair - . (E.49)
4_ 9 Pvapsat g 4sg
p
or
Ruet = Rair -[1 +i~0,608J (E.50)
X air +1
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The relative humidity of air is

p X air
) | E.51
Y Pvap,sat *air T 0,622 ( )

The dew line is reached at ¢ = 1.
The isentropic exponent (see E.1.3) for humid air is

Fuwet = kary (1-0,11-x4;) (E.52)

The influence of x . on ke can generally be ignored. However it is somewhat more significant for the

exponent relevant for the conversion of a measured ratio of absolute temperatures to the relevant pressure
ratio:

k
Kuet dry (E.53)
kwet —1  kary — (140,11 x5, )

E.3 Reference boundaries of the compressor

E.3.1 Definition

The compressor's thermodynamic reference boundary is formed by the inner surface area of the compressor
casing in contact with the compressed fluid and, if applicable, by the surface area of the intercooler wetted by
the compressed fluid and by the planes of the inlet and outlet areas of the suction and discharge pipes. The
inner surface area of the casing of these boundaries can generally be regarded with good approximation as
heat-impermeable (adiabatic). Where necessary, allowance can be made for heat losses on the casing
exterior surfaces as detailed in 5.9.

The cooler surface area in contact with the compressed fluid shall be regarded as heat-permeable (diabatic).

In addition to the surface areas mentioned, the measuring planes for inlet and outlet state shall also be
defined; these should, wherever possible, coincide with the inlet and outlet surface areas. Figures E.3 and E.4
show the thermodynamic reference boundaries for various types of compressors and a useful arrangement of
the measuring points. The numerical values stated for the location of the measuring planes and the length of
the measuring sockets should be regarded as guide figures.

Intercoolers are identified by the number of the preceding and succeeding stage (Roman numerals).

Temperatures can also be measured in the suction-side and discharge-side plenum. Pressure is measured
via borings in the wall, i.e., it is the static pressure which is measured. The number of measuring stations per
measuring plane depends on the diameter D of the suction and pressure lines. Where D < 150 mm, one
pressure- and one temperature-measuring stations are required; where D > 150 mm, two pressure and two
temperature stations are necessary. Where D > 150 mm, the pressure measuring stations shall be installed at
intervals of 90°, and the temperature measuring station at intervals of 180°.
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Key

intercooler integrated into casing

perforated plate, if necessary

flow control by means of throttle

measuring stations for temperature, at least two spaced at an angle of 180°

measuring stations for static pressure, at least two spaced at an angle of 180°

measuring stations for dynamic or total pressure, at least two spaced at an angle of 90°, if relevant

O b WODN -

Figure E.3 — Thermodynamic reference boundaries for a compressor, with useful arrangement of
the measuring stations in the inlet and outlet nozzles — Thermodynamic reference boundary
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Key

1 feed

2 extraction

3 perforated plate, if necessary

4 measuring stations for temperature, at least two on the circumference of the casting

5 measuring stations for static pressure, at least two spaced at an angle of 180°

6 measuring stations for dynamic or total pressure, at least two spaced at an angle of 90°, if relevant
7 measuring stations for temperature, at least two spaced at an angle of 180°

Figure E.4 — Additional measuring stations for side streams (e.g. admission, extraction) —
Thermodynamic reference boundary

E.3.2 Inlet

The unobstructed cross-section in the plane of the suction flange is referred to as the inlet of the compressor.

Where a suction throttle control as part of the compressor is installed directly upstream of the suction flange,
the unobstructed cross-section upstream of this throttle applies as the inlet plane.

All variables relating to this inlet plane are identified using the subscript 1.

Where the compressor is subdivided for the purpose of conversion into several sections or individual stages,
the inlet area for each of these sections shall be analogously specified according to the measurement options.

The inlet concerned shall then be identified using the subscript 1 and, additionally, using the consecutive
Roman numeral applicable to the section concerned.

E.3.3 Outlet

Analogously to the situation at the inlet, the unobstructed cross-section in the plane of the discharge flange of
the outlet nozzle applies as the outlet.

All variables relating to this outlet plane shall be identified using the subscript 2. Where the compressor is
subdivided into several sections or individual stages for the purpose of conversion, the outlet area for each of
these sections shall be analogously specified according to the measurement options. In this case, the outlet
concerned shall be identified using the subscript 2 and, additionally, using the consecutive Roman numeral for
the section concerned.
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E.4 Fluid flows

Fluid flows can be stated in the form of mass or volume flows.

E.4.1 Mass flow

The mass flow at the outlet from the compressor is

Mg =1itg + Xt jn = 2t oyt + 2 Mcond,in — 2 Mcond,out T = Mside,in — 2/ side,out (E.54)
where

1 is the mass flow at the inlet (suction pipe) to the compressor;

Mo is the mass flow at the outlet (discharge pipe) from the compressor;

2 is the mass leakage flow;

2 nigong 1S the mass flow of condensate precipitated or of liquid injected;

Ymgge are the subsidiary flows (sidestreams and extractions).
Process mass flow, m g, shall be used for assessment of the compressor. The definitive side will be the inlet
(in the case of suction compressors, for instance) or the outlet, depending on the function of the compressor.
In cases of doubt, it should be specified in the contract.
The mass flow handled by the compressor shall, wherever possible, be measured on the process side. To
determine the process mass flow, m,g , external leakages X through e.g. shaft seals have to be

accounted for theoretically or by separate measurement. The same applies to liquid entering or leaving (e.g.
condensate precipitated in intercoolers).

E.4.2 Volume flow

Volume flow is related to mass flow via the thermal equation of state:

V=nm

(E.55)
p

The inlet volume flow ¥4 is the volume flow of the gas at inlet state. The process inlet volume flow V1,us is the
inlet volume flow corrected by the external leakage losses and the amounts of condensate. Where no external
leakage exists and no condensate is precipitated 7,5 =77 .

Vapour content, x, is included in the calculation for the volume flow of gas/water vapour mixtures.
The process moist inlet volume flow V1,us,wet is definitive for assessment of the compressor.
Where the discharge side is the process side and the inlet mass flow 4 is measured,

(R-Z), .. T
; wet,1 °1 /. . . . .
V1,us,wet = 1 ~(m1 - sz,out + ZmL,in - stide,out + stide,in) (E.56)

If, on the other hand, mass flow 1, is measured on the outlet side,

(1+x1)-(R-Z) Ty

’ wet,1 .

Vius,wet = 1 "my (E.57)
( +x2)'P1
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Where the suction side is the process side, and 14 is measured,

, (R.Z)wetj.T1 .
Vius.wet = o 1ty (E.58)

If, on the other hand, m, is measured

(R-2) Ty

wet,1 '

V1,us,wet = '(’hZ + Zn."L,out - sz,in - chond,in + Zn.'lcond,out + stide,out - Zn.'lside,in ) (E-59)

P

Standard volume flow _
The following relationship exists between mass flow and standard volume flow, 7,, provided no constituents
have precipitated out:

. pn 5
=——7 E.60
m R-Z,-T, n ( )

Standard state (subscript n) is constituted by pressure p, = 0,101 325 MPa (1,013 25 bar) and temperature
T,=273,15K (t=0 °C).

Preference should be given to statement in the form of mass flow.

The statement of a dry standard volume flow, in which the condensable constituent is not contained in Z, and
R in Equation (60), is also customary where condensable constituents (e.g. water in air) are present. The
condensable constituents at the reference boundaries (see E.2.2) shall be added to the dry mass flow
calculated in this way.

E.5 Change in thermodynamic state and specific compression work

E.5.1 General

The specific compression work and efficiency normally are calculated by computer programs. These programs,
based on recognized equations of state, cover the gas behaviour along the compression path suitable from
ideal to strong real gas behaviour.

In the range of Table E.1, the equations for approximately ideal gas behaviour can be used (see E.1.3.1).

Up to a certain extent outside the limits of Table E.1, these modified equations (by Schultz [12]) can be used.

E.5.2 Selection of the reference process

During its passage through the compressor, the fluid changes its state in accordance with the energy added,
the flow losses, the process of conversion between static and kinetic energy and heat exchange with the
environment. Since the actual change of state which occurs can be determined only with great difficulty, a
thermodynamic reference process is taken as a basis. The reference process (generally subscripted “Pr”) for
compression is selected in such a way that it either approximates as closely as possible to the actual change
of state (polytropic) or constitutes for reference purposes an idealized compression process (isothermal,
isentropic).

Here, the same inlet state, p4, T4, as for the actual compressor, and the same discharge pressure, p,, and, in
the case of a polytropic reference process, the same discharge temperature, 75, too, shall be used. Since the
inlet and outlet velocities of the compressors are generally low and, additionally, are of approximately the same
magnitude, calculation of change of state can be effected for the sake of simplicity using total variables of state.

It is rational, for the purpose of comparison of acceptance test results with guarantee data, to relate variables
determined by the test to corresponding reference process variables. The reference process also serves as
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the basis for comparison of compressors of differing manufacture, type and size working under similar
operating conditions.

It is not possible to specify rigid rules for the selection of the reference process. The following reference
processes, however, are generally applied to compressors for gases and gas/vapour mixtures:

a) isothermal (T = constant, subscript T') for single-stage cooled compressors and for multi-stage cooled
COMpressors;

b) isentropic (s = constant, subscript s) for uncooled single-stage and multistage compressors, particularly
such of moderate pressure ratio;

c) polytropic (polytropic ratio v= 1/77p = constant, subscript p)for uncooled compressors, in particular such
with a high pressure ratio and in the case of real gas behaviour.

The changes of state are indicated in the T, s diagram which a gas undergoes given perfect (Figure E.5) and

real (Figure E.6) gas behaviour when compressed using these reference processes. The state 1 at entry to
the compressor is defined by two variables of state, p4, 7.

Y )

Key
X entropy, s
Y temperature, ¢

Figure E.5 — Reference processes in the 7, s diagram for ideal gas behaviour
Lines of constant temperature coincide with lines of constant enthalpy, since ¢ =£(T)

Compression process Process description | Change of state Sgeat;iafiacigc';:.nep;:a?sdi;r;xcr:‘k
Isentropic Reversible adiabatic 1->2s y=A-D-2s-2T-A
Reference process polytropic | Irreversible adiabatic 152 Vo = A-D-1-2-2T-A
Isothermal Reversible diabatic 12T =2h yp=A-D-1-2T-A
Actual Irreversible 152 Ah=A-E-2-2T-A
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Key
X entropy, s
Y temperature, ¢

Figure E.6 — Reference processes in the 7, s diagram for real gas behaviour
Lines of constant enthalpy are inclined with respect to lines of constant temperature, since c, = f(7,p)

Compression process

Process description

Change of state

Specific compression work
= area in the 7, s diagram

Isentropic
Reference process polytropic

Isothermal

Actual

Reversible adiabatic
Irreversible adiabatic
Reversible diabatic

Irreversible

1->2s
152

12T
152

y,=B-D-2s-2h-B
¥p=B-D-1-2-2h-B
yp=A-C-2p-1-2T-A
Ah=B-E-2-2h-B

The isobaric curve, p,, is reached, according to the reference processes selected (at point 2 in the case of
polytropic compression, at point 2s in the case of isentropic compression, and at point 2T in the case of
isothermal compression). The relevant specific works of compression can be plotted as areas in the 7, s

diagram.

Generally, in every reference process the specific reversible work of compression is:

P2
Ypr = I vprdp
P1

80

(E.61)
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A
p
P2 % 2
y = I1 vipldp
Q
p=)
vdp/
P1 \)1
0 Vz V1 v

Figure E.7 — Specific compression work, area in the p, v diagram

vpy is dependent on the compression path vp, = f(p), i.e. on the path and, therefore, on the reference process
selected. The specific compression work y, y, and Yo described in the following sections thus results.

PX)

B 2T 2s 2p
P2

A
\(‘
Oo\s\/

A 1

P1
0 v, v Vo v, v

Figure E.8 — Reference processes in the p, v diagram valid for ideal and real gas behaviour

© 1SO 2005 — All rights reserved 81



Normen-Download-Beuth-Karlsruher Institut fir Technologie (KIT) Campus Nord-KdNr.7487072-LfNr.5114378001-2010-11-11 12:01

ISO 5389:2005(E)

Compression Process Change Specm.c ""‘1"‘ . Path of specific
e of compression = area in
process description of state . . volume
the p,v diagram, Figure E.7
Reference
process:
5
Isentropic Reversible adiabatic 1> 2s vy =A-1-2s-B-A Wp), = v, {ﬂ} ky
’ p
5]
Polytropic | Irreversible adiabatic 15 2p yp=A-1-2p-B-A v(p)y =1 {ﬂ} n
VA
Isothermal Irreversible diabatic 1- 2T yr=A-1-2T-B-A v(p)r = %%
1
E.5.3 Isothermal compression
Isothermal compression, given ideal gas behaviour, follows the law:
p-v=pq-vy=R-Ty=constant (E.62)
Under real gas behaviour, specific isothermal work of compression is
yp=R-Z-T;-n£2 (E.63)

P

Suitable mean values should be used throughout the reference process for compressibility factor, Z, and gas
constant, R, e.g.

_Z1+ZZ
2

z (E.64)

Isothermal compression is particularly suitable for comparison of cooled compressors of any type
incorporating intercooling or jacket cooling.

To incorporate approximately the influence of the recooling temperatures on a result function (see 6.4.4.3.), an
isothermal stage compression work can be defined, which takes into account the number of uncooled and
cooled stages:

_1 T4
yrg = 1+Z 1 Mjav .R.Z.T“.mpz'z (E.B5)
’ VA VA T17| ’ p17|

E.5.4 Isentropic compression

The isentropic compression, given ideal gas behaviour, follows the law:

x k.
P2 [ 1| [ Tos |KT (E.66)
P11 \ V2 T

where £k is the isentropic exponent.
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A suitable mean value should be used in the range of the change of state, e.g.

kq+k
P Ly TS (E.67)
2
For gas behaviour within the limits of Table E.1, the specific isentropic compression work is
k1
k k
yo= vy || 22| (E.68)
k=1 P
or
k1
k
ys=L~R~Z1-T1- [&] 1 (E.69)
k— P
The specific isentropic compression work, y,, corresponds to the isentropic enthalpy difference:
yS = Ahs = hZS —h1 (E?O)

which is generally valid for ideal and real gas behaviour.
The enthalpy difference at constant entropy (Figure E.9) shall be determined from known gas data sources.

The change of isentropic enthalpy takes course on the line of constant entropy, s4, from point 1 of compressor
inlet state #4,s4(p4, T4) to point 2s of compressor discharge state 45, 51(po, T,).

T,, is determined in the crossing point of the line of constant entropy s, and the isobaric curve p,.

The actual, irreversible process runs from point 1 to point 2 of real compressor discharge state 7,, s5(py, T5).
These data are completely known by measurement procedure.

The enthalpy change, A4, of the actual, irreversible process derives from:
Vs =hps—hy (E.71)
Dh=hy — hy (E.72)
Each non-intercooled downstream stage draws in a greater volume flow at a higher temperature than in the
case with isentropic compression in the upstream stages and has higher power. These differences in
discharge temperatures become the greater, the higher the compression ratio p,/p; and the lower the

efficiency of the previous stage.

Assuming a constant isentropic stage efficiency, the isentropic efficiency of the compressor becomes the
poorer, the greater p,/p.

In turbo-machines, the extra energy consumption resulting from flow losses is converted directly into heat.

Thus, for stages with no external heat transfer, the discharge temperature exceeds the isentropic temperature,
Ty, at the same pressure.
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hZS /25

S1 S, s

Figure E.9 — The isentropic reference process and actual process in the 7/, s diagram

E.5.5 Polytropic compression

The polytropic compression is the more suitable reference process for conversion of test results to guarantee
conditions for uncooled sections in compressors with high pressure ratios and, in particular, in the case of real
gas behaviour. For these, the ratio of differential enthalpy (originating generally from internal friction) to
differential work of compression throughout the entire compression process is constant. The polytropic ratio
dh
v =

= E.73
wa (E73)

is thus the same for all fractions of the compression ratio. For this reason, the entire enthalpy change and the
entire specific work of compression are at the same ratio to one another. The inlet and outlet states of this
reference process accord with the actual states. In the case of adiabatic compression (with no external heat
transfer), the polytropic ratio is

v=— (E.74)

The specific polytropic work of compression

P2
Vp = j vdp (E.75)
P1

produces, with

p-v" =constant (E.76)
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for gas behaviour within the limits of Table E.1 and at constant polytropic exponent, n

n-1
n
Yp =P vy — [QJ -1 (E.77)
l’l—1 p—]
n-1
Vp=R-Zy- T —" (p—zj " (E.78)
n-1 1
InQ
yp ZR'Zm'(Tz—T1)' ?21 I(hz—h»])'?]p (E?g)
In—%
Ty

The polytropic discharge temperature, Typ, is identical with the discharge temperature, T,, actually measured
for the compression process

n—1

- n
Ty _T2p _ [p_Zj " (E.80)
o pr

The polytropic exponent, n, derives in accordance with the ideal gas law from pressures p, and p, and
temperatures 7, and T5:

In(£2)
ne—P1___ (E.81)

In(£2y_| Tz
n(22)-in(72)

or, via polytropic efficiency My

k-1
nl ko (E.82)
n T]p
or
1
n—1_ y— (E.83)
konp

Equations (E.81) and (E.83) can, given ideal gas behaviour, be applied both to uncooled compressors and to
any stage of cooled compressors to determine the polytropic exponent, n.
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The relationship between polytropic and isentropic efficiency is

|n&
Mo _ k-1 2 (E.84)
Ns k'ﬂs k1

ind -1 (”2] SRR
773 P1

Given real gas behaviour, the determination of the polytropic exponent shall account for the change of the
compressibility factor during the compression process.

|n& |n&
n=—21 - P (E.85)
Nt g P2 _jnl 2. 12
V2 P1 Z1 T1

The temperature ratio then derives from

n—1

Q:ﬂ.(P_zj " (E.86)
Iy Zy  pq

With the compressibility functions, in accordance with Reference [9]

e T+X (E.87)
L I T L
ky Mp p
with
- 1 E.88
Ny = T (E.88)
2 In=2
ky -(1+ X) T,
kV.Y_1 |n&
P
and
T m
_zz[p_zj (E.89)
Ty py
with
(}U“N”(]
m = ’ 7e (E.90)

(1+x)°

Suitable mean values throughout the compression process from p,; to p, should be used for the
compressibility functions X and Y in Equation (E.87), e.g. X = (X4 + X5)/2 and Y = (Y4 + Y,)/2.
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With the mean polytropic exponent, the polytropic work is

n—1

vp=f-R-Zy-Ty- n [QJ " (E.91)
n=11\ p

with correction factor of Schultz [121:

ho, —h
f= s (E.92)
kV . (p . V — p LAY )
Iy —1 2 Vos—P1Vq
and
In[sz
ky =11 (E.93)

|n£v1j
V2s
Under real gas behaviour the specific compression work y, = i, — h4 shall be known from gas data sources
like tables or charts.

Under pronounced real gas behaviour (f diverging more greatly from 1,0), significant deviations from the
polytropic compression at v = constant, which shall, for similarity reasons, be met (presupposing identical flow

losses in each step for both the test and the conversion), may still occur when this calculation method is used.

This polytropic compression can be approximated by means of a step-by-step isentropic compression with a
large number of steps which are so small that

2
Yo =D Dy =1, Ah (E.94)
1

with Ay, — dy,, Ah — dh .

R.A. Huntington’s [13] approximation method supplies a good approximation to this “reference polytropic
compression” (see Figure E.10) even under extremely pronounced real gas behaviour.

Polytropic calculation methods which supply the same polytropic efficiencies and the same specific polytropic

work of compression for the same compression process shall be used for evaluation of the test results and
their conversion.
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Ah

R

S1 S, s

@  Polytropic path.

Figure E.10 — Approximation for the reference polytropic compression

E.6 Power and efficiencies

E.6.1 Power terms

The following power terms are defined:

a) Forthe compressor:
1) compression power of the reference process, P,
2) gas power, P,
3) mechanical power l0ss, P qch

4) power at coupling, P,
b) For the driving machine:
1) driving machine power at coupling, Pgo, 4r = Peou

2) power input, Pj, 4

3) power losses, P|yg g

E.6.2 Compression power of the reference processes
Compression power
Ppr =riys - ypr (E.95)

Here, the total conditions at the inlet and outlet are used (see E.5.2).
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E.6.3 Gas power

On the basis of the definitions in E.4, the gas power of a compressor section is derived as follows:

P =riig-(hy =hq)+ D (i k) + D (titgonaBhcond ) + Qamb (E.96)
where

Ah and Ah.,,q are the enthalpy changes for the corresponding mass flow components;

Oamb is the power component resulting from conduction, Oy , convection and radiation,

O\aq » transmitted over the boundary defined in E.3.1: positive in the case of output,
negative in the case of input.

E.6.4 Mechanical power losses

Mechanical losses occur in the bearings, in shaft seals and in gearboxes, lubricant pumps, etc., appurtenant
to the compressor. They have no effect on the compression process.

E.6.5 Power at coupling

Power at coupling, P, is the power input to the compressor measured at the compressor coupling.

cow’
Where a gearbox exists between the driving machine and the compressor, either the connection between the
gearbox and the compressor or that between the gearbox and the driving machine may be specified as the
compressor coupling, according to the agreement made in the contract.

Power at coupling is the sum of the compressor gas power, P;, and mechanical power losses, Pp,gch-

It can be measured as follows:

a) directly, using torque and angular velocity at the coupling:

Poou =M@ (E.97)

b) using the power absorbed by the driving machine, making allowance for the losses of the driving machine
and of any intermediate gearbox:

Peou = Pin,dr ~ Ploss,dr (E.98)

c) using an energy balance:

Peou = P+ Pmech (E.99)

E.7 Efficiencies of compressors

The efficiency, np,, of a compressor is the ratio of the power, Pp, calculated for the reference process
selected to the actual power. The process mentioned in E.5.2 can be used as reference process.

The power of the reference process selected in the numerator of the quotient is generally related to gas power,

P;, or power at coupling Py, mentioned in E.6.3 Each of the powers calculated from the above-mentioned
reference processes can be related to the gas power or power at coupling.
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Gas efficiency:

P
Mpri = (E.100)

|
For isentropic process:

Ps Vs _h2s_h1

L - = E.101
s, P hy—hy hy — hy ( )
For polytropic process:
B y
Mpj=—=—P— (E.102)
B hy=hy
For isothermal process:
I P2z
P P
T :?T: p hyT+q = — (E.103)
i 2~ t =
i ou iRZ‘]T‘])A.k.[szk_'].'I
j:1 R-Z1-Tq), k=1 | py ; Ns,j
Efficiency at coupling:
PPr PPr PI
—_Pr _"Pr, = o - E.104
77Pr,cou Peos P Pey 7Prj * Mmech ( )
The ratio resulting from gas power and power at coupling is referred to as mechanical efficiency:
i P
Mmech = = (E.105)
mee P+ Pmech Pcou

E.8 Characteristic numbers

E.8.1 Significance of the characteristic numbers

Dimensionless characteristic numbers are used as criteria for similarity. These contain the decisive influencing
factors, which are rendered dimensionless by means of suitable reference values. Here, the axial projection of
the impeller area of the outer diameter, D, is defined as the impeller cross-section area and the velocity at the

outer impeller diameter, D, as tip speed, u. The following characteristic numbers are of particular significance
in compressor engineering.

E.8.2 Characteristic numbers

E.8.2.1 Flow coefficient, ¢

The flow coefficient is a flow velocity formed from the inlet volume flow and an impeller cross-section area and
rendered dimensionless by the tip speed of the impeller.
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Therefore

p=—-1 (E.106)

E.Dz.u
4

E.8.2.2 Head coefficient, yp,

The head coefficient is the specific compression work, yp,, of the reference process rendered dimensionless
by the kinetic energy of tip speed, u. Therefore

wpr =200 (E.107)
u_
2
In multi-stage machines and in sections, the specific compression work of the reference process for the entire

multi-stage machine or section can be related to the kinetic energy of the tip speed of the first stage, i.e.,

YPr -
Vpr; =5 (E.108)
ur

2

E.8.2.3 Enthalpy coefficient, y,
The enthalpy coefficient is the enthalpy rise rendered dimensionless by the kinetic energy of tip speed u.

Ak
Vi=—y (E.109)

u_
2
E.8.2.4 Tip speed Mach number, Mq,
Analogously to the Mach number as a ratio of a flow velocity to the sonic velocity of the gas in question
referred to a specified state, the tip speed Mach number is formed by the ratio of a metal velocity, in this case,

tip speed u, to the speed of sound of the fluid inlet state, i.e.,

Ma, =+ =— 2 (E.110)

If the ratio of tip speed Mach numbers is formed for test (subscript “te”) and guarantee (subscript “g”), for
instance, u can be replaced by speed of rotation, N, due to the unchanged geometry of the same compressor.

[ - J
Maye \NK1R-Z4:Ty )

= (E.111)
Mau7g [ N ]
Jkq4-R-Z4-T
1 1701 )4
Given real gas behaviour, &, 4 should be used in place of k.
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E.8.2.5 Reduced speed ratio, X,

It has proved useful (see Reference [10]) to define a “reduced speed ratio” for conversion of test results to
guarantee conditions as follows:

N
N [ RZ1T1]
Xy = redte _ \V te (E.112)

Nred,g N
1/R-Z1-T1 g

Where the isentropic exponent k&, = kg, the following is precisely true:

N Ma
Xy = red,te u,te

= (E.113)
Nred,g Mau,g

E.8.2.6 Tip Reynolds number, Re

The Reynolds number is the ratio of the forces of inertia to the viscous forces in a flow, a characteristic flow
velocity and a characteristic geometrical dimension of the body in contact with the flow appearing in the
numerator. Analogously to the Reynolds number, the tip speed u is used in place of flow velocity in the
formation of tip Reynolds number, and impeller outlet width b for the geometrical dimensions in a centrifugal
COMpressor.

Kinematic viscosity vin the denominator is referred to the inlet state of the stage, i.e., the tip Reynolds number
is:
u-b

Re, =22 (E.114)
V1

Kinematic viscosity v can be calculated from dynamic viscosity # and density p:

VvV =

1 (E.115)
Vel

The influence of the tip Reynolds number for test and guarantee for a given compressor is taken into account
to determine the adjustment conditions and the conversion of test results to guarantee conditions (see 7.2.2.3,
7.2.4.1 and Annex F).

E.9 Performance curves and performance maps

The behaviour of a compressor referred to constant operating conditions and constant compressor geometry
can conveniently be presented in the form of a performance curve.

Diagrams featuring absolute values are generally preferred for the guarantee comparison. The effective inlet
volume flow 74,5 is used as the abscissa.

The dependent variables, e.g. pressure ratio /7= p,/p4, specific compression work yp,, efficiency 7p,, power
P, etc., are plotted as ordinates. Allowance is generally made for the influence of a third variable as a
parameter, resulting in the generation of a performance map. The operating conditions necessary for clear
interpretation should always be stated as numerical values for all performance curves, either on the diagram
itself or in the relevant key.
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The following, primarily, can be selected as parameters for these performance curves:
a) speed of rotation, N;

b) position, &, of the guide vanes, on the impeller inlet side (adjustable inlet guide vanes) or discharge side
(adjustable diffusers) for centrifugal compressors, for instance.

The upper section of Figure E.11 shows the performance map of a compressor with speed of rotation, N, as
parameter; the pressure ratio is plotted versus effective inlet volume flow. Lines of constant efficiency are also
plotted. Power is plotted versus volume flow at identical speeds in the lower section of Figure E.11.
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Key
X inlet volume flow, ¥ ¢
Y1 power at coupling, Py

Y2 pressure ratio Ei)
Py

a8  Surge limit.
Figure E.11 — Performance map of a compressor with variable speed
The upper section of Figure E.12 shows the performance map of a compressor using the inlet guide-vane

angle as the parameter; specific polytropic compression work of the reference process, Vo is plotted versus
inlet volume flow. The relevant efficiencies are plotted in the lower section of Figure E.12.
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X inlet volume flow, ¥ s

Y1 gas polytropic efficiency, n,

Y2 specific polytropic compression work, y,

a8  Surge limit.

Figure E.12 — Performance map of the section of a compressor with adjustable inlet guide vane

In compressors, pressure ratio, /7, rises from the design point as volume flow, V1,us' declines. The pressure
ratio, 77, starts to decline again, however, when volume flow falls below a certain minimum. In conjunction with
the storage capacity of the pipes, this results in unstable flow, characterized by periodic fluctuations in
pressure and flow. The compressor is, then, operating in the unstable range that is separated on the
performance curve from the stable range by the so-called surge point.

The surge limit is defined by the line connecting the surge points for various performance curves. The
performance map is limited on its low inlet volume flow side by the surge line. The compressor's stable
working range is limited by a line located to the right of the surge limit, defined by the surge control value
opening.

Stable operation can be achieved by means of blowing-off or by-passing of a corresponding part flow even in
cases where the required volume flow is in the unstable range below the surge limit.

94 © 1SO 2005 — Al rights reserved



Normen-Download-Beuth-Karlsruher Institut fir Technologie (KIT) Campus Nord-KdNr.7487072-LfNr.5114378001-2010-11-11 12:01

ISO 5389:2005(E)

Other limitations of the performance map depend, under given operating conditions (R, Ty, ty, niy ), on for
example

a) the maximum drive power,

b) permissible maximum speed,

c) choke line, where appropriate,

d) permissible thrust-bearing load,

e) permissible maximum temperature,

f) safety-valve setting pressure.
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F.1 General

Annex F
(informative)

Examples of acceptance test reports

The following examples illustrate the way in which the variables obtained in an acceptance test should be
compared in a guarantee comparison with the guarantees contractually warranted by the supplier. In order to
conduct a correct guarantee comparison, the schedule for the acceptance tests, the variables to be measured
and the measuring methods to be used, and, possibly the gas data equations and evalutation systems and
procedures should be agreed upon between the purchaser and the supplier and/or any third party also
involved at a sufficiently early stage (if possible, during the actual contract negotiations) on the basis of the
applicable standards and guidelines (see also 5.1).

F.2 Test examples

Overview
Test |Gastype| Speed Number | Cooling | Polytropic| Effective Absolute
adjustable of exponent | inlet volume pressure
sections flow inlet discharge
Example
Number m3/h MPa (bar) | MPa (bar)
1 Gas yes 1 — Mg # Ng 4002 15,75 18,7
mixture (157,5) (187)
2 Propane yes 2 Feed Mg # Ng 15 862 0,137 1,51
(1,373) (15,1)
3 Air no 4 Water Nig = Ng 25949 0,098 0,686
(0,98) (6,86)
4 Air no 3 Water Nig = Ng 24 490 0,099 4 0,65
(0,994) (6,5)
5 Natural yes 1 — Mg # Ng 4930 4,9 7,5
gas (49) (75)

F.2.1 Test example 1

Uncooled compressor, polytropic exponent ny, # ng, speed adjustable (see 7.2.3, Table 2, case 3c).

F.2.1.1

Verification of guaranteed power for one guarantee point.

96

Purpose of tests
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F.2.1.2 System configuration

Four-stage compressor for recycle gas, driven by steam turbine.

F.2.1.3 Guarantee conditions

ISO 5389:2005(E)

Symbol Numerical value Unit Remarks

Inlet pressure P1g 15,75 (157,5) MPa (bar) —
Inlet temperature g 40 °C —
Gas composition:

Hydrogen H, 92,911 2 mol % —
Water vapour H,0 0,04 mol % —
Hydrogen sulfide H,S 0,880 1 mol % —
Nitrogen N, 1,926 2 mol % —
Methane CH, 2,630 3 mol % —
Ethane C,Hg 0,2200 mol % —
Propane CsHg 0,544 1 mol % —
Iso-butane C4H4g 0,454 1 mol % —
n-butane C4H1g 0,184 0 mol % —
n-hexane CeH1s 0,2100 mol % —
Molar mass My 4,000 kg/mol —
Gas constant Ry 2,078 8 kJ/(kg-K) —
F.2.1.4 Object of guarantee

Symbol Numerical value Unit Remarks
Inlet volume flow Viusg 1,111 8 m3/s —
4 002 m3/h
Discharge pressure P2g 18,7 MPa —
(187) (bar)
Power at coupling Peoug 3930 kW —
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F.2.1.5 Other design data

Symbol Numerical value Unit Remarks

Impeller outer diameter of first D 336 mm —

stage

Outlet width of the first b 16,1 mm —

impeller

Speed of rotation Ng 13 850 1/min —

Specific polytropic Vo.g 127,299 kJ/kg Equation (E.92)

compression work

Discharge temperature I2g 58,7 °C —

Density Pig 22,0395 kg/m3 —

Density P2g 24,387 9 kg/m3 —

Isentropic exponent, volume kyg 1,541 9 — Equation (E.94)

Specific isentropic enthalpy hasg 2 200,07 kJ/kg as per RKS equation of
state

Polytropic exponent ng 1,6957 — Equation (E.86)

Polytropic efficiency Mo.g 0,8215 — as per Equation (E.104)
Mp = Yp/(hZ-h1)

F.2.1.6 Test arrangement

Since it is not possible to perform the shop test using the gas of the guarantee conditions and with full gas
power, a closed loop test with nitrogen is performed at reduced pressure and thereby reduced gas power. The
adjustment conditions are calculated as shown in Annex A.

Key
1 test bench turbine
2 sealing gas
3 sealing oil
4  bearing oil
5 gassample
Figure F.1 — Test arrangement and measuring stations
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pr

Symbol Numerical value Unit Remarks
Inlet pressure Ppr 1,3 MPa Specific test rig data,
(13,0) (bar) Equations 4 and
o in Figure 3, applied
Inlet temperature 11,pr 25 C analogously as per
Discharge pressure P2pr 1,545 MPa  |Equation (E.87);
(15,45) (bar) P2pr; t2,pr determined
Discharge temperature 12 or 43,7 °C iteratively
Molar mass M, 28,016 kg/mol | Gas data calculated using
- the equation of state for
Compressibility factor Z1pr 0,997 4 — real gases supplied by
Compressibility factor Z3 pr 0,999 0 — Lee-Kesler-Plocker (LKP)
Isentropic exponent, volume ky 1 pr 1,417 9 — This equation is suitable
for N
Isentropic exponent, volume ky 2 pr 1,420 8 — orte
Compressibility function X1pr 0,031 137 — as per Equation (E.22)
Compressibility function Xopr 0,030 010 — as per Equation (E.22)
Compressibility function Y1 pr 1,002 186 — as per Equation (E.23)
Compressibility function Yoor 1,000 422 — as per Equation (E.23)
Polytropic efficiency Mp,pr 0,813 3 — as per Equation (C.2)
(Re-corrected)
Polytropic exponent o 1,566 3 — as per Equation (E.88)
Tolerance of the volume ratio JA/ I 0,008 8 — given: > 0, in order that
N is as high as possible:
< 0,01 in order to meet
internal tolerance limit in test
Ratio of reduced speeds X N tol 1,002 1 — from Annex A
of rotation
Reynolds number influence
on volume flow Pg /gopr 1,002 5 — as per Equation (C.7)
on specific polytropic work Yp.g /l//p’pr 1,0050 — as per Equation (C.5)
Matching speed N 4878 1/min from Annex A
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F.2.1.8 Test conditions

Symbol Numerical value Unit Remarks
Speed Nie 48721 1/min —
Inlet pressure Plte 1,325 (13,25) MPa (bar) —
Inlet temperature 1te 24,6 °C —
Molar mass My 28,016 kg/mol —
Compressibility factor Z1te 0,997 3 — —
Compressibility factor Zte 0,998 9 — —
Isentropic exponent, volume ky1te 1,418 3 — Gas data as per LKP
Isentropic exponent, volume ky2te 1,421 4 — equation
F.2.1.9 Testing of volume flow ratio during test

Symbol Numerical value Unit Remarks
Polytropic efficiency Mpte 0,839 4 — —
Reynolds-number-corrected Mp.co 0,846 3 — as per Equation (C.2)
efficiency
Polytropic exponent ng 1,695 7 — as per Equation (E.86)
Polytropic exponent Mie 1,540 2 — as per Equation (E.86)
Reynolds number correction ‘/’p,g/‘/’p,te 1,004 1 — as per Equation (C.5)
on specific polytropic
compression work
Ratio of reduced speeds Xy 1,001 7 — Equation (2)
of rotation
Deviation of the volume ratio Ag 0,0108 — as per Figure 6
F.2.1.10 Test results

Symbol Numerical value Unit Remarks
Gas constant Rie 296,77 J/(kg'K) —
Speed of rotation Nie 4 872 1/min —
Mass flow discharge side My te 6,006 ka/s Measured as per

ISO 5167; effective mass
flow

Mass flow, leaks Z’hL,te 0,126 ka/s Balance piston and gas

seals

100
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F.2.1.11 Inlet and discharge state

Symbol Numerical value Unit Remarks
Inlet pressure Plte 1,325 (13,25) MPa (bar) —
Inlet temperature 1te 24,6 °C —
Inlet density P1te 15,035 kg/m3 —
Inlet spec. enthalpy " te 306,209 kJ/kg from LKP-equation
Discharge pressure P2te 1,575 (15,75) MPa (bar) —
Discharge temperature 2te 42,7 °C —
Discharge density Pate 16,821 kg/m3 —
Discharge spec. enthalpy hote 324,915 kJ/kg from LKP-equation
F.2.1.12 Calculation results
Symbol Numerical Unit Remarks
value
Inlet volume flow V1 usite 0,399 5 m3/s —
Pressure ratio Ty 1,188 7 — —
Polytropic efficiency Mp.te 0,839 4 — as per Equation (E.104)
Mp = yp/(h2 =)
Specific polytropic Vpite 15,702 6 kJ/kg Equation (E.92)
compression work
Correction factor fte 0,999 9 — Equation (E.93)
Gas power Pite 114,71 kW as per Equation (E.97)
| = (g + 3 i ) vp [
Radiation losses Orad,te 0,71 kW Equation (13)
Bearing losses Phearing,te 0,66 kw from measurement of oil
Oil seal losses Pseal te 7,74 kw mass flow and Az
Power at coupling Peoute 129,82 kw —
Isentropic exponent, volume ky te 1,420 8 — Equation (E.94)
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F.2.1.13 Calculation of the influence of Reynolds number (Figure F.2)

Key
X Reynolds number under guarantee conditions, Re, 4
. Reyte
Y Reynolds number ratio, :
eu’g

a8  Permissible range.
b Measuring point.

Symbol Numerical value Unit Remarks
Speed of rotation Ng 13 850 1/min —
Speed of rotation Nie 4872 1/min —
Impeller diameter of D 336 mm —
1st stage
Impeller outlet width of b 16,1 mm —
1st stage
Average roughness Ra 2,5 Mm —
Kinematic viscosity Vg 451077 m2/s from gas data calculation
Kinematic viscosity Vie 1,195-10-6 m2/s —
Reynolds number Reyq 8,715-108 — —
Reynolds number Rey 1o 1,155-106 — —
Reynolds number ratio Rey e /Rey g 0,133 — —
Reynolds number influence Mp.co/Mp.te 1,008 2 — Equation (C.2)
on polytropic efficiency
Polytropoic efficiency Mp,co 0,846 3 — —
Polytropic efficiency Mp.te 0,839 4 — —
Reynolds number influence ‘/’p,co/’/’p,te 1,004 1 — Equation (C.5)
on polytropic specific work
Reynolds number influence Pco/Pte 1,002 1 — Equation (C.7)
on volume flow
YA
100
fg a
10
> >
1 ~
"7"77777,,,, " g
o b | N-0,133
0,01 >
100100 100 100 107 100 X

Figure F.2 — Checking of the permissibility of Reynolds number correction
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F.2.1.14 Conversion to guarantee conditions

Conversion to guarantee conditions at an efficiency, 7, ;,, maintained constant is effected here as an iterative
procedure. p, ., and ¢, ., are firstly assumed and the gas data calculated from the corresponding equation of
state (in this case, RKS). Improved values for P2,c0 @nd 1, o, are obtained via y, ;.. The calculation procedure
is repeated until a sufficiently accurate level of accordance is achieved. Each calculation operation includes
renewed determination of gas data:

Symbol Numerical value Unit Remarks

Speed of rotation Ng 13 850 1/min —

Volume flow Vius.co 1,138 0 m3/s  |Figure 3

Discharge mass flow My co 25,081 kg/s —

Mass flow, leakage ZmL,co 0,460 kg/s Conversion using labyrinth
flow equation at constant
flow coefficient

Polytropic efficiency Mp.co 0,846 3 — Equation (C.2)

Specific polytropic Yp,co 127,42 kd/kg Figure 3

compression work

Pressure ratio 1T o 1,187 7 — Figure 3

Discharge pressure P2.co 18,705 (187,05) MPa (bar) —

Discharge temperature from 12 Atco 58,07 °C Equation (E.90)

temperature measurement

Polytropic exponent Heo 1,668 4 — Equation (E.86)

Temperature exponent Mg 0,326 8 — Equation (E.91)

Isentropic exponent, volume ky co 1,542 8 — Equation (E.94)

Compressibility factor Z3 co 1,119 — from RKS equation

Gas power from temperature P At co 38455 kW Equation (E.97)

measurement

Radiation losses Orad,co 23,8 KW  |Equation (45)

Corrected gas power Pico 3869,3 kW Equation (46)

Corrected discharge 2o 58,18 °C Equation (47)

temperature

Bearing losses Phearing,co 34,9 kW empirical

Oil seal losses Pseal co 22,0 kw —

Power at coupling Peou.co 3926,2 kW Equation (E.100)
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*
V1.g V1 V1,co X

Key

X suction volume flow, 7,

Y specific polytropic work of compression, y,

Further performance curve point.

Auxiliary point.

Characteristic curve point used for guarantee comparison.
Characteristic curve converted to accord with guarantee conditions.
€  Guarantee point.

' Parabola y, =cV{

o o

o

Figure F.3 — Guarantee comparison

V1* (the auxiliary point) is determined by graphic means from the point of intersection of the converted

performance curve with the parabola which passes through the guarantee point. The speed Neog of the
performance curve passing through the guarantee point results to

Neog =Ng-VigVy (F.1)
F.2.1.15 Guarantee comparison (Figure F.3)

Symbol Numerical value Unit Remarks
Specific polytropic Vo.g 127,299 kJ/kg
compression work
Inlet volume flow Vi usig 1,111 8 m3/s
4002 m3/h

Power at coupling Peoug 3930 kw
Power at coupling, necessary Peou,cog 3832 kw Equation (34)
Power at coupling, deviation AP, -2,5 %
Speed of rotation, necessary Nog 13774 1/min
Speed of rotation, deviation ANg -0,5 %
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F.2.2 Text example 2

F.2.21 Uncooled compressor with sidestream admission, polytropic exponent »,, # ng, speed
adjustable (see 7.2.3, Table 3, case 4d)

The test conditions deviate from those of the guarantee. Changing the speed makes it possible to achieve

volume flow ratios identical to those of the guarantee condition. It is to be established whether the test can be
performed at the same test speed for both sections.

F.2.2.2 Purpose of the tests

Verification of guaranteed power at coupling at the guarantee point and achievement of specified intermediate
pressure within a tolerance band of 0 % to 4 %.

F.2.2.3 System configuration

Four-stage compressor with sidestream downstream of the second stage for propane, driven by a steam
turbine.

F.2.2.4 Guarantee conditions

Symbol Numerical value Unit
Inlet pressure Pig 0,137 3 (1,373) MPa (bar)
Inlet temperature I1g -32,3 °C
Gas type C;Hg — —
Gas constant Ry 188,6 J/(kg-K)
Sidestream temperature Iside,g -3 °C
Sidestream mass flow Mside,g 10,131 ka/s

In this example, inlet temperature, g is not the temperature in the compressor inlet nozzle; rather, it is the
temperature decisive for conversion, i.e., at the inlet to the first impeller. The difference derives from the
temperature increase caused by leakage mass flow, which is returned to the compressor suction side via the
balance piston.

The volume flow of section | and section Il also includes the mass flow leakage recirculating via the balance
line.

F.2.2.5 Object of the guarantee

Symbol Numerical value Unit
Inlet volume flow Vig 4,406 m3/s
Sidestream pressure Pside,g 0,426 7 (4,267) MPa (bar)
Discharge pressure P2g 1,51 (15,1) MPa (bar)
Power at the compressor coupling Peou 2909 kw
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F.2.2.6 Other design data

Symbol Numerical value Unit

Speed of rotation of the compressor @ Ng 8 261 1/min
Impeller diameter of the 1st impeller D, 500 mm

D” 575 mm
Outlet width of the 1st impeller b 34 mm

b” 14 mm
Average roughness Ra 2,8 pum

Ra” 3,0 pum
Temperature at the inlet nozzle P Inozzle,g - 34,7 °C
Circulating mass flow via the balance my g 0,431 ka/s
line P
Discharge temperature b trg 68,4 °C
a8  Where the driving machine has an adjustable speed, speed is not an object of the guarantee;
design speed is indicated using the subscript “g”.
b These data are necessary for conversion of the test results to accord with the guarantee
conditions.

F.2.2.7 Test arrangement

Since it is not possible to examine the compressor on the supplier's test rig using the original gas, the tests
are performed using a substitute gas in a closed loop.

IMPORTANT — This example was calculated with the R12 test gas used in the past. For environmental
reasons, however, this gas cannot be used any more. The example is intended to show the procedure
for testing a sidestream compressor.

The test arrangement and arrangement of the measuring points can be seen in Figure F.4.
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a8  Gas supply.
b Gas analysis.
¢ Throttle valve.

F.2.2.8 Setting conditions

\

Figure F.4 — Test arrangement

ISO 5389:2005(E)

Symbol Numerical value Unit

Gas type CF,Cl, — —
(R12)

Gas constant Ry 68,8 J/(kg-K)
Section I:
Inlet pressure Pij,pr 0,08 (0,8) MPa (bar)
Inlet temperature 11),pr 40,0 °C
Discharge temperature 12 pr 91,2 °C
Section Il @:
Inlet pressure @ PAjlpr 0,25 (2,5) MPa (bar)
Inlet temperature @ 19,11 pr 68,5 °C
Discharge pressure P2llpr 0,915 5 (9,155) MPa (bar)
Discharge temperature 12.11,pr 133,5 °C
Speed of rotation Ny 5795 1/min
2@ Determination of the test conditions for section Il and the test speed is made iteratively, since
the discharge temperature from section I, in particular, affects the inlet temperature of section II.
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F.2.2.9 Setting conditions

Calculation of the setting conditions was done using Annex A. The relevant setting speeds for both sections
were determined for the values | Ag| tol = 0,01, 0,025 and 0,05.

Calculations variables, which in some cases derived only as a result of the iteration, were as follows:

Figure F.5 shows that adherence to the

Sections
I I
P
[—ZJ 31078 35393
ng 1,146 2 1,074 6
oy 1,140 3 1,116 5
Vote! Vog 0,996 32 0,998 75
(RZ4T)
- B 0,701 6 0,688 1
(RZ4T1),

inner tolerance limit for both sections is not possible.
Ny = 5795 rev/imin was selected as test speed. This was intended to ensure that the test can be performed
within the inner tolerance limit, at least for the first section, even given slight deviations in test conditions.

The deviation Agy, for the section Il is then — 2,7 %.

Key
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5 800
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X ratio of volume flow ratios, |Ag|

Y
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speed, Nie

Section I.
Section Il.
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Figure F.5 — Determination of test speed
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An approximation of the ranges in which the internal tolerance limit is adhered to for each section could be
achieved by increasing the inlet temperature of the first section and/or lowering the inlet temperature of the
second section. The test apparatus described above, however, does not permit this option, since the inlet
temperature cannot be adjusted separately.

F.2.2.10 Calculations

Calculation of the gas properties has been accomplished using the BWRS equation.

Original gas, section | P1g= 0,137 3 MPa (1,373 bar) P2g= 0,426 7 MPa (4,267 bar)
tg=-323°C tpg=158°C

Determination of the Reynolds numbers for section I:

Re, = ub

Ve
Original gas:  ug =216 m/s; vy g=2,113:10"0 m?/s, Re, g = 3,476-10°
Test gas: upe =151,7mis; vy o =3,213-106 m?/s, Rey pr = 1,605-100

Further calculation of Reynolds number correction was effected as detailed in Annex C:

1-7pg 032, +07 4

_ (F.2)
1=nppr 034, +0,7 Ay
with
1 Ra
=174-2-logq|2-— F.3
T 910[ b } (F.3)
A, =1155-1072
L=1,74—2olog10 2.&+L (F.4)
[2g b Reyq- //19
g =1,212:102
1 _474-2.00g,|2. Re, 18T (F.5)
/1pr b Reu,pr' ﬂpr
Ao = 1,268-10-2
1_
_"p9 _ 0 968 2 (F.6)
1_77p,pr
With 7, 4 = 0,817 0, the result s — " — 0,99264
Mp.g
Yorr 05405 PP" _0 996 32 (F.7)
Yp.g Mpg
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Section Il:
Re, 4= 3,915-106
Re, o = 2,178:106
Ao =1,374:1072
Ag = 1,401-102

Agr = 1,42110-2

1-—
P8 _ 0,990 2 with 7, = 0,792

(F.8)
~p,pr
'Tp,pr
=0,997 5 (F.9)
Tp.g
Yeer _ 99875 (F.10)
Yp.g
F.2.2.11 Test results
Symbol Numerical value Unit
Test number 1 2 3
Test period — XX.XX. XX XX.XX. XX XX.XX. XX —
X.XX X.XX X.XX
Speed of rotation Nie 5795 5795 5795 1/min
Pressures:
Inlet pressure, section | P1,lte 0,080 66 0,080 69 0,07954 | MPa
(0,806 6) (0,806 9) (0,795 4) | (bar)
Inlet pressure, section I Pside = P21te = P1lite | 0,22599 0,248 91 0,259 37 | MPa
(2,259 9) (2,489 1) (2,593 7) | (bar)
Discharge pressure, section Il P2,ll,te 0,710 08 0,876 58 0,924 14 | MPa
(7,100 8) (8,765 8) (9,241 4) | (bar)
Temperatures:
Inlet temperature, section | H)te 38,9 39,1 39,4 °C
Discharge temp., section | 121 te 86,9 89,6 91,6 °C
Sidestream temp., section | tside.te 43,0 43,3 43,9 °C
Discharge temp., section |l 1211 te 130,2 134,2 133,9 °C
Mass flows:
Outlet, section Il My te 19,838 20,440 21,165 kals
Sidestream M side te 7,261 8,456 9,916 kals
Balance line My te 0,161 0,204 0,217 kg/s
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Normen-Download-Beuth-Karlsruher Institut fir Technologie (KIT) Campus Nord-KdNr.7487072-LfNr.5114378001-2010-11-11 12:01

ISO 5389:2005(E)

F.2.2.12 Calculation results

Symbol Numerical value Unit Remarks
Test number 1 2 3
Mass flow at the inlet of ) te 12,738 12,188 11,466 kg/s [Equation (F.2)
the 1st impeller, section |
Volume flow V1,|’te 3,363 3,220 3,076 m3/s |Equation (E.55) @
Specific polytropic Vp.lte 23,50 25,79 27,15 kd/kg |[Equation (E.91)2
compression work
Polytropic efficiency Mol te 0,786 4 0,823 5 0,8390 — Equation (E.100)
Mixing temperature at Ml te 71,0 70,6 69,5 °C |Equation (F.12)@
the inlet to section Il
Mass flow at the inlet to ENTES 19,999 20,644 21,382 kg/s [Equation (F.13)
the 1st impeller, section Il
Volume flow V1,||,te 2,048 1,912 1,890 m3/s |Equation (E.55) @
Specific polytropic Yp,ilte 28,42 31,19 31,33 kd/kg |[Equation (E.91)2
compression work
Polytropic efficiency Ml te 0,767 4 0,795 8 0,792 6 — |Equation (E.100)
a8  Determination of compressibility factor, Z, and correction factor, f, and the enthalpy values using BWRS method.

’h1,l,te = m2,te _mside,te + mL,te (F.11)

i eh (12,10 P2 1te )+ Msideh (£sider P1.i1te)

h\111te, Pl te ) = , , (F.12)
( y e) mq | te T Mside te
from which the temperature, 74 |, (¢, can be determined with BWRS
M1l te = 1,1 te + Mside te (F.13)
F.2.2.13 Conversion to guarantee conditions in accordance with 7.2.4.1
Symbol Numerical value Unit
Test number 1 2 3
Inlet volume flow, section | V1,|,co 4,802 4,598 4,392 m3/s
Specific polytropic compression work Yp.l.co 47,92 52,59 55,36 kd/kg
Polytropic efficiency Mp,l,co 0,791 8 0,829 2 0,844 8 —
Inlet volume flow, section Il V1,|I,co 2,921 2,727 2,696 m3/s
Specific polytropic compression work Yp,llco 57,83 63,46 63,75 kJ/kg
Polytropic efficiency Mp,ll,co 0,769 3 0,797 8 0,794 6 —
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The converted sections performance curves can be plotted using this data, as shown in Figure F.6:

Key

X1 suction volume flow, 74 | o,

X2 suction volume flow, 74 || o

Y1 gas polytropic efficiency, #p | co

Y2 specific polytropic compression work, yp | co
Y3 gas polytropic efficiency, 7 11,co

Y4 specific polytropic compression work, yp i co

Figure F.6 — Additional test points, A, for performance curves for sections | and Il

For test operation, the recirculating leakage mass flow, n o, resulting when allowance is made for the
modified pressures, temperatures, gas constant and gaps, was theoretically determined. This value was
confirmed with an adequate level of accuracy by the measurements. For this reason, the calculated changes
in mass flow and temperatures increases which have been taken as a basis for design were used for the
conversion of the measured performance curves, which related to the impeller inlet, to the specified
performance curve which related to the stages.

Demonstration of the achievement of the guarantee values was possible only once the performance curves of
the two sections have been superimposed.
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At a given speed, complete calculation of the machine for the specified mass flow is done using the following

procedure:

iy :13,585k—sg

. . . kg kg
mq) g = tys + 1 g =(13,585+ 0,431)? = 14,016?

; 3
. m
Viig = 19 _ 4 406M

P19 S

kJ .
Yplco = 54,90@ from the performance curve, Figure F.6 a)
Mp,l,co = 0,845 from the performance curve, Figure F.6 a)
Piico = i1 19 2P 911 KW
Tp,l,co

Pside.co = 0,445 MPa (4,454 bar) from equation of state
t21c0 =16,35 °C from equation of state

tside = 1,8 °C= tsat at Pside = 0,445 MPa (4,454bar)

i gige = 10,131 k?g

I’i’l»]‘”‘g = 7;’11‘|‘g +mside = (14,016 +10,131) k—sg = 24,147 k?g

Hil,co =89 °C from mixture calculation for real gases as per Equation (F.
; 3
. m
Viloo = —9 = 2,604 1
P1,ll,co s
P20 =1600MPa (16,00 bar) from equation of state
90 =70,5°C from equation of state

Calculated mechanical losses Ppeq, g =64 kW were added to the converted gas powers P,

determination of power at coupling.

© 1SO 2005 - All rights reserved
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The resulting compressor discharge pressure does not conform to the specified discharge pressure at design
speed. This can be adjusted in accordance with 8.2.3.2, by adjusting the speed. Starting from test speed,
small changes in speed are assumed, the allocation of flow coefficient and head coefficient remaining
constant for each performance curve point. The following relationships can be plotted once the above
computation has been performed for several speeds:

mys,g = 13,585 k?g =constant  7igjge g = 10,131 k?g = constant

x computed values for superpositioning of section performance curves.

A

Y3

bar |

15 _—_—

10 1 1 1 1 ] 1 1 1 1

Y2

b5 738 m
bar _77_/7'777_/7'777_/7'777_/7'777_/7' 7T/,

L%AL/_L/_‘

a

VDI DYDYV L ALL L/_L/#

]

Y1
3000

2 909 I X
kw pFp—H07—m™m™——™—™————— 7/

|
|
|
L0 1 1 1 1 1 1 1 |I| 1 1 1 1
|
|
|

2500 1 1 1 1 I 1 1 1 1
8 000 8 100

min" 8300 X

Key

X speed, Ny

Y1 power at coupling, Peoy co
Y2 sidestream pressure, Pgige co
Y3 discharge pressure, P ¢,

a8  Tolerance band for guaranteed intermediate pressure.

Figure F.7 — Guarantee comparison with computational speed variation;
boundary conditions under guarantee conditions
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F.2.2.14 Guarantee comparison

Symbol Numerical value Unit
Inlet volume flow Vig 4,406 m3/s
Discharge pressure P2g 1,51 (15,1) MPa (bar)
Guaranteed power at the compressor coupling Peoug 2909 kW
Converted power at the compressor coupling Peou,co 2 860 kW
Deviation — -1,7 %
Guaranteed sidestream pressure Psideg 0,426 7 (4,267) MPa (bar)
Converted sidestream pressure at guaranteed Pside.co 0,433 6 (4,336) MPa (bar)
discharge pressure
Deviation — +1,6 %
Agreed tolerance — *é %

The guarantee comparison demonstrates that the values guaranteed were achieved within the agreed
tolerances. For this reason, calculation of measuring uncertainty was omitted.

F.2.3 Test example 3

Cooled compressor, polytropic exponent n;, = ngs speed not adjustable, R-Z, T, ratio of cooled section
adjustable (see 7.2.3, Table 3, case 4b)

The speed cannot be adjusted, but temperatures in the cooled section can be adjusted by manipulating the
flow of cooling water.

Conversion is effected separately for the uncooled and cooled sections of the compressor.

F.2.3.1 Purpose of the tests

Verification of guaranteed performance at three guarantee points at a constant discharge pressure.
F.2.3.2 System configuration

Four-stage compressor for air, incorporating three intercoolers and adjustable inlet guide vane control for the
first stage, driven by means of electric motor and with intermediate gear.
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F.2.3.3 Guarantee preconditions

Symbol Numerical value Unit
Inlet pressure Pig 0,098 (0,98) MPa (bar)
Inlet temperature I1g 20 °C
Relative air humidity ?q 70 %
Gas constant Ry 288,9 J/(kg'K)
Isentropic exponent kg 1,4 —
Cooling water flow, total VW‘g 0,056 9 m3/s
Cooling water inlet temperature 'wig 27 °C
Motor speed Nug 1490 1/min
F.2.3.4 Object of the guarantee

Symbol Numerical value Unit

Guarantee point a b c
Inlet volume flow Vig 7,208 5,763 4,680 mS/s
Discharge pressure P2g 0,686 (6,86) | 0,686 (6,86) | 0,686 (6,86) | MPa (bar)
Power at the coupling Peoug 1960 1610 1392 kw
F.2.3.5 Other design figures

Symbol Numerical value Unit
Inlet temperature:
Stage I Tiig 310,2
Stage llI Ting 312,2
Stage IV T1v,g 315,2

F.2.3.6 Test arrangement

The test is to be performed on site under atmospheric conditions. It will not be possible to assess the
intercoolers during this test, since they will be fed with a flow of cooling water differing from that specified in
the guarantee, due to differing cooling water inlet temperatures.

The test arrangement can be seen in Figure F.8, which also illustrates the type of measuring instruments used,
by means of symbols.
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1 gearbox with compressor bearing

Figure F.8 — Test arrangement and measuring stations

F.2.3.7 Test conditions

Symbol Numerical value Unit
Motor speed Numite 1490 1/min
Isentropic exponent ke 1,4 —
Average inlet temperature e 12,7 °C
Average inlet pressure Plte 0,098 (0,98) MPa (bar)
Cooling water temperature twite 19 °C
Gas constant Rie 287,8 J/(kg'K)
Ratio of reduced speeds of rotation of Xy 1,014 6 —
the uncooled section A; Equation (2)

F.2.3.8 Setting conditions

Since the test conditions differ from those of the guarantee, the machine is divided into an uncooled
section (A), which is dealt with an accordance with 7.2.3, Table 3, case 3a and a cooled section (B).

The check of the setting conditions for the uncooled section A according Annex A shows that A¢is near to the
inner tolerance limit Ag,, = 0,001. Therefore no supplementary tolerance according to 7.2.5 is taken into
account.

Since the gas constant under test conditions, Ry, differs from that in the guarantee conditions, R, the
recooling temperatures, Ty, Tyt and Tq|yt are selected in such a way that the condition
(RZT1)ite = (RZT4); g is fulfilled. Due to their only siight influence, no allowance is made for the differences in
the amounts of condensate due to the differing water contents (x, = 0,010 6, x;; = 0,004). Conversion to
guarantee conditions via individual stages may be necessary.
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No Reynolds number correction is implemented, since the test conditions deviate only slightly from the

guarantee conditions.

The test was performed under the above test conditions.

F.2.3.9 Testresults

Symbol Numerical value Unit
Test number 1 2 3
Day of test XX.XX.XXXX XX XX.XXXX XX.XX.XXXX
Gas constant Rie 287,8 287,8 287,8 J/(kg'K)
Motor speed NMte 1488 1490 1492 1/min
Position of adjustable inlet guide — +10° +54° +64° —
vanes
Mass flow @ m 8,586 6,738 5,650 kg/s
Inlet pressure P1lte 0,096 6 0,098 0 0,098 5 MPa
(0,966) (0,980) (0,985) (bar)
Inlet temperature 1te 12,1 12,9 13,0 °C
Tite 285,25 286,05 286,15 K
Density Pte 1,177 1,190 1,196 kg/m3
Discharge pressure P2te 0,7451 0,7437 0,703 0 MPa
(7,451) (7,437) (7,030) (bar)
Power at motor terminals Pierm te 2127 1792 1536 kw
Motor efficiency MM.te 95 95 95 %
Power at coupling Peoute 2 062 1702 1459 kw
Mechanical losses Prech.te 70 70 70 kw
Gas power Pite 1992 1632 1389 KW

@  |dentical with usable mass flow, as per E4.2. since measured on the discharge side, according to ISO 5167.

F.2.3.10 Conversion to guarantee conditions

In accordance with 7.2.4.2.2, Figure 5, where &1 = 3, but § g1 = 9 g

118
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a) Section A: Uncooled stage |

Symbol Numerical value Unit
Test number 1 2 3
Inlet volume flow (ldentical with V1,A,te 7,295 5,662 4,724 m3/s
usable inlet volume flow)
Inlet pressure P1Ate 0,096 6 0,098 0 0,098 5 MPa
(0,966) (0,980) (0,985) (bar)
Inlet temperature 11 Ate 12,1 12,9 13,0 °C
Discharge pressure P2,Ate 0,169 0,155 0,144 MPa
(1,69) (1,55) (1,44) (bar)
Discharge temperature 12 Ate 74,6 71,8 70,1 °C
Pressure ratio 1T pte 1,75 1,582 1,462 —
Polytropic exponent npte 1,548 1,690 1,920 —
Polytropic efficiency MAte 0,807 0,700 0,569 —
Specific polytropic compression work Vp.Ate 50,809 41,528 34,305 kJ/KW
Gas power P Ate 542 401 326 kw
Converted inlet volume flow V4 A.co 7,305 5,662 4,718 m3/s
Converted spec. polytropic Vp.Aco 50,945 41,528 34,213 kd/kg
compression work
Converted pressure ratio 11 p co 1,725 1,563 1,447 —
Converted gas power P Aco 534 389 313 kw
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b) Section B: Cooled stages Il to IV

Symbol Numerical value Unit Remarks
Test number 1 2 3
Inlet temperature 1 Bte 38,5 38,0 38,1 °C —
Inlet pressure P1B.te 0,169 0,155 0,144 MPa —
(1,69) (1,55) (1,44) (bar)
Density P1B.te 1,885 1,731 1,608 kg/m3 —
Inlet volume flow V1,B,te 4,554 3,893 3,514 m3/s —
Converted inlet volume V1,B,co 4,560 3,893 3,509 m3/s |as per Figure 5, [7];
flow see Figure F.9
Discharge pressure overall|  pj e 0,745 1 0,7437 0,703 0 MPa —
compressor (7,451) (7,437) (7,030) (bar)
Pressure ratio I1g e 4,409 4,798 4,882 — —
Specific isothermal yrete | 133,076 | 140,441 142,038 kJ/kg —
compression work
Converted spec. YrBco | 133,439 | 140,441 141,657 kJ/kg —
isothermal compression
work
Converted pressure ratio I1g o 4,43 4,79 4,86 — as per Figure 5, [11];
see Figure F.9
Gas power PiBte 1450 1231 1063 kw Pigte = Pite - P1Ate
Converted power related PB, 769 711 661 kWm?3/kg P,
to density Pg,=|—
P1 B,co

120
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X  suction volume flow, V1,B’CO , of cooled section

Y1 density-related power, Pig ,

Y2 pressure ratio, /7g ¢o

O test point (calculated in this example)

additional test points

x  points at inlet volume flow, ¥} 4 ¢, . Of the uncooled section

>

Figure F.9 — Converted values for pressure ratio and density related power
of cooled compressor section B

The converted pressure ratio

I1g ¢, (see Figure F.9)

and

P .
PiB pco = [p—'J [see Figure F.9 b)]
B,co

are plotted versus the converted inlet volume flow, V1,B,co’ of Section B.
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c) Values for overall compressor (sections A + B)

The following result for the individual test points of the inlet volume flows for cooled Section B (see
Figure F.10) allocated when allowance is made for the converted pressure ratio for uncooled Section A:

Symbol Numerical value Unit Remarks
Test number 1 2 3
Inlet volume flow V1,B,co 4,48 3,83 3,45 m3/s |as per Figure 5, [12]
Density at inlet state £1.B.co 1,886 1,709 1,581 kg/m3 —
of section B
Pressure ratio section B I1g o 4,50 4,80 4,87 — As per Figure 5
Density related power BB p,co 764 706 650 kWm?3/kg —
section B
Converted gas power PiBco 1441 1206 1028 kW —
section B

Symbol Numerical value Unit Remarks
Test number 1 2 3
Inlet volume flow V1,co 7,305 5,66 4,718 m3/s |see Figure F.10 a)

and b)

Converted pressure ratio 11 A o 1,725 1,563 1,446 — —
of section A
Converted pressure ratio Ig o 4,50 4,80 4,87 — —
of section B
Converted total pressure 7 7,763 7,502 7,042 — see Figure F.10 b);
ratio as per Figure 5
Converted gas power, PiAco 534 389 313 kW —
section A
Converted gas power, PiB.co 1441 1206 1028 kW —
section B
Mechanical losses at test | Pyechte 70 70 70 kw —
Converted mechanical Prech,co 70 70 70 kW —
losses
Converted power at Peou co 2045 1665 1411 kW  [see Figure F.10 a)
coupling
Converted spec. YT,co 173,571 | 170,680 | 165,310 kJ/kg —
isothermal compression
work
Converted isothermal Pr o 1467 1118 902,5 kW —
compressor power
Converted isothermal 17 cou,co 71,7 67,2 63,6 % —
efficiency at coupling
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F.2.3.11 Measuring uncertainty

Measuring uncertainty of results for test point I.

The measuring uncertainties of results were calculated in accordance with 6.4:

For inlet volume flow

ISO 5389:2005(E)

Value Remark Reference
%
T 1,1 as per ISO 5167-1 —
Ty 0,07 digital measuring instrument, 1 Rotation referred to 6.4.2.4, Equation (18)
final value

Tp1 0,14 133 Pa (1,33 mbar) to absolute pressure 6.4.2.1.2, Equation (17)

T4 0,35 1 K to absolute temperature 6.4.2.2.2 and Table 1
Tres,V 1,165 — 6.4.4.2.1, Equation (24)

for pressure ratio

Value Remark Reference to Section
%
Tp2 0,9 Quality grade 0,6, final value 0,1 MPa (10 bar) 6.4.2.1.1, Equation (15)
Tres. /7 1,160 with X = 1,014 6.4.4.2.2, Equation (25)

and In /7= 2,051

4.2, Equation (2)

for power at coupling

Value Remark Reference to Section
%
with &, =2 954 6.4.4.2.4, Equation (28)
7 p cou 0,87 quality categories: Current transformer, 0,5; voltage |6.4.2.6, Equation (21)
transformer, 0,5; wattmeter, 0,5

T p,mech 2,86 — —

Tr1B 0,323 1 K to absolute temperature 6.4.2.2.2

Tra,j 0,32 1 K to absolute temperature —
Tres, P.cou 1,045 with 3= 0,73 and In /7 ., = 0,545 6.4.4.2.4, Table 1

9

ite® 9

i g Case 2

The measuring uncertainty of results should be calculated analogously for test points 2 and 3, in order to be
able to perform a guarantee comparison for guarantee points (b) and (c) (see Figure F.11).

It is assumed that the measuring uncertainty of results for points 1, 2 and 3 can be transferred for points s, s,

and s;.
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Comparison with the guarantee

In addition to the test values compiled here [marked with “O” in Figure F.10 a) and b)], further test points were
operated [in Figure F.10 a) and b)] at each of the inlet guide vane positions; these were evaluated and
converted in the same manner (indicated by A in Figure F.10).
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|
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]

4.0 5.0 6.0 7.0 m/s 80 X

\j

Key
X suction volume flow, ¥; ¢,
Y1 pressure ratio, /7.,
Y2 power at coupling, Peoy co
+  guarantee points
test point (calculated in this example)
A additional test points

Figure F.10 — Converted values for power at coupling and total pressure ratio
All points are compiled in Figure F.10 a) and b); the powers at the guarantee pressure ratio 114 = 7,0 have
been taken from the plot in Figure F.10 a). Where the guarantee points form a different performance curve,

interpolation along the intersection points of this curve with the measured compressor characteristic curves
can be performed.

124 © 1SO 2005 — All rights reserved



Normen-Download-Beuth-Karlsruher Institut fir Technologie (KIT) Campus Nord-KdNr.7487072-LfNr.5114378001-2010-11-11 12:01

ISO 5389:2005(E)

The following guarantee comparison, which is shown in graphic form in Figure F.11, results:

Symbol Numerical value Unit
Guarantee point at 114 = 7,0 a b c
Inlet volume flow Vig 7,208 5,763 4,680 mS/s
Guaranteed power at coupling Peou,g 1960 1610 1392 kw
Converted power at coupling cou,co 1972 1635 1391 kw
Deviation — +0,6 +1,55 -0/1 %
Excess power applying measuring — — +0,3 — %
uncertainty

This indicates that the guarantee is fulfilled for two guarantee points while, in the case of the middle point, a
slight overshoot still remains even after application of measuring uncertainty.
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4,0 5,0 6,0 0 M g0 X
Key
X suction volume flow, ¥4 o,
Y  power at coupling, Peoy co
+ guarantee points
The hatched area applies as the measuring uncertainty band for P, ., at /74 =7.0.
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F.2.4 Test example 4

Cooled compressor, polytropic exponent n;, = ng, speed not adjustable (see 7.2.3, Table 3, case 4a)

Speed not adjustable to guarantee conditions, inlet temperature and recooling temperature adjustable, with
the result that 9, i, = 9, ; and volume flow ratios can be met (conversion in accordance with Table 3).

F.2.4.1 Purpose of tests

Verification of guaranteed related power at four guarantee points at two different pressure ratios.

F.2.4.2 System configuration

Three-stage centrifugal compressor, for air, with intercooling following each stage; driven by electric motor.

Symbol Numerical value Unit

Inlet pressure Pig 0,099 4 (0,994) MPa (bar)
Inlet temperature I1g 20 °C
Relative air humidity Pq 70 %
Gas constant Ry 288,887 J/(kgK)
Isentropic exponent kg 1,4 —
Cooling water volume flow VW‘g 60 m3/h
Cooling water inlet temperature lwg 23 °C
F.2.4.3 Object of the guarantee

Symbol Numerical values Unit
Guarantee point a b c d
Inlet volume flow V1yg 24 490 24 490 17 140 14 910 m3/h
Discharge pressure P2g 0,65 (6,5) | 0,55 (5,5) | 0,65 (6,5) | 0,55 (5,5) | MPa (bar)
Power at coupling Peou 1830 1730 1420 1200 kWh
Related power at coupling ( Pgoy J 0,07472 | 0,07064 | 0,08285 | 0,080 48 KWh

V4 g m3
F.2.4.4 Other design data
Symbol Numerical value Unit

Speed of rotation, drive motor Nug 1480 1/min
Air inlet temperature:
Stage I g 29 °C
Stage llI 11Ig 29 °C
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F.2.4.5 Test arrangement
The acceptance tests are performed on the manufacturer's test bench. The power at the terminals of the

electric motor is measured using the two-watt-meter method. Power at coupling is calculated from the power
at the terminals using the individual loss method.

@

\

1
PRG-I
Y\
AN\

®

Figure F.12 — Test arrangement and measuring stations

Key
1 gearbox

The recooling temperatures are adjusted by setting the cooling water flow and temperature, and the quality of
the coolers is assessed simultaneously.

The test apparatus can be seen in Figure F.12. The compressor is equipped with a guide-vane adjustment
system installed upstream of the first stage.

Only electrical data transducers in conjunction with a data acquisition system and a controller were used for
measurement purposes. The measuring instruments were calibrated before the tests in a certified calibration
service laboratory.

Test conditions

For verification of related power at the four guarantee points, a total of five performance curve segments for
differing guide-vane positions within the compressor's working range were operated in each case in such a
way that the two plant characteristics, 114 = constant and 114 = constant, were intersected by the
performance curve segments of the compressor.

Only the test points of the performance curve with negative prerotation §; = const. are shown within this
example.
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The guarantee comparison performed using graphic methods and calculation of measuring uncertainties for
the guarantee comparison are performed for all guarantee points.

F.2.4.6 Setting conditions

The recooling temperatures upstream of the second and third stage can be adjusted by changing the flow of
cooling water in such a way that the temperature ratios 19] accord with those of the design.

It proved possible to adhere to similarity conditions in all the tests, without taking into account a
supplementary tolerance (the setting conditions of the stages are within the inner tolerance Ag,, + 0,01). Due
to the performance of the test using the original gas and the only slight deviations in test conditions from the
guarantee conditions, conversion of efficiency as a result of divergent Reynolds numbers is not necessary.

Symbol Numerical value Unit
Test number 1 2 3
Motor speed NMte 1487 1488 1487 1/min
Mass flow @ Mg 23 389 30 157 30695 kg/h
Inlet pressure Plte 0,096 1 0,0959 0,095 6 MPa
(0,961) (0,959) (0,956) (bar)
Inlet temperature Hte 21,75 22,03 22,99 °C
Air humidity Pte 50 45 41 %
Gas constant Rie 288,567 288,444 288,402 J/(kgK)
Cooling water inlet temp. tw A te 23,3 231 23,7 °C
Temperature
discharge stage | 121 te 115,1 115,1 116,2 °C
inlet stage I 1l te 30,5 31,0 32,0 °C
discharge stage |l 121 te 95,9 92,9 91,6 °C
inlet stage Il 11l te 30,6 31,0 32,1 °C
discharge stage Il 1211 te 91,1 87,5 86,5 °C
Pressure
discharge stage | P2lte 0,2100 0,202 4 0,197 2 MPa
(2,100) (2,024) (1,972) (bar)
inlet stage Il P1ite 0,204 4 0,1957 0,190 0 MPa
(2,044) (1,957) (1,900) (bar)
discharge stage |l P2ite 0,374 5 0,323 4 0,333 1 MPa
(3,745) (3,234) (3,331) (bar)
inlet stage Il P1lilte 0,371 1 0,316 1 0,328 1 MPa
(3,711) (3,161) (3,281) (bar)
discharge stage Il P2lite 0,649 6 0,534 3 0,520 9 MPa
(6,496) (5,343) (5,209) (bar)
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Symbol Numerical value Unit
Power at coupling from energy balance:
Specific enthalpy difference
stage | TAVIPN 94,47 93,84 94,00 kJ/kg
stage Il Dy 4o 65,83 62,33 59,99 kJ/kg
stage lll Dy 4o 60,93 59,89 54,76 kJ/kg
Stage gas power
stage | Pte 744,99 786,12 801,47 kw
stage Il Piite 519,15 522,12 511,50 kw
stage lll Piilte 480,48 476,56 466,93 kw
Total: Pite 1744,60 1784,80 1779,90 kw
Mechanical power losses Prech.te 42 44 44 kw
Heat conduction and radiation Prad te 5 5 5 kw
losses P
Power at coupling Peoute 1791,6 1833,8 1828,9 KW

a8 Measured as per ISO 5167-1 on the discharge side; identical with usable mass flow, since no condensation of water
in the coolers.

b Losses estimated.

Symbol Numerical value Unit Remarks
Test number 1 2 3
Pressure ratio 14 6,758 6,166 5,447 — —
Specific isothermal VTte 162,51 154,81 144,67 kJ/kg | Equation (E.63)
compression work
Inlet density Pite 1,130 0 1,126 1 1,120 2 kg/m3 —
Inlet volume flow Vue 25124 26 780 27 400 m3/h —

F.2.4.7 Power at coupling from measured electrical power

Symbol Numerical value Unit
Test number 1 2 3
Power at terminals Pierm te 1890 1942 1927 kw
Speed of rotation, electric motor Nmte 1487 1488 1487 1/min
Power losses, electric motor Pyte 75,6 77 77,1 kw
Power at coupling Poou te 18144 1864,3 1849,9 kW

As agreed upon, the measured electrical power is used for further evaluation of the tests.
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F.2.4.8 Related power

Symbol Numerical value Unit
Related power at coupling { Psou j 0,072 22 0,069 62 0,067 51 KWh
"1 e m3
Isothermal compression power Pr 1281,6 1296,9 1233,5 kW
Isothermal efficiency at coupling N7 coute 0,706 0,696 0,667 —

F.2.4.9 Conversions to guarantee conditions

Symbol Numerical value Unit References
Test number 1 2 3
Test speed Nmte 1487 1488 1487 1/min —
Design speed Nmg 1480 1480 1480 1/min —
Converted inlet volume flow V1,co 25 006 26 629 27 264 m3/h Figure 4
Converted isothermal YT.co 161,59 153,15 143,31 kd/kg Figure 4
compression work
Converted pressure ratio 1T o 6,766 6 6,097 7 54290 — Figure 4
Converted power at coupling Peou.co 1 868,1 1910,6 1909,6 kw Figure 4
Converted related power (PCOU ] 0,074 71 0,071 75 0,070 04 kwh —

"1 ) m3
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Y2
7,0

6,0

0,080

0,075

0,070

Key

X suction volume flow, 7y oo
i PCOU
Y1 related power at coupling, 5
1 co

Y2 compression ratio, /7,
+  guarantee points
test points (calculated in this example)

additional test points at various guide vane settings 6

Figure F.13 — Related power at coupling and pressure ratio as a function of inlet volume flow
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Measuring uncertainties

The relative measuring uncertainties were calculated for measuring point 1 using the difference method, from
section 6.4.4.3. for demonstration. The method from 6.4.4.2.4. could have been applied as well in this case.

The starting equation for relative measuring uncertainty for related power at coupling is

P P P

cou,cog i,cog mech,cog
W(xi) = 7 = 7 + v (F.18)
1.9 1,9 1.9
where
yr, V1,
Picog = Pico" 9.9 (F.19)
Yrco Vico

where the stage isothermal compression work for approximate incorporation of the influence of recooling
temperature is

-1 T;
. l+z ’I_ 1,j,av -R~Z-T1|-|np2‘z (F.20)
Sz oz Iy TPy
W(x )—K . Pcou,te _Pmech,te + Pmech,cog (F.21)
i)= 8¢ s _
_ T. V.
Mg * 1+271.71,Il,te . R~ZoT1|«|np2'”| 19
z 2z Tyt R 2T
where
1 T
Ke=10%pyq [1+ =1, ;*"*QJ.m[”z"”] (F.22)
z oz
11,9 P g
where

P11g = 994 kPa (0,994 bar)
P2,1,g = 650 kPa (6,5 bar)
Ty1q=293,15K

Ty = 302,15 K

Vig =24 490 m3h

P P

mech,co ~ 4 mech,te

z=3
resulting in W(x;) = 0,073 423 3 kWh/m3
As in the derivation of the equations in 6.4.4.2, p,, p,, and the absolute pressure contained in the mass flow

equation are regarded here by way of simplification as measured variables independent of one another, even
though these contain the common measuring error of ambient pressure p,,;,, via Equation (17).
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Measured |Symbol| Unit X; T Vi Wix; + V) | Wx;= V) fui fi
variable
% kKW/m3 | KWh/m3
Power at Pooute | KW [ 18144 05 9,207 | 0,073 795 (0,073 050|5,073 3:10-3| 2,573 8-105
coupling
Mech. power Prechte| KW 42 10 4,2 0,073 424 (0,073 421|2,197 4-10-°|4,828 7:10-10
losses
Mass flow T g kg/h | 28389 | 1,2 | 340,668 | 0,072573 |0,074 294(1,172 1-10-2| 1,373 9-10~4
Inlet T1)te K 2949 0,3 1 0,073 343 0,073 502(1,082 5-103( 1,171 8:10°°
temperature,
stage |
Inlet T ite K 303,65 | 0,3 1 0,073 264 |0,073 582(2,165 0-103| 4,687 3-106
temperature,
stage Il
Gas Rie [JI(kgK)| 288,567 | O 0 0,073 423 (0,073 423 0 0
constant
Compres- Zie — 1 0 0 0,073 423 (0,073 423 0 0
sibility factor
Inlet P1ite | kKPa | 96,12 | 10,7 | 0,1028 7,346 3 |0,073 383(5,464 6-10~4( 2,986 2:10~7
pressure (bar) |(0,961 2)((0,107)((0,001028)|(0,073 463)
Discharge Panite | KPa | 6496 | 254 1,65 7,3328 |0,073518(1,297 9-10-3( 1,684 5-10°°
pressuret (bar) | (6,496) |(0,254)| (0,016 5) ((0,073 328)
$f2-17097-107%

Tres = T/ zfxz

Relative measuring uncertainty of results for the converted related power:

=1,31 %.

Tres

The measuring uncertainty of results for the other test points should be calculated analogously.
Guarantee comparison

All the test points are plotted in Figure F.13. The guarantee comparison was performed using the graphic
method. For this purpose, the intersections of the compressor curves with the plant characteristics
(Hg = constant; 11y, = const.) are projected vertically to the performance curves for reduced power. The lines
connecting the poin%s obtained in this way for related power show at the inlet volume flows of the guarantee
points the deviations from the guaranteed related power.

Since the converted related powers determined in this way are below the guarantee values at all guarantee
points, the plotting of the measuring uncertainty band is omitted.
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Symbol Numerical values Unit
Guarantee point a b c d
Inlet volume flow V4 9 24 490 24 490 17 140 14 910 kWh
: _m3
Related power as per Psoy 0,074 72 | 0,070 64 0,08285 | 0,08048 kWh
guarantee 7 m3
1 /g
Related power at test Psoy 0,074 10 | 0,07040 0,07980 | 0,077 50 kWh
converted to guarantee % 3
conditions 1 Jeo
Deviation A Peou - 0,000 62 | - 0,000 24 | - 0,003 05 | — 0,002 98 kWh
V»] m3
Deviation A Peou -0,83 -0,34 - 3,68 -3,70 %
Z
Average value (weighing Pgou -2,14 %
coefficient ¢; = 1) A 2

F.2.5 Test example 5

Uncooled pipeline compressor, polytropic exponent Nig # Ngs speed adjustable by gas turbine drive
(see 7.2.3, Table 2, case 3d)

The test conditions deviate from those of the guarantee. Changing the speed makes it possible to run the

performance tests within allowable deviation of the ratio, ¢, of volume flow ratios. Example takes into account
a calculation of measurement uncertainty.

F.2.5.1 Purpose of the tests
Verification of guaranteed power at coupling at one guarantee point and verification of the specific heat

consumption related to isentropic power of the compressor carried out on site. In this example, only the
guarantee comparison with respect to the coupling power of the compressor is dealt with.

F.2.5.2 System configuration

One-stage centrifugal compressor for transmission of natural gas in a pipeline. The compressor is driven by a
two-shaft gas turbine.

F.2.5.3 Guarantee preconditions

Symbol Numerical value Unit
Inlet pressure Pig 4,9 (49) MPa (bar)
Inlet temperature 1,9 10 °C
Inlet density Pig 38,219 kg/m3
Gas type natural gas
Molar mass 9 16,460 kg/mol
Gas constant Ry 0,505 1 kJ/(kg-K)
Speed of rotation Ny 15930 1/min
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Gas-composition Volume %
Carbon dioxide 0,17
Nitrogen 0,92
Methane 97,68
Methane 0,84
Propane 0,26
Butane 0,09
Pentane 0,03
Hexane 0,01
Heptane 0,01
Octane 0,01
Benzol 0,01
F.2.5.4 Object of the guarantee
Symbol Numerical value Unit
Inlet volume flow V'1’g 1,369 4 m3/s
Discharge pressure P2g 0,75 (75) MPa (bar)
Power at coupling Peou,g 3 850 kW
F.2.5.5 Other design figures
Symbol Numerical value Unit
Specific polytropic compression Vp.g 58,4 kJ/kg
work
Specific isentropic compression Vsg 57,7 kJ/kg
work
Polytropic exponent ng 1,470 4 —
Polytropic efficiency Mp,g 81,34 %
Isentropic exponent kyg 1,358 3 —
Isentropic efficiency NMs,g 80,36 %

F.2.5.6 Test arrangement

The guarantee tests have been carried out on-site with nearly the original gas. The single test points have
been adjusted by means of the available throttle valves at the inlet and outlet of the compressor and the
adjustment of the power turbine speed.

Four test points on a constant speed line near the predicted speed to meet the coordinates of the guarantee

point (inlet volume flow and polytropic compression work) have been performed.
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The test apparatus can be seen in Figure F.14. The coupling power has been measured directly by means of
a calibrated torquemeter (to measure torque and speed) and additionally calculated from the gaspower and
the mechanical losses taken from the shop test results.

Only electrical data transducers in conjunction with a data acquisition system were used for measurement
purposes. The measuring instruments have been calibrated before the tests in a certified service laboratory.

I
<0

®

Figure F.14 — Test arrangement and measuring stations

The setting conditions are equal to the guarantee conditions.

F.2.5.7 Test conditions

Gas composition Volume %
Carbon dioxide 0,167 5
Nitrogen 0,833 9
Methane 97,9897
Ethane 0,665 9
Propane 0,227 4
Butane 0,083 5
Pentane 0,0196
Hexane and higher 0,0125
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Symbol Numerical value Unit
Test number 2 3 4
Speed Nie 16 002 15987 16 004 16 002 min~"1
Inlet pressure Plte 4,913 4,925 4,907 3 4,830 1 MPa
(49,13) (49,25) (49,073) (48,301) (bar)
Inlet temperature 1te 8,24 8.4 8,4 8,11 °C
Molar mass M 16,164 16,164 16,164 16,164 kg/mol
Compressibility factor inlet Z1te 0,895 5 0,895 5 0,895 9 0,897 0 —
F.2.5.8 Test results
Symbol Numerical value Unit Remarks
Test number 1 2 3 4
Mass flow Mg 60,47 | 56,11 | 52,39 | 47,21 kals —
Inlet density P1te 37,826 | 37,906 | 37,766 | 37,171 | kg/m3 —
Inlet volume flow V'“e 1,598 6 | 1,4800 | 1,3872(1,2700 | m3/s —
Discharge pressure P2te 7,066 | 7,353 | 7,523 7,62 MPa —
(70,66) | (73,53) | (75,23) | (76,2) | (bar)
Discharge temperature t2te 41,66 | 48,16 48,0 47,24 °C —
Compressibility factor Zote 0,907 10,907 5| 0,908 4 | 0,909 9 — —
discharge
Isentropic exponent kyte 1,3498 (11,3537 (1,3557 (1,356 5 — Equation (E.67)
Polytropic exponent Mg 1,5246(1,5016|1,4927|1,4839 — Equation (E.81)
Difference of specific Ahg te 49,432 | 54,845 | 58,697 | 62,869 | kd/kg |BWR
isentropic enthalpy
Specific isentropic Vste 49,496 | 54,911 | 58,762 | 62,932 | kJ/kg |Equation (E.68)
compression work
Specific polytropic Vpite 50,108 | 55,565 | 59,476 | 63,719 | kJ/kg [Equation (E.77)
compression work
Correction factor f 0,998 70,9988 (0,9989|0,9990 —
Polytropic efficiency Mp.te 75,81 78,35 | 78,33 | 80,27 % —
Isentropic efficiency Mste 74,79 | 77,33 | 79,37 | 79,20 % —
Gas power Pite 3997 | 3979 | 3926 | 3748 kw —
Mechanical losses Prech te 30 30 30 30 kw —
Radiation losses Oradte 0 0 0 0 kw —
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Symbol Numerical value Unit Remarks

Power at coupling based on Peoutet 4027 | 4009 | 3956 | 3778 kw —
temperature measurement

Power at coupling based on Peoute2 | 4031 | 4015 | 3972 | 3790 kw —
torquemeter

Weighted power at coupling Peoute 4030 | 4014 | 3969 | 3788 kw —
Ratio of reduced speeds Xy 0,9936|0,9926 | 0,9936 | 0,993 4 — Equation (E.112)

F.2.5.9 Conversion to guarantee conditions

In a first step, the conversion to the guarantee conditions has been done with respect to the inlet density and
to a reference speed of the four test runs.

In a second step, the conversion has been performed to the guarantee figures of specific polytropic
compression work and inlet volume flow on basis of the above converted values of inlet volume flow,
polytropic compression work, gas power and mechanical losses by means of multiplying these values with the
linear, square and cube ratio of the speed that meets the guarantee figures and the reference test speed.

Before this was done, the gas power had been corrected due to the weighted average value of the coupling
power measured by different and independent methods.

Symbol Numerical value Unit Remarks
Test number 1 2 3 4
Reference speed Nite ref 16 000 | 16 000 | 16 000 | 16 000 | min~? —
Converted inlet volume flow V1,co 1,598 4 | 1,4788 (1,386 91,2698 | m3/s —

Converted specific polytropic Yp.co 50,095 | 55,655 | 59,446 | 63,703 | kJ/kg —
compression work

Weighted converted coupling | Py, c0o |4070,5|4056,9 (4013738926 | kW |[see6.44.5

power Equation (38)

Speed to meet the guarantee | N, g 15840 | 15840 | 15840 | 15840 | min~! —
figures

Inlet flow converted, g V1,Co7g 1,5824 (1,464 0(1,3730(1,2571| m3/s —

Specific polytropic compres- Vp,co.g 49,10 | 54,55 | 58,26 | 62,43 kJ/kg —
sion work converted, g

3950 | 3936 | 3894 | 3777 kW |see8.2.2
Equation (48)

Coupling power converted, g | Poy co,g
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Figure F.15 — Specific polytropic compression work converted to guarantee conditions versus
inlet volume flow
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Figure F.16 — Coupling power converted to guarantee conditions versus inlet volume flow
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Measuring uncertainties

The relative measuring uncertainties were calculated for measuring point 3 using the difference method (see
6.4.4.3) applied to the computer program to calculate the test results.

As for the guarantee comparison with the main guarantee figure, the coupling power at test was determined
using two different measuring methods independent of each other, the measurement result uncertainty has to
be calculated as a weighted value depending on both the measurement values and their measurement
uncertainties.

The equation to calculate the weighted coupling power is

1 2
’ Pcou co,i
Z [VPcou,co,i ] '

2
)~
VPcou,co,i

where P, o, ; are the two results of the converted coupling power measured by the two methods being
independent from each other and P the individual measuring uncertainty of both result values.

(F.23)

cou,co —

Cou,co,i

The weighted average value of the measuring uncertainty is given by the equation:

1

V= =
Pcou,co 2
)3
VPcou,co,i

The following table contains as well the measurement uncertainties of the single measurement items as well
as the calculated result uncertainties.

(F.24)

Measurement Symbol Unit X; T | filPeouco’? | fiilPoouco)? FiV1 60 )?
variable % |by temperature by torque
Barometric by MPa | 0,101 | 0,1 |3,700 76-E-10| 5,198 4-E-10 | 5,244 1-E-10
pressure (mbar) | (1 010)
Inlet pressure D1 MPa | 4,908 | 0,1 |3,83189-E-07| 1,169 64-E-06 | 1,187 45-E-06
(bar, | (48,07)
gauge)
Discharge )2 MPa | 7,523 | 0,1 |2,161 23-E-07 0 0
pressure (bar, | (74,22)
gauge)
Inlet Ty K 281,55 | 0,25 | 1,305 21-E-04 | 1,294 56-E-05 | 1,314 61-E-06
temperature
Discharge T, K 321,15 | 0,25 | 7,497 29 E-04 | 3,815 64-E-11 0
temperature
Coupling power Peoy kw 3972 [1,32 0 1,742 749-E-04 0
by torque
Mechanical Prnech kW 30 10 |2,289 81-E-07 |1,000 000-E-10 0
losses
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Measurement Symbol Unit X; T | fui(Peou,co)? f2i(Peou.co)? Fi(V1 60 )?
variable % |by temperature by torque

Speed of N min-1 | 16 004 | 0,1 |8,878 55-E-06 | 8,827 44-E—06 | 9,980 01-E-07
rotation
Mass flow m kg/h [188604 | 1,2 | 1,426 26-E-04 0 1,440 00-E-04
Result 2 % — — 3,15 1,40 1,26
measurement | ‘res T 2 (i)
uncertainty

According to [6], both the values of converted coupling power and their result measurement uncertainties were
taken to calculate the weighted converted coupling power:

Weighted converted coupling power Poouc kW 3889

Guaranteed coupling power Peoug kw 3 850

Deviation AP, kw 39

<Deviation APgoy % 1,01
Pcou,g

Measurement uncertainty Tres % £1,28

F.2.5.10 Guarantee comparison

All test points relevant for the guarantee comparison are plotted in Figures F.15. and F.16.

The guarantee comparison was performed graphically by taking the value of converted coupling power at the
guaranteed inlet volume flow from the plotted graph in Figure F.16.

Although the converted coupling power is higher than the guarantee value, the guarantee is fulfilled with
partial credit from the calculated measurement uncertainty.
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