INTERNATIONAL
STANDARD

ISO
5389

Second edition
2005-12-15

Turbocompressors — Performanc
code

Turbocompresseurs — Code d'essais des performances

e test

e Reference number
= — ISO 5389:2005(E)

© ISO 2005


https://standardsiso.com/api/?name=5d9925bac68aeb421588bacca03097b5

ISO 5389:2005(E)

PDF disclaimer

This PDF file may contain embedded typefaces. In accordance with Adobe's licensing policy, this file may be printed or viewed but
shall not be edited unless the typefaces which are embedded are licensed to and installed on the computer performing the editing. In
downloading this file, parties accept therein the responsibility of not infringing Adobe's licensing policy. The ISO Central Secretariat
accepts no liability in this area.

Adobe is a trademark of Adobe Systems Incorporated.

Details of the software products used to create this PDF file can be found in the General Info relative to the file; the PDF-creation
parameters were optimized for printing. Every care has been taken to ensure that the file is suitable for use by ISO member bodies. In
the unlikely event that a problem relating to it is found, please inform the Central Secretariat at the address given below.

© 1S0 2005

All rights reserved. Unless otherwise specified, no part of this publication may be reproduced or utilized in any form or by any means,
electronic or mechanical, including photocopying and microfilm, without permission in writing from either ISO at the address below or
ISO's member body in the country of the requester.

ISO copyright office

Case postale 56 « CH-1211 Geneva 20

Tel. +412274901 11

Fax + 4122749 09 47

E-mail copyright@iso.org

Web www.iso.org
Published in Switzerland

ii © ISO 2005 — All rights reserved


https://standardsiso.com/api/?name=5d9925bac68aeb421588bacca03097b5

ISO 5389:2005(E)

Contents Page
[0 (=30 T o iv
1 1T o o - 1
2 oY 00T A =S =] ) (= 0 o= 1
3 Symbols and definitions ... e onr de s 1
3.1 SYMDbOIS aNd UNIES .....cceiiiiiiicccccrier s ssnsr e e e smnnn e e e e e eesena s Db s e e s smmnn e e e e e e e e 1
3.2 [ =Y 1 Y1 'o Y ¢ = v A S 5
4 L C T P 1= 4} (== St SN N 6
41 L CT=Y s =Y - | . o W N 6
4.2 Preconditions for the guarantee ...........cccccciiiiciincc T 7
4.3 Object of the guarantee...........cccveciiiiiii i T 7
4.4 Supplementary guarantees..........cccceriiiiriinin e e - 8
4.5 (CTVET =TT C=Y=NoToT0 0T o -1 E- o o Y 0 U KR 8
4.6 Guarantees for series production...........ccccooiiicieiiicmnrinncse e e 8
5 Measuring methods and measuring equipment........... 0. e 8
5.1 L €T=Y s =Y - | N 8
5.2 | (=TT 1= SO 9
5.3 LT 10 1T o L= N PPN 10
5.4 GAS AENSItY...ceiiiiiiiiicieririr e erre s e s s mnes e es Fe s s s ssnnn e e e e s ses s snmnne e e e e sesssssnnnnneeneeessnsssnnnedeesanssnnnnnnnnnes 10
5.5 GaS COMPOSILION.......eeeeiiiiiiiiccccecrrr e T e e s s s s s s smnnn e e e e s ss s s s s mnne e e e e sessssssnnmnenenssssasssnnnndeessssssnnnennnnns 10
5.6 [CT TRV =Y U Y o1 | 4 Y S SSSRRTRRRS SRR 1
5.7 Volume flow and Mass flOW........ciiieiad e iress s resss s rss s e rsns s sesssssssensssssennssssenndssrenssssnsnnnnns 11
5.8 (5T o =TT e o) = 11 oY o T S 12
5.9 o 1TV =Y S S N 12
6 Lo =Y 0T T T Lo =0 (Y- e 13
6.1 Preparation for the test ... e e 13
6.2 EXeCULION Of the test ... . . i iire i rsss s res s e ress s s resnss s sennsssseanssssennsssssensssssduensssrennnssnrens 13
6.3 Evaluation Of teSt reSUIES ........ccceeeeeiiiiiiiiiiie s re s s ss s e e rsssass s s sersssnssssssseseedennsnnnnnsnsnnnen 14
6.4 Measuring uncertainty of test results.............ccooiiiiiii e e 15
7 Conversion of/test results to guarantee conditions ...........cccccmiriiccccccernnn e b, 24
71 L€ T=Y s =Y = | e S 24
7.2 (020X 0 V= 3 o o O SN 24
8 GUArantee COMPAIISON........cccccecererriiiisscsssenrre e s rsssssssssmereeeeessssssssmsnneesessasssssnnnnseensssssssssnnnedeesessssnnnennnnns 36
8.1 (0] o) 1= 1 oo PSP SPPRVSPPR SRR 36
8.2 TG 1 oY N 36
8.3 SPECial NOLES ... e 45
9 L= 20 =] o e o 46
Annex A (normative) Flow diagram and figures for volume flow ratio...........cooocmiiiiniccccieeeee 47
Annex B (normative) Tests for volume flow ratio beyond flow similarity ..........cccccoviimriiiiicninncccnniccnn, 50
Annex C (normative) Correction method for the influence of Reynolds Number on

the performance of centrifugal COMPreSSOrS ........cccccciiiiiiccccimeirr e s nmn e 55
Annex D (informative) Derivation of equations for calculating the uncertainty of measuring results.....61
Annex E (informative) Special terms for COMPreSSOrs ........ccccccccceiiriiiiiccssecrrrr s sssse s e e s sssnne e e s ssssnsnns 63
Annex F (informative) Examples of acceptance test reports........cccccevvcccicceiiriiecccccscerer e 96
L= T 0] [ oY | =T ] 5 )2 142
© IS0 2005 — Al rights reserved iii


https://standardsiso.com/api/?name=5d9925bac68aeb421588bacca03097b5

ISO 5389:2005(E)

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 1SO
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 $tandards 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 Star
adopted by the technical committees are circulated to the member bodies for voting~yPublication
International $tandard requires approval by at least 75 % of the member bodies casting a vote.

Attention is dfawn to the possibility that some of the elements of this document may be the subject of
rights. ISO shill 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, ma
and equipment, Subcommittee SC 1, Process compressors.

This second gdition cancels and replaces the first edition (ISO 5389:1992), which has been technically r
In particular, jan improved flow Sheet for determination of setting conditions using similarity conditior
been integratg¢d, taking into account the Reynolds number correction method.

Three classeg of conversion of test results have been défined, including tests beyond flow similarity con
The subclause on measuring uncertainties has-'been revised. The tried and proven procedu
determination| of measuring uncertainties using‘the difference method has been added in order to be 3
meet all test fequirements, including in particular those occurring in the case of multicasing compresso
machine sets|consisting of different drivingsmachines and compressors.

The subclauge on guarantee comparison has been enlarged, taking into account all possible cas
performance gurves and guarantee-points.

ISO 5389 wag prepared, based on ASME PTC 10 ['l and VDI 2045-1 [21 and VDI 2045-2 [31.
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Turbocompressors — Performance test code

1 Scope

This |
fans 4

Turbo
proce
press

This

evaluation and assessment of performance tests on compressors as specified above. The acce]

the pe
fulfilm

2 N

The f
refere|
docun

ISO 5
sectio

hternational Standard applies to performance tests on turbocompressors of all types. It-dog
nd high-vacuum pumps, or to jet-type compressors with moving drive components

compressors comprise machines in which inlet, compression and discharge’are co
5ses. The gas is conveyed and compressed in impellers and deceleratedywith furthg
ire in fixed vaned or vaneless stators.

nternational Standard is intended to provide standard provisions“\for the preparatio

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

ormative references

bllowing referenced documents are indispensable for the application of this docume
hces, only the edition cited applies. For undated references, the latest edition of th
nent (including any amendments) applies.

167-1, Measurement of fluid flow by.'means of pressure differential devices inserted in
n conduits running full — Part 1: General principles and requirements

s not apply to

ntinuous flow
r increase in

N, procedure,
ptance test of
demonstrate

ht. For dated
e referenced

bircular cross-

3 Symbols and definitions

3.1 |Symbols and units

3.1.1 | Latin letters

Symbol Meaning Unit
A area m2
a sonic-velosity mis
B manufacturing tolerance %

b outlet width of 1st impeller m

c velocity m/s
Cp Cy specific heat capacity kJ/(kg
¢ evaluation coefficients —
D outer impeller diameter of the first impeller m

f correction factor —
Jx mean relative deviation

© 1SO 2005 — All rights reserved
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Symbol Meaning Unit

G quality grade %

g local acceleration due to gravity m/s?2

h specific enthalpy kJ/kg

k isentropic exponent -

kp isentropic exponent, temperature -

ky isentropic exponent, volume

/ length of column mm

Ma Mach number -

M, torque Nm

M molar mass kg/mal
m temperature exponent '~

m mass flow kg/s

N speed of rotation 1/s

n polytropic exponent -

P power kW

P pressure MPa (bar)
0 heat flow KW

R specific gas constant J/(kg-K)
Ra average roughness pm
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, reférred to D m/s

u specificiinternal energy kJ/kg

vV 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 kg/kg

Y compressibility function -

y function value -

2 © 1SO 2005 — Al rights reserved
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Symbol Meaning Unit
y specific compression work kJ/kg
Z compressibility factor -

z number of stage groups -
3.1.2 Greek letters

Symbol Meaning Unit
a coefficient of heat transfer W/(m?2-K)
p coefficient of cubic expansion 1/K
14 weighting factor <

A difference o

£ calculation coefficient -

n efficiency -

n dynamic viscosity Ns/m?
9 ratio of (RZ4 T,) values -

K ratio of specific heat capacities -

v polytropic ratio -

v kinematic viscosity m2/s
7 pressure ratio -

P density kg/m3
T relative uncertainty of measufement -

@ ratio of volume flow ratios -

o flow coefficient -
P(Subsript) relative humidity: -

17 reference progess work coefficient -

w angular-speed 1/s
3.1.3 | Subscripts

Index Meaning

1 inlet (suction side)

2 outlet (discharge side)

LILHL .z stages, numbered in direction of flow

0 at an infinitely large Reynolds number

A uncooled section of an intercooled compressor

air dry air

amb ambient (air, temperature)

an assumption, driving machine

av average

B cooled section of a multi-stage intercooled compressor

cal calibration
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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, lll, ..., 2)
k isentropic exponent

L leakage

lub lubricant

M measurement, motor

m mass flow

mech mechanical

n standard state

N frequency,of fotation

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 — Al rights reserved
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Index
seal
side
st
sup
sur

sys

ISO 5389:2005(E)

Meaning

sealing liquid

sidestream or extractions
static

supply

surface

system

isothermal

te
term
tol
tot

us

vap
wet
wf
W

X

y

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

Wher¢ no specific remark is made te_the contrary, the thermodynamic variables of state used w

in this
3.2

For th
are gi

3.2.1
ratio

International Standard describe total state.

Definitions

e purposes of this“document, the following terms and definitions apply. Additional terms 3
en in Annex E.

pf volume flow ratios

075),

ISR
i

3.2.2

T Z7g

ratio of reduced speeds of rotation

XN:

),
),

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

Ma, =% 3)
aq

3.24
tip Reynolds number

ub
u- (4)
U

Re

3.2.5
volume flow [coefficient

- (5)

.0? .4

3.2.6
reference process work coefficient

NPr
vor 2P ®)
' ul2

3.2.7
enthalpy coefficient

AK
Vil )
! u? 2

3.2.8
RZ,T, ratio

T (RZ4-Ty), I (R-Z1.T1)LB

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

3.29
section

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

4 Guararntees

4.1 Gener

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 — Al rights reserved
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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)
d p
e) ¢
f) o
th
g) in
h) s
n
4.3
The fq
a) a
b) d
p
c) th

<

hysical properties of the gas or vapour and its composition in volume or mass fractions;

polant, its mass flow and inlet temperature;

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

let and outlet state referred to the inlet and outlet flow area of thezcompressor;

beed (necessary deviations to meet the guarantee points.shall be agreed upon between
anufacturer).

Object of the guarantee
llowing values can be guaranteed under the preconditions specified in 4.2:
Ctual inlet volume flow as defined in E.442;

scharge pressure (or inlet pressure in the case of suction-type compressors) and
ressures in the case of inward sidestreams and intermediate extraction;

e power for specified intet-volume flows and discharge pressures (or inlet pressures i
bcuum-type compresseors)in the form of

- compressor pewer 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

- C-driving machine fuel consumption.

s, between the

heat value of

customer and

intermediate

h the case of

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
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e) operating

spec

See E.9.

4.4 Supplémentary guarantees

Additional gu
efficiency of g
for any other

4.5 Guara

In case of an
assessed ag
uncertainties

Any manufac
supply and nq

4.6 Guara

Where a seri
customary to
compressors
deemed to su

5 Measufing methods and measuring equipment
5.1 General
5.1.1 Measyring methods.ahd measuring uncertainties

Following me
be used if apq

range limits, as follows:

ified actual inlet volume flow,

minimum actual inlet volume flow at a specified discharge pressure,

surge limit.

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

arantees (for part-load efficiencies, sealants, temperature of the gas compressed, G
oolers and condensers) can be required in cases were they are of significance for .Operat
easons.

htee comparison
acceptance test, the test results measured and converted to the guarantee conditions sk
binst the values guaranteed (see Clause 8), making allowance for the limits of mea
see 6.4).

uring tolerances for the guarantee shall be deemed to constitute a component of the cont
t of this International Standard.

ntees for series production

ps of compressors of the same design are-manufactured within a short period of time, it
perform an acceptance test on each_individual compressor. Such a test performed on

ffice. The details of this procedure(shall be governed by the contract of supply.

licable.

Other measu

ooling
on, or

all be
suring

ract of

is not
a few

Selected at random from the series and,;completed successfully, constituting a type-test, shall be

hsuring methods and measuring instruments inclusive of the rules necessary for their usg¢ shall

ing“meth ment r rding 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.

© 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 in
specified in 5.1.3 ¢),

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

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

389:2005(E)

struments as

d authority is

been agreed

All m
install
ensur
relevy

pasuring instruments (and orifices and nozzles in particular) shall be checked imme
htion and/or before and after the test for condition and dimensional accuracy. lt‘shall, i
bd that the installation point, installation itself, and the measuring instrument-itself co
nt specifications. The result of this check shall be recorded.

5.1.4 | Use of transducers; data acquisition

When
possil
meas
syster

electronic measuring instruments are used with transducers,of_ any type and digital

iring systems by suitable means. This provision applies analogously to the use of da
hs 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 wa
shall have neither a burr on the wall surface;-nor a flared opening. The diameter of the holes sh
small ps possible; the lower limit is that adequate to avoid the danger of blockage.

In lon
be co
mean
for the

j straight pipes, flow parallel to'the pipe axis is established. The static pressure may then b

hstant in every flat flow cross-section perpendicular to the axis of the pipe; sampling o

5 of a hole drilled in the pipe wall then suffices for the purpose of measurement (see Figurg
pressure-sampling apparatus).

5.2.2 | Dynamic pressure and total pressure

Wher¢ an averagervelocity, ¢, is known from flow measurement and flow area, an average dyn3
Py, €gn be calculated from this and with the static pressure, p, an average total pressure
calculated as follows:

Hiately before
N addition, be
mply with the

evaluation is

le, the transducers shall be calibrated and a record kept of calibfation. It shall be possibl¢ to check the

ta acquisition

I. Such holes
all be kept as

e assumed to
f pressure by
s E.3and E.4

mic pressure,
Dot Can be

For the average velocity:

c, -p-A
—
m-R-Z

¢, p-4
m-R-Z

2
] +2cthOt

|

For the ratio of total to static pressure:

()

Tot
T

Ptot _ P+t Pd _
p p

© 1SO 2005 — All rights reserved
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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 Temps

The static ten
gas in flow.

Ratio of total

Tiot

ratures

o static temperature:

1

T

14

Temperature
thermometers
called charac

flowing gas. T
plate-type, hg
total temperat

Where it can
it be neglecte
factor to be u
a) thermom
b)

c)

bare theimocouples:

bare thefmocouples with insulation shields:

2
c

2.cp.TtOt

sensors of conventional type and size (liquid thermometers, thermocouples, resis
with or without thermowells for installation) gravitate, even when correctly installed, to th
eristic temperature, which is located between T and<7,,, as soon as they are exposed

ok, and diffusor thermometers, the indicationcof which approximates extremely closely
ure (temperature at rest) of the gas.

be shown that the velocity recovery effect is insignificant, it may be neglected. In no case 5
d if the dynamic head exceeds 0,5%-0of the specific compression work. The velocity re
bed should be agreed on. In the absence of any more specific values, the following may be
eters and thermocouples in‘wells: 0,65;
0,80;

0,97.

5.4 Gas dénsity

For gases an
or tables. In t

| vapours of known composition, density can be determined from equations of state, state
he Case of gas mixtures of unknown composition, density should be measured directly us

hperature, 7, and total temperature, Ty, cannot be directly measured as variables-ofstate of a

(11)

stance
eir so-
to the

here are, however, temperature probes (“total temperature measurement instruments”) sulich as

to the

hould
overy
used:

charts,
ng 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
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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 (p4,,,) can be calculated as follows
using the temperatures read on the wet (,,) and dry (¢4,) thermometer of a psychrometer (as defined, for
instance, by Assmann) using Sprung's approximation equaﬁon:

Pamb
755 _ 100 (12)

Psat _0’5'(tdry _twet)'

Pvap =
Pdry

where
phat  is the saturated vapour pressure at 7,y
Plry s the saturated vapour pressure at 74, ;
Phkmp 18 the ambient pressure reading.

Relatiye humidity (¢, ,,) can be read from an 4
fwet @Nd t4r, and the barometer level p,py,.

air - Xair Chart for any pressure, p, of the air at kngwn values for

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

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

5.5.2.2 Moisture in other gases

The dther methods mentioned in 5.5:2.1 are recommended for use with gases other than air [instead of
Equatjon (12)].

5.6 [Gas velocity

5.6.1 | Quantitative measurement

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

5.6.2 | Déetermination 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 — Al 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

the

reasons, oth
manufacturer

In a constant

means of measurement of the velocity profile (e.g. Reference [6]). The mass flow can also he-calculate

suitable energ

5.8 Speed

Where measu
the accuracy

5.9 Power
Where the po

a)
particular

b)

c) by estab

to the en

In case 5.9 a

measured in accordance with the appropriate International Standards or national standards.

In the case 5
of their rated
during the tes
with continuo
meters and ¢
readings with
measured tor

by perfofming an energy balance on the driver in accordance with the appropriate test codes f

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

Py H ol 2N o + _baot o 4
-1 MTTCaSUTTy— MTotToUS— 1Tay— VG USCU OpPUTT ayroTrTeT it oW o T TS U STOTITCT (=1}

flow, the volume or mass flow can be determined from a calibrated pressure difference

y balances, with the inclusion of drive power or of the process.

of rotation

rement of the speed of rotation is necessary for the performancertest, it shall be determine
necessary for this purpose using a cyclometer, tachometer, frequency meter, etc.

wer input to the compressor is guaranteed, this shalkbée measured

type of machine;

ishing a total energy balance for. the compressor, by measuring all the losses and adding
brgy input to the compressed.gas.

, where the performance.is guaranteed in terms of the energy input to the driver, this sh

9 b) of measuringthe torque, torque-meters shall not be used for measurement below on
torque. They,shall be calibrated with the measuring element at the same temperature ag
t. The calibration shall be carried out twice, once with continuously increasing load and
Iisly decreasing load, and the mean of the two sets of readings shall be used. With both t
adled.electric motors, it shall be shown that the hysteresis effect, i.e. the difference betwe
incfeasing and decreasing load due to mechanical friction etc., does not exceed 0,5 %

or by
d from

d with

or the

them

all be

e-third
used
once
brque-
en the
of the

e,

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:

Orad =@

'Arad '(tsur _tamb)

(13)

A coefficient of heat transfer « = 14 [W/(m2-K)] can be used for estimation of these losses. Ayaq is the external
surface of the compressor between inlet and discharge. ., 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 44t to the
gas power, P ,; 1, €valuated from mass flow and temperature rise.
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Pi,te =Liatte t Qrad,te

Otherwise, e.g. in case of an online test evaluation, 0,4 is converted separately (see 7.2.4.5).

6 Performance test

6.1 Preparation for the test

6.1.1 _General

It shdll be ensured when preparing for the performance test that measuring instruments)t
inaccyracies 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 {
measyiring methods to be used, should all be specified in a test schedule. The diagrams
requirgd 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
the bdsis of the guarantee conditions.

The operating points at test shall be selected in accordance, with 7.2. Bypass lines from the p
suction side of the compressor and from the hot-water to-theé cold-water side of the coolers, incly
restrigtion elements, etc., can be installed, if necessarys-as an aid to adaptation of test conditions
condifjons.

6.1.3 | Inspections and preliminary test

It shall be ensured before (and after) the performance test that all lines are free of obstructions 3
the system are in correct condition. |t shall also be ensured that all supply and return lines not

histewn preliminary test. Such preliminary tests can also be used to familiarize the te
nd- _check the instruments and equipment used. If this test is successful, it can be a

(14)

ne measuring

oints and the
and drawings

purchaser on

essure to the
ding the flow-
to guarantee

nd all parts of
in use during
e checked for
5 in particular,
torresponding

ht and correct

the case of performance tests to be performed at the installation location, the supplier may first

5t staff and to
ccepted as a

mance test hy the customer

6.2 Execution of the test

6.2.1 General

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

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

© 1SO 2005 — All rights reserved
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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, nun
the particular
of operation.

In the case of
under design

hber and duration of measurements and their frequency will vary according to the impofta
measurements, taking into account the special characteristics of the measuring equipme
\n agreement shall be made on this item.

cooled compressors, it is also advisable to ascertain in a test the effectiveness,of the inter
conditions.

6.2.2 Permi
permissible

If the operatir
value deviatidg

found in Tablgs 1 and 2 (7.2), in Figure 2 and Annex A.

Still greater d
supplier and t

Where individ

and possible
(see e.g. Refg

6.3 Evalus

6.3.1

Readings fror
arithmetically

Readings fro
averaged in t

6.3.2 Mass

Averaging

fe

luctuations of individual values around the mean values

g conditions deviate from the guarantee conditions, the test)shall be valid, provided the
ns from the values in the guarantee preconditions are within certain limits. The limits g

eviations can be allowed, provided corresponding.agreements have been made betwes
he purchaser.

bal values fluctuate substantially, it is necessary to make an agreement regarding the permis

rence [7]).

tion of test results

n the values that influence the calculation linearly, taken at equal time intervals, can be avs

values thatido not influence the calculation linearly, taken at equal time intervals, sh
equivalent form.

flow.and inlet volume flow

nce of
nt and

cooler

sible mean value deviations from the values specified in the guarantee conditions and

mean
an be

en the

sibility

enlargement of the measurement uncertainty range, depending on the particular circumstances

raged

all be

Effective inlet

volume flow, ¥4 ys wet » €an be determined from measured mass flow, 7, , (see E.4.2).

6.3.3 Power (power at coupling), fluid consumption

The power (power at coupling), P,

cou Of the compressor can be determined in accordance with 5.9.

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).

14
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6.3.4 Power of the reference process

389:2005(E)

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 ma
driver's working fluid per unit effective inlet volume flow of the compressor.

ss flow of the

Wher¢ compressor operating conditions are subject to change, but the operating conditions
machine are constant, working fluid consumption should preferably be referred to the power-of
process, e.g9. s/ Pp; .

6.4 |[Measuring uncertainty of test results

6.4.1 | Basic principles

Any measurement involves a degree of uncertainty. Uncertainties alsotarise from conversion (se

The dpta contained in 6.4 presuppose that the requirements specified in Clause 5 are fulfilled. If
case, [an agreement shall be made regarding an appropriate.increase in the measuring uncert
indiviqual measured variables and of the confidence ranges for the gas data. It is further ass
registrable systematic errors in the measurement of individual measured quantities and gas de
eliminpted by means of corrections. A further precondition is that the confidence limits of the rea
integration error have been rendered negligible by Means of an adequate number of reading
non-reggistrable systematic errors are also covered-by the measuring uncertainties. Quality gra
limits |pre sometimes used for determination of'‘the measuring uncertainties of individual measu
since the registrable systematic error of the measuring instruments used, with some exceptions,
fractign of the quality grade or error limit,

The dpta regarding the determination:of measuring uncertainties for individual measured quantit
nce ranges of gas data (6.4:3) and for variables of state, are approximations. These a
improved only with a corresponding level of complexity and expense.

rdance with Referente [7], the measuring uncertainties defined in this International Stand
taken[at the 95 % confidence limits.

The ipstructions sregarding determination of overall uncertainties of measuring results (6.4
applicption as.semi-axes for the measuring uncertainty ellipses (8.2.4) include convenient simplif
as ignjoring certain relationships; see Reference [8].

of the driving
the reference

P 7.2.5).

this is not the
ninties for the
umed that all
ta have been
ling error and
5. The (small)
des and error
ed quantities,
covers only a

es (6.4.2), for
bproximations

ard should be

A4) and their
ications, such

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 A
Tap :%-100:iGﬂ

P Apte

(19)

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.

© 1SO 2005 — All rights reserved
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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 < A/ < 1 000 mm range is

TA,:%-mozéwoo (16)

For A/ > 1 000 mm, relative measuring uncertainty, expressed in percent, is

TAl =0,1

6.4.2.1.3 Absolute pressures

The measurirj]g uncertainty of an absolute pressure, p, depends on the uncertainty of thé-measured ambient
pressure, p,h,, and the pressure difference, p — pyp:

2 2
P pP—p
7, :\/(_1 amb ,rp,ame +(—amb.,p_p’amb] (17)

p 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 inclusjon of

unavoidable minor boundary influences. The provisions ih 6.4.2.2.2 to 6.4.2.2.4 are intended to facilitate
selection.

6.4.2.2.2 Ljquid-in-glass thermometers

The error limit determined by means of calibration and enlarged by mounting allowances should be uged as
measuring ungertainty, ¥;. Normally, Vi="1K.

6.4.2.2.3 Thermocouples

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

Substantially smaller measuring uncertainties can be achieved via the use of special instrument combinations,
particularly fof 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 1SO 5167-1. In cases where it is not possible to completely eliminate pulsation surges,
correction factors shall be applied. In addition, the tolerance, z,, 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

rN=V—N.100=iGM (18)
N
te

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

S

~

14
N:TN'mOZi -100 (19)

te

6.4.2.5 Measuring uncertainty of torque

The re¢lative measuring uncertainty, expressed in percent, of torque using‘calibrated torsion dynamometers is

V M
rM,t=ML‘-100=iG%.1oo (20)
t te

The measuring uncertainty stated by the manufacturer 6fthe measuring equipment can be uged for torque
meastrement using cradle-type motors.

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

The re¢lative measuring uncertainty, expressed in percent, of power at the coupling via the measured electrical
powell of an electric motor is

2 2
14 ¥ V

poou = 24100 = + ( P*e'] +{—’7""'} 1100
Peou P v

el
[ 2 2
=T Tpel DM

N

(21)

where

Mp o1.iS the measuring uncertainty of electrical energy consumed;

;M 1S 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 cou» 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
V. V
ep=12100= 2 [r2 42, + 17012 4002 (22)
F (12 -11)

6.4.2.8 Measuring systems
Since the merﬁsured 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 absefved.
6.4.3 Configence ranges for gas data
6.4.3.1 General
Where gas cpmposition fluctuates, particular care shall be devoted to suitablecand correct sampling. The
confidence ranges for gas data shall be increased if these fluctuations exceed the ranges that can be
balanced out py means of suitable sampling.
The informatipn in 6.4.3.2 to 6.4.3.4 also presupposes suitable chemigal*or physical analytical methads for
determination| of gas composition.
6.4.3.2 Gaps constant
6.4.3.2.1 Pure gases
Where the gap constant is taken from recognized equations of state, its confidence range, 75, can be ignjored.
6.4.3.2.2 Qas mixtures
The confidenge range, V. of the gas constants can be ignored, provided the conditions of 6.4.3.1 are met. If
the gas consfant 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 confidenge range, V,, of the compressibility factor can be found in the relevant literature for the pure
gases most cpmmonly 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, V,, 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


https://standardsiso.com/api/?name=5d9925bac68aeb421588bacca03097b5

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

confid

ence range, ¥, of the isentropic exponent can be ignored.

No accurate data are available on the confidence ranges, ¥, of the isentropic exponents of gases which

deviat

e greatly from perfect behaviour; they can be estimated.

6.4.3.4.2 Gas mixtures

The s

6.4.4

6.4.4.

The €

state the semi-axes for the measuring uncertainty ellipses (see 8.2.4) andshall be expanded by

tolera

~

ThesHq
In the
meas
volum

power
with 8

6.4.4.

Formt

6.4.4.

The relative uncertaihty of measuring results for inlet volume flow is

~

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

|  General
quations for calculation of the relative uncertainties of measured results are compiled in

nces if necessary (see 7.2.5):

tot = i(|Tres| +|Tdev|)
measuring uncertainty ellipses are plotted around themeasured points.

event that only one guarantee point and ong test point are available, a relative total
iring results can be determined for the power'or related power if this is converted to the gu

apply approximately (see 6.4.4.2.4). This should be applied to the guarantee comparison
2.2.

P Relative uncertainty of.measuring results calculated by differentiation
lae derived according to ‘Arinex D.

p.1 For the inlet\volume flow Tros 7

6.4.4.2. They
the additional

(23)

uncertainty of
aranteed inlet

e flow and pressure ratio, /7. In this case{.the equations for relative measuring uncertaintjes for related

n accordance

6.4.4.]

2,2 2 2 2
res,V:i\/7m+7N+7p1+7T1+TZ1 (24)
2.2~ For the pressure ratio, v
The relative uncertainty of measuring results for the pressure ratio is
1 2 2,2 2 2 2 2
Tres, ;7 =% 2\/(|nn)v(4~TN+TT1+Z'R+Tz1)+‘[p1+1p2 (25)
Xy
19
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6.4.4.2.3 For the specific polytropic compression work, Tres,y,p

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

2 2 2
4 1 T. 1 T. 1
VP 2 2 2 1 2 2 2
r =—t=% (T 1-7 2)+ | T2t | Tt TR+ T7m (26)
OSIRO Ty in 22 P -y T2 =Ty g 12 .
P1 Iy Ty

6.4.4.2.4 For power, 7... » ., Felated power, =.__.,. ...\, and efficiency, 7. . -,
T 7 T

The relative uncertainties of measuring results required for formulation of the equations for relative-nceftainty
of measuring [results for power, related power and efficiency, and the factors by which these relative’individual
measuring ungcertainties 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

measuring ncooled compressor e = 94 9o # 9
uncertainty|for Z = Z -
individuall c d e c d e c d e
measured vjlues Case1C|Case2|Case3¢|Case1°¢|Case2|Case 3¢ | Case 1°¢| Case 2 Case(3
1 1 1
¥ P,cou 0 1+y 0 0 1+y 0 0 1+y 0
&2 €2 €2
Pi [¢¢] PI CO PI [¢¢]
7 pj — 0 0 =N 0 0 — 0 0
I Pcou,co Pcou,co Pcou,co
Pmech,co 1 1 Pmech,co 1 1 Pmech,co 1 1
T p,mech Peou,co 1+&, 1+ey Peou,co 1+, 1+ &, Poou,co 1+ &9 m;
1 1 1
Tt 0 0 1+ y 0 0 1+ y 0 0 1+ 1
€2 €2 €2
1 1 0 1 1 0 1+2€3|nHA’co 2g3ln17Ayco
e 2¢5In17 "
0 0 1 0 0 1 23N Aaco | opinf pco
0
Tiin 2
1
In /7
T a
pl
1
In/7
0 £3 In HA,CO
77 @
1 1+ &3 In HA,CO
0 £3 In HA,CO
T71°
1 1+ &3 In HA,CO

20 © 1SO 2005 — Al rights reserved


https://standardsiso.com/api/?name=5d9925bac68aeb421588bacca03097b5

Table 1 (continued)

ISO 5389:2005(E)

Relative Cooled compressor Cooled compressor
measuring Uncooled compressor 9= 9. %9
uncertainty for > 7.9 ), 7,9
individual Case1¢|Case29|Case3¢|Case1°|Case29|Case3¢|Case1°|Case29| Case3®
measured values
&3 In HA,CO
TR a
1+ &3 In HA,CO
4 p2 1|r1 77re
Tk &1 &1 &1 0 0 0 0 0 0
TT1B 0 0 0 0 0 0 £3 &3 £3
7718 0 0 0 0 0 0 &4 £3 &3
Tﬂ’/b 0 0 0 z-1 z-1 z-1 z2 z-2 z-2
] z z z -1 z—1 z—1

Pmechfe-

shownlin the top line, and those for related power T res(Pooull)
j=z j=z
ZTU Z Vi y
b _ =l ' =l tjav
For '%‘,te = '9j,g Tyjay =—— Vijav =—— and T =
z-1 z-1 1jav
j=z Jj=z
z Ty, Z Vi e
=Nl ; J=N tjav
For Jite # g Thjav =5 Viav = 2 and z7q; =
zZ- 1jav

d  Chse 2: Power at the coupling is measured on the driving machine.

@  Here, the factors for determination of uncertainty of measuring results for powef, atcoupling 7 g peou . NOt inc
and for efficiency zgg,cpy » Not including z4e,, , in the bo

C  Cpse 1: Power at the coupling, Pgoy te, is determined by means of measurement of gas power Pt and m

€ Chse 3: Power at the coupling is determined by means of measurement of torque M 1 and rotational speed Nie.

uding z4ey , are
tom line.

bchanical losses

Coefficients:

In77
gy = 1 3 all —1te (27)
-k ke {%j
1- I, te
P
£y = cou,te (28)
P Pi,te P
mech,co Pi ~ “mech,te
1,CO
P
£q =20 (29)
Pi,co
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EXAMPLE

compressor (9

The equation for relative uncertainty of measured results for power at the coupling of a

te = &) can be formulated as follows in accordance with Table 2 if power at the coupling in the test

has been determined by means of measurement of torque and rotational speed (case 3):

Tres,(Pcou) =% (

2

1
1+€2

1 1

In77

1+i
€2

o+

2
2
TPmechJ + T Mt +(2'83'|nHA’CO'TN) +|i[1

2

...+(83 ~|nHAyco~rT1)2+(£3 '|nHA‘C0'TZ1)2 +(6’3 -In]YAyco 'TR) +...

4

cooled

P cou,te

6.4.4.3

The uncertainty of measuring results 7., of a result function, #, (e.g. steam\.consumption) c
determined ap follows, particularly in the case of complicated functional interactions whose derivat
means of cloged mathematical solutions is difficult.

The result fupction, W, is based on all measured values, converted to.the guarantee precondition

corrected to t

For example,

W=P

i,co

Tres,w =

w

Determination of measuring uncertainty using the difference method

—1 T
p2
In 77

2 2 2 9 2)/2
+[ ] +(€3.TT1,B) +(€3.TZ1,B) +[—1TT1JJ

z
zZ

€ guarantee value.

for W =P with 7,5 j €xpressed in percent:

cou,g’

. Yrg . V1,g

+ Prech,cog

YT,co Vy ,CO

V—W~100:i
w

=+/> £3-100

—V-)

Xl

X; +in)—W(x-

fxi

For this purp
calculated usi
relative devia

2-W(xl~) l

pse, the desult function, 1, for all measured variables and gas data, x;, contained the

hg the values increased or decreased by the individual measuring uncertainty 7,;, and the

ion4,;vof the result function, 7, is calculated from their difference at the position of the meg

(30)

An be
on by

s and

(31)

(32)

(33)

ein is
mean
sured

value x;.
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W“
4 Wix +V,)
W (x)
W (X/ - fo)
- VXI' + in
. 3
Xi X

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

4 Relative uncertainty of measuring results for single-stage measurements on mu

compressors

The fgllowing equations apply in the case of the composition of the overallyperformance curve fr
of single stages or sections measured separately:

for thqg relative measuring uncertainty for volume flow:

~

comb,V :(1"‘0,2\/;)@

for the relative measuring uncertainty for the pressure ratio:

~

comb, 77 = (1+0,2-\/ﬁ), Z(%Y;/.WCOJ)
co,j

for the relative measuring uncertainty for power:

~

comb,P = (1+0,2-m),@
co,i

The factors 0,2 ahdz — 1 make allowance for the unavoidable inaccuracies of separate measu
indiviqual sections'and in compilation of the results.

6.4.4.

b ~ Weighted relative uncertainty of measuring results

nty

Iti-stage

bm the curves

(34)

(36)

rement of the

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

Weighted measuring result:

©1S0

7 Z(Wi'7’i)
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with

yi= [ijz (38)

Vi

Weighted uncertainty of measuring results:

Vigy = \/21}/ - : 2 (39)

i
i

Weighted reldtive uncertainty of measuring results:

Ty = %”1 (40)
7 Conversion of test results to guarantee conditions
7.1 General
7.1.1 Purpgse of conversion
The test resylts can be directly compared with the guarantee values only if the compressor is measured
precisely undgr the guarantee operating conditions during theCacceptance test.
If the operating conditions during the test deviate from‘those specified in the guarantee, the test result$ shall
be converted [to the guarantee operating conditions~Only such converted test data may be compared wijth the
guarantee values in the guarantee comparison as specified in Clause 8.
7.1.2 Object of conversion
The values cqnverted are essentially-the“following:
— effective jnlet volume flow, V1,us?
— pressurejratio, 77, or head,;

and power at the_coupling, Py,
Power at the|goupling P, is composed additively of gas power P; and mechanical loss P, Whi¢h 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,  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 guaranteg conditions in
al|l stages of the compressor only if the isentropic exponents are identical.

¢) 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 coeffigients, that the
vplume flow ratios (volume flow referred to inlet volume flow) remain coenstant at every flow path location
uhder test and guarantee conditions. The requirement for identical velume flow ratios in all|stages of the
cpmpressor is met — always assuming identical isentropic exponents — if the tip Mach numbers Ma , are
identical under test and guarantee conditions. Under these.-preconditions, identical tip Mach number
s|gnifies simultaneously identical local Mach number (flow wvelocity referred to the respectiye local sonic
velocity).

d) lIdentical J; ratios in the individual stages
The similarity condition of identical 9 . ratios; in the individual stages signifies that the values
9 = (RZ1T1)j/(RZ1T1)| are constant (j =1, I, ). In uncooled compressors, this requirement is fulfilled
ahyway given identical isentropic exponents.and identical tip Mach number.
In cooled compressors, the condition"@-= 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 guaranteg conditions. If
necessary, performance shall be tested separately.

e) Identical Reynolds numbers
In order that thewboundary layer of the flow, and thus also the flow pattern influenced|by it, remain
cpnstant, thetReynolds number, as well as the parameters already mentioned, shall also remain constant
ir] 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

7.221 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 gene

stages, the
deviations in

7223 Pe
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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 Or (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 n, = ng at the end of the compression process.
For mye # 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 irjner tolerance limit for deviation of the ratio of volume flow ratios ¢is Ag,, =+ 0,01 Atshalllbe checked if
this lirpit can be maintained by means of variation of test values N, Rye, Zq t¢ OF T4 o I.SUCh dases, the test
should be performed without the use of a supplementary tolerance. Otherwise, it has-to be chgcked whether
the test can still be performed within the outer tolerance limit Agy,, = 0,05 (see 7.2(5)-In this casg, the test can
be pefformed with approximated similarity using a supplementary tolerance (Figures 6 and 7).

The permissible ratio of reduced speeds Xy 101, EQuation (2), can be calculated using the permissible deviation
Adyo) Of the ratio of volume flow ratios, ¢, Equation (1); see Annex A.

If the [outer tolerance limits do not suffice, it shall be checked ofia’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.z7,% and (p,/p4) deviate from the values 7, , and

(polp1 or predicted for the test conditions, the check for, similarity conditions should be repeatef using these
values.

7.2.2.8.3 Permissible deviations of tip Mach-Number

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

flauie - x k—],g
+—— =Xy

(41)

Alawg 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 guarant¢e conditions.
Allowance is made for the influence of this deviation on operation of compressors by meaﬁs 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:

— Class C: [Test beyond the outer tolerance limit.

7.2.3.2 Conversion according to classes A and B

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

7.2.3.3 Copnversion according to class C

This case is described in Annex B.

Table 2 — Adjustment, test, conversion: uncooled compressor

Nie = I’lg Nie # l’lg
Case 3a 3b 3c 3d
Example Annex F, Example 1 Annex F, Example 5
Ratio of reducgd | Set compressor at If adjacent condition | Set compressor with Xj, to | If adjacent condition
speeds, see X _ /,/, v _| cannot be met, set be within inner tolerance cannot be met, set
7.223.2 Mol p’g/ ple compressor at Xy o, |limit Agy, = + 0,01 as per [ compressor with Xy to be
Deviations within withintouter tolerance [ Annex A. within outer toleranceg limit
tolerance limit limitAgy, = + 0,05 as Ao = £ 0,05 as per
A¢t0| =+0,01as per per Annex A. Annex A.
Annex A are
permissible.
No supplementary Supplementary No supplementary Supplementary tolerance
tolerance for tolerance for tolerance for conversion. | for conversion as per|7.2.5.
conversion. conversion as per
7.2.5.
Mach number: If Ma, 1o # 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, t¢/Rey g 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

ne = ng and Rey e = Rey g

Other application cases, for instance:
a) ng =ngand Reyte # Rey g

b) e = ng
c) Inward sidestreams or extractions
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

defindd in 3.2.8

temperatures in such a

cannot be met,

speeds: See Xyt = 1. uncooled sections with | uncooled sections with | cannot be met for all
72282 L G Xy to be within inner Xy to be within inner uncooled|sections, set
DeV|at|ons.w!th|n INNET 1 tolerance limit tolerance limit the releévgnt sections at
tolera_nie I|m1|t Ao = £ 0,01 as per A¢o = £ 0,01 as per Xy'within the outer
Adho =+ 0,01 as per Annex A. Annex A. tolerance|limit
Annex A are Ad £ 0,05 as per
permissible. Annex A.
No supplementary No supplementary No supplementary, Supplementary
tolerance for tolerance for tolerance for €onversion | tolerance(for conversion
conversion. conversion. for these sections. as per 7.2.5 for the
If the above condition relevant gections.
cannot be met, set first
section at X, within
outer tolerance limit
Ao = £ 0,05 as per
Annex A.
Supplementary
tolerance for first
section for'¢conversion
as per 7-2.5.
RZ, T4 ratio as Set stage inlet If theradjacent condition | Wherever possible, set the stage inlet

temperatures in such a way that th¢ test can be
run at an identical speed for all sec

ions.

of compression and
isothermal total

way that subdivide into uncooled
Yte first section and
L9 .
9. intercooled downstream
9 section at
diBte _,
9jBg
Mach [numbers: IFMay 1o # May g, check whether changes due to Mach number occur in the characteristic curve range
see 7)2.2.3.3 relevant for the guarantee comparison (critical Mach number, choke Mach number).
Reynglds number/| Overall conversion via | Check that Re, to/Rey g is in the permissible range for conversjon of
see7)2.2.34 specific isothermal work | efficiency (in accordance with Figure 2 for centrifugal compressors).

efficiency only possible
if Rey te = Rey g-

(No change in

polytropic stage
efficiency.)
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Table 3 (continued)

ne = ng and Rey e = Rey g

Other application cases, for instance:
a) ng =ngand Reyte # Rey g

b) e = ng
c) 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 Gncooled section, then

superpositioning with tecooling temperaturefs and
pressure losses, and mass flow ratios as per
guarantee conditions if necessary,
Section 7.2.4.22.

Converted vallies

Check whether similarity conditions were met in test.

Guarantee
comparison

Clause 8.

7.2.4 Convérsion equations

7.241

Provided the

For real gas

Conversion for uncooled compressors_or'sections

conditions specified in 7.2.1 and 7.2:2 are met and the gas behaves approximately perfett, the
test values cgn be converted to guarantee conditions using the procedure shown in Figure 3.

pehaviour, the variables [1], [3]) [6] and [7] in Figure 3 should be calculated from the temperptures

and pressures measured, either using the compressibility functions; see Equations (E.22) and (E.23), orj using
gas data programs. At small pressure ratios, calculation can also be effected by means of the isentropic
change of stafe; see Equation (Ex74).
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Figure 3 — Calculation for uncooled compressors or sections
with approximately perfect gas behaviour

Conversiondfor cooled compressors

Overall:conversion

ed the“conditions specified in 7.2.1 and 7.2.2 are fulfilled and that the test conditions a
erelis 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.

thieved mean

Where 4, ;

e

=99

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 4. = 4, ;, nie = ny and

Where 3,1, # 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

with approximately perfect gas behaviour

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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| Non-cooled section «A» | | Guarantee basis | | Cooled section «B» |
| Test values | | Equation number | N | Equation number | | Test values |
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frigure 5 — Conversion for cooled compressors where J, , = 319 but 95 = 94 nie | ng and

j
approximately with perfect gas behaviour

Wherg¢ this is not possible, the/subdivision can be performed proportional to the specific dg¢sign work of
compiession.

Thesqg power portions~shall then be converted to the guarantee conditions using the procedure shown in
Figurg 5.

7.24.2.2 Conversion by means of uncooled sections

¢ the conditions for an overall conversion are not met (e.g. greater Reynolds number deviafions, different
isentropic—exponent—intercooler-operating—conditions—diverging om—auarantee condition he conversion

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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7.2.4.4 Conversion of mechanical power loss

Mechanical power loss, P,qch, 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 loss, P

from which P g,
now be calculated:

can

mech,co’ 0

P

cou,co ]

P, + Pmech,co (42)

i,co

The power logs 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 N_ (43)

where b = 1,5/to 2,0

7.24.5 Coyrection of gas power due to radiation

If not directly|added to measured gas power according(fo 5.9, the heat transferred to the ambient air furing
the test in cagde of an energy balance is converted to.guarantee preconditions by the equation

Pi,AI,CO

Qrad,co T Qrad,te ’ (44)

Pi,At,te

and added tojthe gas power, P; 5 o~M€asured over mass flow and enthalpy rise and converted to guafantee
preconditions

Pico = Plarco + Prad,co (45)

The converted discharge)temperature 7, ., then can be corrected by

Pico
12,00 =l1lg +(12,co,Az _11,9)' b '

PA
Fxt5€0

(46)

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

Ypte

X Ntol (47)

p.9

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

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

Y
15+ AP rol Z
.
I
I
1+ I
I
| I
I | d¢f0[ < 0
05 I | | | 1 | >
0 0,01 0,025 0,05 X
Key
X dgviation, |Ag|, of the ratio of the volume flow ratios
Y X

a8  Adhievable 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 spipplementary-tolerance 74, can then be calculated:

If |Ag| < 0,01 Tgey = 0
If 0,01<|Ag| < 0,05 ey = 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 s i i

Where the cdmpressor is operated under test and guarantee conditions at differing pressure levels,)lepkage

losses shall be considered.

Where a compressor consists of several casings or where its design makes it possible to remove intercpolers

and install me¢asuring lines in their place, the compressor can be subdivided into separate compressof units

for test purposes.

The acceptance test does not necessarily furnish proof that the intercoolers fulfil the guarantee conditior|s with

regard to re-cpoling temperature, pressure loss, coolant flow, etc.

8 Guararntee comparison

8.1 Object

The guaranteg comparison is comprised of the following:

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

b) verificatign of the guaranteed upper limit-of the operating range of the compressor under guajantee
conditions and, possibly, also of the ewer limit of the operating range and the corresponding efficiencies
under gufirantee conditions.

8.2 Execution

8.21 General

In order to Verify fulfilment of the guarantee, the guarantee values are compared with the test nesults

converted to {he guarantee conditions. Inclusion of total uncertainty 7, (6.4.4.1) in the guarantee compgrison

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 Pg,, ., 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, V4,9, and pressure ratio Il4lyg =f(Hg)]; see
Figure 7 assuming constant gas efficiency:

Vig ¥

g )

Pi,co ' : + Pmech,cog (48)
Vico Yeo

P

cou,cog —

APC u,co

cou

Y p

cou,g

)

cou,cog

cou,co

J A4 /-{F Jq
yCO

%;o %g

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 guagrantee comparison with respect(to*the performance curve shape is not possible. The measuring
uncerfainty for Peou,co shall, in this case, be calculated using the equation for related power at the coupling in
6.4.4.2.4

8.2.3 | Comparison of measured performance curves with guarantee points

8.2.3.1 Compressorswith fixed geometry and speed

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 followind point of the
performance curve is taken as a basis for this, according to the type of manufacturing tolerance Tgreed:

Wher[ a manufacturing tolerance is agreed for the inlet volume flow and/or discharge pressure (pressure

— 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 pressuré ratio
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Figufe 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
(e.g. where manufacturing tolerance applies to pressure ratio and inlet volume flow)

38 © 1SO 2005 — Al rights reserved


https://standardsiso.com/api/?name=5d9925bac68aeb421588bacca03097b5

8.23

ISO 5389:2005(E)

.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 (V17g,179).

-

This

conjumction with the similarity conditions or by means of interpolation.

8.2.3.

Wherg¢ the converted performance curve for the“inlet volume flow of the guarantee point exh
presstire ratio than the guaranteed pressure ratio and inlet throttling is possible at the pla
compressor is installed, the guaranteescomparison may be carried out making allowance fo
losseg. Under perfect gas behaviour and without intercooling (Figure 12):

Where p,/p, is a constant

The throttled inlet pressure is

This

A
7
/79
S
~y
P A Pcou,cog = Pcou,co
cou p
/AV cou,g
v %

9

gure 11 — Guarantee comparison for a compressor with variable geometry or variak

performance curve can be operated directly, or may be produced from adjacent performa

B Special case: inlet throttle control

P2g
cou,cog =(Pcou,co - Pmech,co )—+ Pmech,co
2,co

~

/1,g _ Pag

V1,co £2,¢o

le speed

nce curves in

bits a greater
ce where the
r inlet throttle

(49)

(50)

__ P2g
P1cog =
P2,co/P1,g
suction pressure shall be in the tolerable operating range.
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a

Straight lin

8.2.4 Measuiring uncertainties and manufacturing tolerances with regard to’the guarantee

comparison

8.24.1

In the followin
the converted
measuring ur
compressor,
Tres, ncou? for ¢
These meast
comparison.
magnitude of

8.24.2 Giy

Where several guarantee points; My, whose connecting line produces a performance (guarantee curv

and only one

W

General

P2 /-72,co
Pcou
Pcou,co
Pcou,cog
Pcou,g
0 >
0 V1,g V1,co 4

Figure 12 — Guarantee comparison with suction throttle control

n 8.3.2

g, total uncertainties, 7.5, see 6.4.4.1, of the absgissad and ordinate values are plotted 3
measured points, M, in the form of horizontal and-vertical ellipse semi-axes. The appur
certainty ellipses are entered. For example, for guarantee comparison of the efficienc
otal uncertainty, L for inlet volume flow V1 is entered horizontally, and total uncer
fficiency, 7., is entered vertically.

ring uncertainty ellipses shall be-plotted only if they have a significance for the gua
[his is, for instance, not the case where the deviation at the guarantee point is smaller th
the corresponding semi-axis.

ren: One test point and ‘one guarantee curve

fest point, M, are_given, the procedure shown in Figure 18 should be used.

round
enant
y of a
tainty,

antee

an the

Ky)

a8  Measuring

Y Trot x

Y

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_cutve, in which the guarantee is met,
partially taking into account the measdring uncertainty

\

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

8.2.4.3 Given:ione test point and a guarantee band

Wher¢ manufacturing tolerances have been agreed (see 4.5), the guarantee curve is cqnverted to a
guarapteéband (see for example Reference [7]).

In this cases, a guarantee band, By, 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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9. 9.2

Ky
=]
7\ K
~ Mco X Thot x
= =
X
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 fhe guarantee band, K", and the lower limitation curve of guaranteeband, K", shifted veftically
to contact with the measuring uncertainty ellipse. In the case illustrated, the guarantee is not met.
The guaranteg is regarded as met if curve K"g intersects the measuring uncertainty ellipse, as in Figure {1 7.
The guaranteg is also regarded as met if the measuring uncertainty ellipse touches curve K"y as in Figure 18.
)
—‘)}\ Kq
P
g
MCO
X
Figure 17|— lllustration of a test point with given guarantee band, in which the guarantee is mgt,
partiallytaking into account the measuring uncertainty
A
y
Ky
M \I_/ \
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 A, 4 diverges from

42
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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, »

/%\(Kg
Mco,Z

M

co,1

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

8.24.5 Given: single guarantee points and one test result band

Wher¢ 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
proceflure shown in Figure 20 should be used. Guarantee point M, should be plotted. The gonverted test
points|, M, should be plotted and the measuring uncertainty ellipse entered as described in 8.2.4.1. Envelope
curveg K'y, and K", are then placed onto the measuring uncertainty’ ellipses. The envelope ciirves limit the
result|band. In the case illustrated, the horizontal distance, A,;between the guarantee point gnd the upper
envelope, K'y,, of the result band is, for instance, a measure of the deviation from the gdarantee. The

guaraptee is considered not to have been met in the case illystrated.

A
A

y My 4
Ky
Mco,1 ¢
Mco,Z K"
Mco,3 fe

X

a8  Mgeasuring uncertainty ellipse:

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

Wherg the guarantee point is within the test result band, see Figure 21, the guarantee is consiflered to have

been mets

Wherethetestresuttbandtouchestheguarantee point,see Figure 22,7, the guaranteepoint 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

y Mg
‘\K(Kr’e
K
X
Figure 22 — Jllustration 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  Giyen: single guarantee points with manufacturing tolerance and one test result band

The manufacjuring tolerance is plotted in the manner specified in the contract of supply around the guafrantee
point, Mg, exfending this to the guarantee range, By-Figure 23 shows an example, in which a positije and
negative manpfacturing tolerance of equal magnitude are plotted parallel to the abscissa.

A By +Bg

A Mg
2 R

\(Kr,e

Ke

>

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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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

themeasuring uncertainty armd-manufacturingtoterance

Figure 25 — lllustration of a test result band with given guarantee point with agreed single-axis
mahufacturing 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

Wher¢ a manufacturing tolerance for.the inlet volume flow or for the pressure ratio has been| agreed for a
guaraptee point, this manufacturing tolerance also applies to all other guarantee points, unless ggreements to
the cgntrary 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 dgviations A as
defindd in 8.2.4,and-the weighted average deviation formed in accordance with

A}:#jci) (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 un

certainty.

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 machi

e is not manufactured by the compressor supplier. the compressor supplier shall be d

emed

obliged to obt

8.3.4 Lowe

The lower lim
the contract.
measured an
operable inlef
related power

9 Testre

A test report 9

a) technical
number,
special fg

b) technical

Cc) guarante

nin the agreement of the driving machine supplier to the necessary increase in speed.

limit value of the operating range

t of the operating range is defined by the anti-surge control line plus the tolerance as agr
If a guarantee comparison in respect of the power for a guarantee point-below the a
ti-surge line has to be made, then the power of the measuring point-at the just still

volume flow shall be referred to the inlet volume flow for the guarantee point in respect
for this guarantee point.

port

hall be written on the result of the acceptance test. It-should include the following:

year of manufacture, short technical description, power rating, rated speed, other r¢
atures of the machine/system;

data for the driving machine: data as.far as necessary for the guarantee comparison;

e conditions (see 4.2) and the abject of the guarantees (see 4.3);

d) date, loca

e) testprocg

f) report on
read-offs
docume
calibratio

h) calibratio

tion, persons in charge and-witnessing parties;
dure (see 6.1.2) and:-flow scheme, with measuring points;

the execution 6f the acceptance test, with the attachment of a table of mean values of ind

of significance-for evaluation with statement of times; records made shall be attached, a

tation of analyses of the compressed gas, data on the instruments used for measurg
certificates if required, etc.;

tation for conversion to guarantee conditions: tables and diagrams used shall be {

n method for gas properties, if relevant, shall be stated as agreed upon;

bed in
ctually
stably
of the

data on the compressor: customer/operator,-installation location, application, type, machine

levant

vidual
5 shall
ment,

tated;

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

Spp,te,an = Spp,g Mpte,an = p,g
1

n =
te,an . k1,te 1
k1,te '77p,g

|Aiol| = 0+0,052

yes cont.

Tte _1/<0,001 no B

ng

ng=1 c
(1+A¢to|)nt(f1 [sz "o 4
9

P1
ng—1

p.te
[172] "9 _4

C [RieZ T
teZ 1te’ 1t
Nie = X fifol ﬁw
g“19" 19
Correction of the Reynolds number P
Reuie :f(Nte'---)

Mote =J (Keyter-)
Yote = f(’7p,te"")

o9
'

XN,toI =

2
"Up,te Uy te
Ahyg = e
Tp,te 2
Real gas calculation:

Nig = f(p1,te’T1,te’Ahte777p,te)

© 1SO 2005 — Al rights reserved 47


https://standardsiso.com/api/?name=5d9925bac68aeb421588bacca03097b5

ISO 5389:2005(E)

Start Result Next step
yes end
et 4 < 0,001 no cont.
Tp te,an
and
e 4 <0,001
Mte,an
Ntean = Nte A
Mptgan — 'ipte
Spp, e,an — Spp,te
B 92 1+ Doy D
D [ ng—1 ]
[192} "9 _4
F — nte _1 1_ p1 g
Mg —Ng nte 1
nie =1 pZ] g 1
2 A\p
L 1 g .
F <[0 yes E
no F
E nte*']
nte ¢gte_1 {}72 "9 1
X — p‘g
N,tol T 1o
p.te 9
"9 EPZJ "o _4
”g_/I P1yg
F ng
[ﬂ-J ) F ng_1
p Ex
yes cont.
1< p_XJ & (&] no E
P EX P1 g
1
ng—1 nig—1
(I)XJ ng _1 nt671
1 P1 “A( p n
Pex = v Lt e A Rl B
» g 9 P1)g
dex > 1+|Adtol| yes cont.
no G
¢o = ¢ —0,001
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Start Result Next step
$ <1=|Dpyy yes H
no D
G |4y <1-|ngyl yes H
no cont
dex <1-|Dpo] yes cont
no I
¢2 = ¢2 + 0,001
$p > 1+|Apyo| yes H
no D
' $o > 1+ | DAy 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 thé&ection A
2  Rptational speed of test, calculated with
Néio) = = 0,01 inner tolerance limit;
Néio) =% 0,05 outer tolerance limit.
b Fpr 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

For setting ¢
performance

Each point of

Due to deviat
first stage, th¢

In case of a §
from the gug
guarantee co|

Curve.

coefficient in accordance with Figure B.3.

r.2 and Annex A can be fulfilled, the following method can be used.

Average flow
Pav = @I

with inlet flow

Q| = >
D3

50

coefficient

Vav
V1l

coefficient of the first stage
£ I

"
4 2]

Figure B.1 — 3-stage compressor

onditions as near as practicable to flow similarity, the manufacturer shallJpredict & test

the guarantee performance curve has a reference point on the predicted\test performance|curve.

ons of the volume ratios under guarantee and test conditions at the.same flow coefficient|of the
flow coefficients of the following stages are different under guarantée and test conditions.

-stage compressor as in example (see Figure B.1), the laststage has the largest deviatipn Ag
rantee conditions (see Figure B.2). The smallest deviations for all stages during tes{ from
hditions has reference point R on the predicted test, curve “pr” with the same average flow

(B.1)

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

Vav = J\;;p = Z—; (B.3)
Vv __ Yo 1 Y (B.4)
vt ReZy- Ty P2z 4 Paz—ru My
P
where
0 outer diameter of the impeller of stage | m
up | circumferential speed of the impeller of stage | m/s
VRN inlet volume flow of the first stage of the stage group m3/s
i inlet specific volume ms/kg
P inlet pressure MPa (bar)
Z | inlet compressibility factor —
Th. inlet temperature K
Viv average specific volume m3/kg
Phz discharge pressure of the last stage group MPa (bar)
Vp 2 discharge specific volume m3/kg
R gas constant J/kg/K
y polytropic specific compression work J/kg
7 mass flow kg/s
Each fest point is converted'to guarantee conditions at constant average flow coefficient ¢,, 1§ @5y r = ¢av g
(see Higure B.3).
For tept conditions>with the same volume ratio
{vz,z} 3 [vz,z} ©5)
Y4 Jor Vil g

curves “pr” and “g” would be identical (full flow similarity) with

PR =P16 at PayRr = Pav,G (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

21
Pec=— PG
PR

Head coefficient

B.3 Corre

tion of surge volume flow and choke volume flow (see Figurg'B.3)

(B.7)

(B.8)

stage

Surge volume flow and choke volume flow can be compared directly between meas(red test curve “t¢” and

predicted tesf curve “pr’ and transferred to the converted test curve co and the guarantee curve g, be

they are not i

Correction of

?1,8,co

Correction of

PI,CH,co T

52

fluenced by the average of all stages but normally by only one stage:

surge flow coefficient, ¢ g o

=Isg Tt (¢’|,s,te - ¢’I,S,pr)

choke flow coefficient, ¢ cp o

| ?I,CH,te

"PI,CH,g
@\,CH,pr

cause

(B.9)

B.10)
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R GP
Y.
| g.pr
1 |
A | 4R
(’Up Il GR Plq
P
2 Ay
- T vg,pT
A RN
Y \GJ Yig
R
P
3 Ay g.pr
A JAll
Yo Py
A
v
Wl,g
Key
1 stagel
2 stagell
3 stagellll
4  stage |+ 11+l
g gdarantee‘Curve
pr predictedicurve
G gyarantee conditions
P predicted test conditions assuming ¢, g = ¢ R
R predicted test conditions Pav.G = PavR

Figure B.2 — Polytropic head coefficient of single stages and complete compressor
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(PBV

Key

1 surge flow

2 choke flow

T point on mgasured test curve “te”

R reference point to T on predicted test curye “pr”
G reference point to T on guarantee_curve “g”

C corrected goint for the converted-curve “co”

54

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

nethod (Reference [11]) provides equations that are needed in case of differing Reynolds numbers in
hd guarantee conditions, for corrections to efficiency, specific compression work and voludme flow. The
psses are subdivided into losses irrespective of Reynolds number, covered bysacoefficient of 0,3, and
due to friction, which are regarded as being dependent on a representative ‘value of theg coefficient of
, 1. The representative value of 1 is dependent on a reference Reynolds.number and a reference value
relative average roughness of the compressor. These corrections can-be applied in tHe permissible
as shown in Figure C.2.

Definitions

presentative value of the Reynolds number for the first stage of a section is stated by

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

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

is the kinematic viscosity for total inlet state, expressed in square metres per second.
ge roughness, Ra, ‘sighifies average roughness starting from the centre line of the roughpess peaks of
peller and its diffusor. Ra can either be measured, or readoff from the manufacturer's draw|ng (assuming
ment on this~procedure between the manufacturer and the purchaser). The represenjative relative

hess of the stage is stated by Ra/b.

ti-stage.compressors, the reference values for the Reynolds number and the relative roughness of the
age‘of each section are taken.

The ¢

orrection 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:

/19

- 03+07. %
P - (C.2)

1=7pe o,3+o,7.7te
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where

o is the polytropic efficiency of section;

A is the coefficient of pipe friction.

05(E)

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 gonditions;

o atan

Equations for

(von Karman;

(Colebrook)

=1,

N7

Values for A g

Cc4 Corre(won equations for specific compression work, enthalpy difference ang

volume flo

Correction of

¥p,co

Ypte

Correction of

D,.5+0,5-

Vico _a

infinitely large Reynolds number.

calculations of A values:

74—2~Iog10(2~%]

4—2«Iog10(2

nd A, can be taken from Figure C.3.

specific work of compréssion:

Mp,fe

enthalpy-difference:

p,te

h+¢(058.

Tp,co

Vite

p,co

Correction of volume flow

Pco _ Voo
Pte Yp.te
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(C.3)

(C.4)

(C.5)

(C.6)

(C.7)
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Yo is the polytropic reference process

= 2yp/u2;

is the enthalpy coefficient of section
=2 Ahlu?;

is the volume flow coefficient of the section
= 4V1 /(DZTCM) X

A is the enthalpy difference of section, expressed in joules per kilogram;

is the specific polytropic compression work of section, expressed in joules per kilogram;

4 is the inlet volume flow of section under total inlet state, expressed in cubje metres per $second;

is the outer diameter of first impeller of section, expressed in metres-

The apove equations define the change in the performance curve pointrat‘eptimum efficiency, (s€e Figure C.1).
The ofher performance field points are converted at the same ratiocas‘the optimum point, with the result that

the pe

C.5 Permissible range of application

rformance curve shape remains unchanged.

The permissible range of application for the correctiof equations is shown in Figure C.2 (see 7.2(2.3.1).
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Test.

Converted
Equation (
Equation (
Equation (
Equation (

.2).
.5).
C.6).
7).

Figure.C.1 — Correction of Reynolds number, diagrams for conversion
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Key

Reu,te

Y Regynolds number ratio

€ug

YA
100 | i |
" yj‘?eu.g = [(w-b)/ v,
4
1 ».»y )
>
’7777,»,,
>
0,1 x\
0,01 -
100 10 100 100 100 10° X

X G]Aarantee Reynolds number, Rey g

a8  Pgrmissible 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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Derivation of equations for calculating the uncertainty of measuring

results

The uncertainty of measuring results, 7.5 5, €xpressed in percent, of a result function ¥ (e.g. specific
polytropic compression work) can be determined as follows, particularly in the case of simple functional

interagtions, whose derivation by means of closed mathematical solutions is possible:

~

2

Vi oW Vy
=—.100== — X .100

o = 22 py ey

EXAMPLE

Basic ¢quation for specific polytropic compression work:

o

Relatiy

N

Derive

|n&
k k-1 P1
=AM =——R-Z  (Ty-Ty) —-
p Mp k—1 m ( 2 1) k |n&
T
|n&
_ P1
p_R'Zm'(T2fT1)' T.
In-2
T

e uncertainty of specific polytropic compression work:
V o, 7 g
Les.y.p :yL'p.mo -+ Z(_Pi] 100
p

0 from Equation (D.2):

P2 inte P2 p4 inf2 P2
7 D1 T

Do Vp2i 1 V2

p2"p  |nP2 P2

P

(D.3)

(D.4)

Do _HAm P27 01) 2
ap'] |n& Q P1 |n£

Ty P1 Ty
W Vo1V

6}71 yp In P2 p4q

P
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||']Q—(Tz—T-|)ii
T Ty 1 2 (1.1
5 7 InT (T, -T)
%:R-Zm-ln& s — =R Z, In£2. 1 2 (D.9)
2 P P1
(Insz [InTZJ
T T
W Vip | To 1 | Vp (D.10)
Ty yp |To-Ty T2 | T2
T
T 7
—In 2+(T2*T1)'7 -2
P 1 % T1 —In%+(T2—T1) —
a);P =R In£2 - 1 :R.Zm.m&. 1 3 D.11)
1 P1 P
T T
%.h:, 1 |\’ D.12)
Ty yp Ty=Ty |z T2 | Ty
T
In2
oy
p P1
—= Ty—Ty)- D.13
R m (T2-1y) Ty )
T
0
Do Vr1Vr D.14)
OR yp | R
0 |
Do _Vim D.15)
Zm  Zh
2 2 2
s
P 1 2 3 Ty 1 2 T 1 2 2.2
Tresyp=1—=1% ~(r -7 2)+ Tro+ TR+ TR+Tom D.16)
P b inf2 ey To-T1 |p12 To-T1 g 12
P1 T T
Further derivgd 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
abserice of magnetic, electrical and capillary effects and the negligibility of thé)field of grayity (generally
fulfilled in present-day compressors) are assumed is determined by two_ihdependent thermal or caloric

variables of state. This thermodynamic state of a system is referred to as the’state of equilibridm when it no
longer changes even following isolation from the effects of its environment:

E.1.1| Thermal variables of state
The sjate of a simple homogeneous system is defined by two‘of the three thermal variables of state:
— p| absolute pressure

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

<

— 71| thermodynamic (absolute) temperature

E. 1.1
pressure
quotignt of the perpendicular force,sE},; 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 n ISO 31-3 [14],

E1.10.1
absolute pressure

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

determined relative to this reference pressure using a pressure measuring instrument

4 =Po+Dp (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.
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E.1.1.1.3

dynamic pressure
stagnation pressure

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,

NOTE

i.e., isentropically and adiabatically

compressor's inlet and outlet nozzles:

2

sl

The following applies with an error of less than 0,5 % for Apy/p < 0,01, which is generally fulfilled at the

Apy =

Where Apy/p >

£
21

0,01, the precise relationship between Apy and ¢ should be determined, in order to prevent.the err

becoming too large:

ek

2 k-1
E1.1.1.4
total pressur

Ptot
absolute total

Ptot =P

E.1.1.2
temperature

NOTE The
the unit name

E.1.1.21
static tempe

k-1

Apy ) k
Pd -1

l.R-Z-T- (1+
P

)

e
pressure is the sum of absolute static and dynamic pressure, which equals:

i—Apd

e unit of thermodynamic temperature is the*Kelvin (unit symbol: K). Where Celsius temperatures are
Hegrees Celsius” (unit symbol: °C) is used.-This is 7= 273,15 + ¢, with Tin Kand ¢ in °C.

ature

(complete temperature equilibrium) static,temperature prevails in a motionless fluid

NOTE A 'S
flow of fluid ang

tatic temperature also(exists in every flowing fluid. It is the temperature which a thermometer locateqd
moving with it at the-same velocity would indicate.

E.1.1.2.2
dynamic terererature
stagnation tgmperature

(ideal gases)
adiabatic con

tempeérature increase (dynamic or stagnation temperature) that results from an iser

(E.2)

br from

(E.3)

(E.4)

stated,

in the

tropic

ersion of total kinetic energy to work of compression as follows:

Cc

Aty =
d 2.

2

p

where ¢ is the mean isobaric specific heat capacity between ¢ and ¢ + At,.

NOTE

2
Aty

Given ideal gas behaviour, the following numerical value equation applies approximately to air:

2000

where ¢ is expressed in metres per second.

64

(E.5)

(E.6)
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E.1.1.2.3
total temperature
ttOt =r+ Atd

or

total thermodynamic temperature
TtOt :T+Atd (E?)

NOTE Together with the total absolute pressure, pio, 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

relatiopshipexists betweemthetotatand-statc varabtes of state————————————————————————————————————————

Ll
Zﬂz[m] ¢ (E8)
T P
E1.18

specific volume
%
volumie of a unit of mass

NOTE The common unit is cubic metres per kilogram.

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

E.1.2| Caloric variables of state

E.1.21 Enthalpy

Total enthalpy, given by the equation:

2
C
tot =h+7+gz (E.9)

=

is the|sum of static enthalpy;“; the kinetic energy, ¢2/2 and the potential energy, gz, which defives from the
accelgration due to gravity-and geodesic elevation, z. The term gz can be ignored in the case of the enthalpy
differgnces under observation here.

Given|ideal gas behaviour, enthalpy, #, depends only on T. Under real gas conditions, enthalpy [is additionally
deperldent on_pressure, a circumstance for which allowance is made, for instance, in the 4,s diggrams for the
varioys gases:

Since| ib-the case of gases, pressure and temperature are related to one another on the saturation curve, one
of thesetwo variabtesof state—sufficesrerefor determimatiom—imthetwo-ptase Tange, 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 prlessure, specific heat capacity is

cp,= (ﬂ] E.12)
o] »
and, at constgnt volume
c, = [@j E.13)
o1),

where u is thqg 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 equatipns of
state conform to simple boundary laws. This state range iscreferred to as the ideal gas behaviour rarge. In
thermodynamiic terms, ideal gas behaviour is defined by the.thermal equation of state

p-v=R{T E.14)
and the calorig equation of state
u=u(T) E.15)
Given ideal gas behaviour, the isentropic exponent

k=->. (3_pj E.16)
p lov)g

is equal to thq ratio of specific heat capacities cp/cv:

k=x=-2 E.17)

q.

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:

p-v=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=L" (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 (gt Zorit) IS @approached.

The cpmpressibility factors and variables of state are determined from gas data equations. Figdre E.1 shows
the plpt 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 particularfin the case of
pronopnced 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.
A
Y
T=200K
2,2 //
250
2,0 // /
/ 300
1,8 // / ,/ 350
f AN
16 LA
W72k
'm A/A 44/ 00
' y 7 -
1,2
1,0 /,/
L~
08 \\\
| ['r =150 K
0,6 \\ /l MR
\V4
0’['_ 1 1 1 1 1 1 1 1 1 1 ;
0 250 500 750 1000 X

Key
X pressure, p, bars
Y compressibility factor, Z

Figure E.1 — Compressibility factor of dry air
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Real gas behaviour is characterized by the following compressibility functions:

T

v

(
{

Y =
v

ﬁj _1_2(6_2]
oT » Z \oT »
ov p (0Z

p

1

L35,

z \op

Given real gas behaviour, the following equations apply to isentropic changes of state:

(E.21)

(E22)

2 _{_zzjkv

V2s P
and

kp—1 ” k,—1

Tas :[zzj br :[p_z] “ :A.[p_zj by

T P P1 Zs \ P4
where

ke, =—— [a_pj _K

pllov), Y
and
kT —1 K—1 Y
mg = = :
kr' K 1+ X
and
1 1
k = =
k(o) X
I\ op KM+ X
S

In the case of air, £ = 1,4 £0,03 in the ranges p = 0 MPa to 1 MPa (0 bar to 10 bar) and =0 °C to 2

signifying tha
accuracy for {
a natural gas

k, and

vy

he gas_specified. Figure E.2 shows an example of greatly differing values for cp/c
Mmixture.

Calculation of

E.23)

E.24)

E.25)

E.26)

E.27)

DO °C,

t k= x =cyle, =k, =ky=constant can be used for calculation in this range with sufficient

ko, for

the’ compressibility function, ¥, can be performed using the relationship derived for the ide

| gas

and modified by the inclusion of compressibility factor, Z, and a mean isentropic exponent, k, 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, £,

Ik

max’ *min

occurring during the change

of state. Outside these limits, test evaluation and/or conversion to guarantee conditions shall be performed

with more pre

68

cise allowance made for real gas behaviour.
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Y rafio of specific heat capacities c,/c, and the isentropic exponents &, and kr

Figure E.2 — Ratio of specific heat capacities and isentropic exponents for a naturgal gas
as a function of pressure

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

Aressure Maximum Maximum compressibility Minimum compr¢gssibility

ratio ratio function function
l/ir:;% 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

functipns’ebtained with the aid of the reduced pressures and temperatures.

asis for\this are equations of state, state diagrams and gas data tables. Where
documentation is available, calculation may be performed by way of approximation using the ¢

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, ...

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 equivaler

-3

and the gas ¢

R:Z(w

In dry atmosp

Tabl¢ E.2 — Computational relationship.-between mass proportion, partial pressure and

iRi)

bnstant, R, of the mixture in accordance with Equation (E.11) or

heric air, the volume and mass proportion of oxygen and nitregen approximate to the folloy

Oxygen
0,210
0,233

32

mole proportion

E.28)
E.29)
ing:
Nitrogen
0,790
0,767
28,2

Unknown:

Mass proportion

Partial pressure

(for ideal gases identical ith

Mole proportion

rl'; Zrl' = 1

Given: volume proportion)
Mass proportign __wilM; __wilM; R
i _ — Pi p Fi Wi
W,',ZWI'—1 Z(Wi/Mi) Z(Wi/Mi) R
Partial pressure - piM; , = Pi

1 —_— .
P Xpi=p Y(pM;) P
Mole proportion
(for ideal gasep identical woo M iR b= .
with volume proportiorT) : Z(rifv’i) R; -

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:

T (E.32)
m
M. .

Wi:ﬂ._l:ﬂ.i (E.33)
p M p R

o
Il
M
—_—
— |=
=
1]
N
—_—
N(‘:
<
>

(E.34)

Only Inder the precondition that all individual gases and vapours conform to the ideal equation|of state does
the is¢ntropic exponent equal the ratio of the specific heatCapacities of the mixture:

a) from the specific heat capacities, at constant’pressure of the individual gases:

Cpin
1

H=x= E.35
" 1— Rmol ( )

rom the ratios, «;, of the specific heat capacities of the individual gases:

b)

—=h

H=x= (E.36)
Ki
Z(”i'Ki_J

In general, it,is not possible to calculate the compressibility factor of a gas mixture using simplel 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;) M (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, 541, relating to the mixture temperature. The

relative humi |t_y of-the-mixture-is—describedas

p=_tvip E.38)

Pvap sat

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

As soon as the value p,,p/pyap sat PeCOmMes greater than 1 — irrespective of whether this occurs due to gooling
at the same pressure or due to a reduction in volume or increase in pressure’ at the same temperaturg — a
portion of thg vapour will condense (dew-line). The “dewpoint” is the temperature at which the dew-Jine is
reached due fo 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 presqure of
the gas and Plap is the partial pressure of the vapour.

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

Plyap _ P Pvap,sat

Tvap = E.40)
p p
For the mass|vapour fraction in theZmixture:
Bva R Pvap,sat R
anp: Vp- :(D~ Vp . E.41)
P Rygp p Ryap

Where the bghaviour of the gas (without vapour) and/or of the vapour deviates significantly from that of a
mixture of two ideal gases with gas constants Rgas and Ryap in a practical case, precise precalculation] is no
longer possible without knowiedge of the compressibifity factor, Z, appiicable 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 T 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:

w . R r R
‘= vap  _ P Pvapsat gas __"vap  fgas (E.42)

1_anp P—® Pvapsat Rvap 1_’”vap Ryap
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It follows therefrom:

X

Wyap = 1 (E.43)
@ Pvap,sat x
= = E.44
Tvap » Rgas ( )
X+
R

vap

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

1
R=Rgas- (E.45)
1 P Pvap,sat 1_ Rgas
p Ryap
or, expressed by means of the mole or volume fraction, r,, of the vapour,
1
A (E.46)

= Rgas'
1= ryay | 1= 528
vap R

vap

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

x Ryap
=R 1+ —. -1 E.47
gas [ x+1 {Rgas ( )

For identical values of x, the gas constant.0f’'the mixture, R, is, according to Equation (E.47), npt affected by
presstlire and temperature provided the dewpoint is not reached.

>

E.2.22 Mixture of air and water,vapour (Humid air)
Equatjons (E.42) to (E.47) continue to supply the following numerical relationship at

Rap = 461,52 JI(kg-K) for water vapour;

=

Lir = 287,1 J/(kg-K) for dry air.
The water vapour content (absolute humidity) related to the dry mass of air is

#* Pvap,sat
X 0.622 vap.sa (E.48)

P~ 9@ Pyap,sat

The gas constant of humid air is

1
Ryyet = Rair - o p (E.49)
1- = tvapsal g 378
p
or
Ryet = Rair -[1 +i.0,608] (E.50)
Xair T

© 1SO 2005 — Al rights reserved 73


https://standardsiso.com/api/?name=5d9925bac68aeb421588bacca03097b5

ISO 5389:2005(E)

The relative humidity of air is

p

X air

(D:

Pvap,

The dew line i

sat . Xair +0,622

s reached at p=1.

The isentropic exponent (see E.1.3) for humid air is

kwet ~ kdl’y (1—0,11'xair)

(E.51)

(E.52)

The influence

exponent relg
ratio:

of x,r on k,e can generally be ignored. However it is somewhat more significantf|

kwet g kd"y
kwet_1 kdry—(1+0,11-xair)
E.3 Referg
E.3.1 Definjtion

The compres
casing in con
the compress
inner surface
heat-impermg
exterior surfa

The cooler su
In addition to

defined; theseé
show the ther

nce boundaries of the compressor

sor's thermodynamic reference boundary is formed-by-the inner surface area of the comp
act with the compressed fluid and, if applicable, by the surface area of the intercooler wet
ed fluid and by the planes of the inlet and outlet areas of the suction and discharge pipe
area of the casing of these boundaries can-generally be regarded with good approximat
able (adiabatic). Where necessary, allowance can be made for heat losses on the
tes as detailed in 5.9.

the surface areas mentioned, the measuring planes for inlet and outlet state shall a
should, wherever possille; Coincide with the inlet and outlet surface areas. Figures E.3 a

the measuring
the measuring

Intercoolers a

Temperatureg
via borings in
measuring pl

pressure- ang—one

modynamic referenceoeundaries for various types of compressors and a useful arrangen
J points. The numerical values stated for the location of the measuring planes and the len
) sockets should beyregarded as guide figures.

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

can also be measured in the suction-side and discharge-side plenum. Pressure is mea

br the

vant for the conversion of a measured ratio of absolute temperatures to the relevantpressure

E.53)

ressor
led by
5. The
on as
casing

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

so be
nd E.4
ent of
gth of

sured

thecwall, i.e., it is the static pressure which is measured. The number of measuring statio
hrie depends on the dlameter D of the suct|on and pressure I|nes Where D <150 m

ns per
one

temperature stations are necessary. Where D > 150 mm, the pressure measuring statlons shall be installed at
intervals of 90°, and the temperature measuring station at intervals of 180°.

74
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Key
infercooler integrated into casing

rforated plate, if necessary

w control by means of throttle

basuring 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~ WN -
= T
3O(D

Figiure E.3 — Thermodynamic réference boundaries for a compressor, with useful arrangement of
he measuring stations in the inlet and outlet nozzles — Thermodynamic reference bpundary
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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.6f 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 unobstrugted cross-section in the pfane of the suction flange is referred to as the inlet of the compressor.

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

All variables rglating to thiginlet 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 ogtions.

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 = nitq+ Ly jn = 20 out + X Meond,in ~ 2= Mcond,out T 2 Mside,in ~ 2 side out (E.54)
where

A 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;

A is the mass leakage flow;

Ameong is the mass flow of condensate precipitated or of liquid injected;
Amgqe are the subsidiary flows (sidestreams and extractions).
Procegs mass flow, g, shall be used for assessment of the compressor. The definitive side will be the inlet
(in thg case of suction compressors, for instance) or the outlet,"depending on the function of th¢ 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 progess side. To
determine the process mass flow, m,g , external Jéakages Xm through e.g. shaft sealg have to be

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

E.4.2| Volume flow
Volumje flow is related to mass flow via the thermal equation of state:

R-Z-T
p

(E.55)

H=m

The irlet volume flow#;-s the volume flow of the gas at inlet state. The process inlet volume flow V1,us is the
inlet vplume flow carrected by the external leakage losses and the amounts of condensate. Wheye no external
leakage exists and’no condensate is precipitated Vy,s =77 .

Vapoyr conteht, x, is included in the calculation for the volume flow of gas/water vapour mixtures

The ptocess moist inlet volume flow 7y, e is definitive for assessment of the compressor.

Where the discharge side is the process side and the inlet mass flow n24 is measured,

(RZ) et 1T
y wet, 1 . . . . .
Viuswet = ’(m1 =X oyt T XML jn — Lgide out + Z:mside,in) (E.56)

P
If, on the other hand, mass flow m, is measured on the outlet side,
1+ Xq)- R-Z . T1
(1 x1) (R 2) et ity (E.57)
(1 + X2 ) *P1

V1,us,wet =
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Where the suction side is the process side, and n4 is measured,

(R'Z)wetﬂ 'T1 .
Vius,wet = R (E.58)
P
If, on the other hand, m, is measured
(R.Z)Wet,’] .T1 . . . . . . .
Viuswet = 71 ’(m2 + 2 out = ML jin — ZMeond,in + 2 Mcond,out + 2 Mside,out ~ 2 Mside,in ) (E.59)
Standard volpmeflow _
The following|relationship exists between mass flow and standard volume flow, V,, provided no censtituents
have precipitgted out:
m=—2an__ .y E.60)
R-Z},-T,
Standard state (subscript n) is constituted by pressure p, = 0,101 325 MPa (1,013-25 bar) and tempgrature
T,=273,15K (t=0 °C).

Preference sk

The statemen

ould be given to statement in the form of mass flow.

t of a dry standard volume flow, in which the condensablée constituent is not contained in 4

4
¢, 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.22) shall be added to the dry masg flow
calculated in this way.

E.5 Changde in thermodynamic state and specific compression work

E.5.1 General

The specific jompression work and efficieney normally are calculated by computer programs. These programs,

based on rec
ideal to strong

In the range @

Up to a certai

E.5.2 Seled

bgnized equations of state).cover the gas behaviour along the compression path suitabl¢ from

real gas behaviour.

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

h extent outside'the limits of Table E.1, these modified equations (by Schultz [12]) can be uj

tion of the reference process

During its pas
the flow lossés

sage- through the compressor, the fluid changes its state in accordance with the energy 3

ed.

environment. S|nce the actual change of state WhICh occurs can be determlned only W|th great d|ff|culty,

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, T,, 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, subscripts) for uncooled single-stage and multistage compressors, particularly
such of moderate pressure ratio;

c)

=T

plytropic (polytropic ratio v = 1/r, = constant, subscript p)for uncooled compressors, I _particular such
ith a high pressure ratio and in the case of real gas behaviour.

The changes of state are indicated in the 7, s diagram which a gas undergoes given perfect (Figure E.5) and
real (fFigure E.6) gas behaviour when compressed using these reference processes:yThe statg 1 at entry to

the cgmpressor is defined by two variables of state, p4, 7.

Key
X entropy, s
Y teinperature, ¢

)

Figure E.O — Keterence processes In the /, s dilagram 1or ideal gas behaviour

Lines of constant temperature coincide with lines of constant enthalpy, since ¢ =£(T)

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
1->2T=2h
152

y,=A-D-2s-2T - A
yp=A-D-1-2-2T-A
yp=A-D-1-2T-A
A=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 gonstant enthalpy are inclined with respect to lines\of constant temperature, since < = (T4

~

Compression process

Process description

Change of state

Specific compression vLork
r

= area in the 7, s diag

m

Isentropic

Isothermal

Alctual

Reference p:[:cess polytropic

Reversible adiabatic
Irreversible adiabatic

Reversible diabatic

Irreversible

1-52s
152

12T
152

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

The isobaric furve, p,, iS;reached, according to the reference processes selected (at point 2 in the ¢

hse of

polytropic compression, at point 2s in the case of isentropic compression, and at point 2T in the case of

isothermal cgmpression). The relevant specific works of compression can be plotted as areas in th

diagram.

e 7T s

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

p2
J vprdp
P1

Ypr =

80

(E.61)
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A
p
P2 o° 2
_y:Lvap
Q
O
il %)\
P1 o
0 2] 2 v

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

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

|
p )
B 27 2s 2p
b2
BN
\(‘o
0\,\/
A 1
P
0 V. v Vo v %

Figure E.8 — Reference processes in the p, v diagram valid for ideal and real gas behaviour
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Compression Process Change £ Spec'f'f: ""‘1”‘ . Path of specific
rocess description of state of compression = area In volume
P the p,v diagram, Figure E.7
Reference
process:
5
Isentropic Reversible adiabatic 1> 2s ys=A-1-2s-B-A Wp), = vy {ﬂ} ki
s
1
Polytropi frreversibie adiabatic —=2p b A—t—2p—B—%A v(P)o = V1 rﬂ n
P L )
| ible diabati ~A-1-2T-B-A 2p) p1
sothermg Irreversible diabatic 12T yr=A-1-2T-B- v(p)py= Z 1
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-¥-T;Inf2 E.63)
PA1

Suitable mea
constant, R, €

n values should be used throughout the reference process for compressibility factor, Z, ar
g.

d gas

7= Z14|Z2 E.64)
2
Isothermal cpmpression is particularly suitable for comparison of cooled compressors of any type
incorporating jntercooling or jacket-cooling.
To incorporatg approximatelythe influence of the recooling temperatures on a result function (see 6.4.4.38.), an
isothermal stdage compression work can be defined, which takes into account the number of uncoolgd and
cooled stagesq:
Ty
yT’Z:[_i__,_Z T 1'J*a"].}q.z.]’“.|npz'z E.65)
oz Ty Py
E.5.4 Isentropic compression
The isentropic compression, given ideal gas behaviour, follows the law:
k L
&:(L] {hj“ (E.66)
P1 Vs T

where £ is the isentropic exponent.

82
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A suitable mean value should be used in the range of the change of state, e.g.

k

_ k1 +k2_§'
2

For gas behaviour within the limits of Table E.1, the specific isentropic compression work is

k-t

= . . < _1
Vs k—1 P1°V1 [p1]

(E.67)

(E.68)

or

o

The s

N
which
The e

The ¢
inlet s

Ty, is

The a
These

The e

i

Each
case
discha
efficie

k—1

S:L.R.Z1.T1. P2 1
k—1 p1

becific isentropic compression work, y,, corresponds to the isentropic enthalpy difference:
s = Ahg = hyg —hy

is generally valid for ideal and real gas behaviour.

hthalpy difference at constant entropy (Figure E.9) shall be determined from known gas da

nange of isentropic enthalpy takes course on the-line of constant entropy, s4, from point 1
fate 74,54(p4, T4) to point 2s of compressor dischiarge state /,, s1(po, To,).

Hetermined in the crossing point of the.line“of constant entropy s, and the isobaric curve p,

ctual, irreversible process runs fromypoint 1 to point 2 of real compressor discharge state
data are completely known by.measurement procedure.

hthalpy change, Ah, of the-actual, irreversible process derives from:
s = hZ,S - h1
Vi = ho — Iy

nhon-intereooled downstream stage draws in a greater volume flow at a higher temperatu
with isentropic compression in the upstream stages and has higher power. These

hcy.of the previous stage.

(E.69)

(E.70)

a sources.

bf compressor

h2, S2(p2, T2)

(E.71)
(E.72)

re than in the
Hifferences in

rge. temperatures become the greater, the higher the compression ratio p,/p; and the lower the

Assuming a constant isentropic stage efficiency, the isentropic efficiency of the compressor becomes the
poorer, the greater p,/p,4.

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

E.5.5 Polyt

The polytropi
conditions for
gas behavio|
differential wq

dh
V=—-
vdp

is thus the sa
entire specifid
reference pro|
transfer), the

hA
P2 2]
7, s

h, 2
th /25

/ T

7 /
hy f

S1 S, s

ropic compression

compression is the more suitable reference process.for conversion of test results to gua
uncooled sections in compressors with high pressure ratios and, in particular, in the case
r. For these, the ratio of differential enthalpy,(originating generally from internal fricti

me for all fractions of the compression ratio. For this reason, the entire enthalpy change a
work of compression are ‘at'the same ratio to one another. The inlet and outlet states
cess accord with the actual states. In the case of adiabatic compression (with no externs
bolytropic ratio is

olytropic-work of compression

antee
bf real
bn) to

rk of compression throughout the entire compression process is constant. The polytropic ratio

E.73)

hd the
Df this
| heat

E.74)

produces, with

p-v" = constant

84

(E.75)

(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 n
Yo =P1vg- [p—zj -1 (E.77)
n—1 P1
n-1
vp=R-Zy- Ty [”—ZJ " (E.78)
n=11{p1
|n&
In—%
Ty

The pplytropic discharge temperature, Typ, is identical with the discharge temperature, 75, actuglly measured
for thg compression process

n—1

~

u T -
J2_"2 [&] " (E.80)
I P1

The Qolytropic exponent, n, derives in accordance with¢the ideal gas law from pressures p| and p, and
tempgratures 7y and 75!

In(£2)

A= P21 (E.81)

n(?2y_inl2
n(p1) n(T1)

or, vig polytropic efficiency o

k-1
L (E.82)
or
1
h—
.
Y

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, P (E.84)
UK k'ns L_1

Ind 1 [”j 141
775 P1

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

In& Inp—2
ao Pl _ D1 E.85)
\%
N p P2y 22,12
v2 P1 Zy Tj

The temperatlre ratio then derives from

n—1

&:ﬁ[ﬂjn E.86)
Ty Zy| \ p1

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

"= T+ X E.87)
LN [ S B
ky \ mp Mp
with
= 1 E.88
77p— T . )
2 In-2
kV (1+X) T1 _x
kV.Y_1 |n&
Py
and
m
Q:[ﬁl) E.89)
I \p
with
[1%“][1)‘]
moN Y Tp (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 = (X; + X5)/2 and Y = (Y, + 15)/2.
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With the mean polytropic exponent, the polytropic work is

n1

yp =S R Zy Ty~ [p—zj - (E.91)
n—1 P1
with correction factor of Schultz [12I:
f=— g =y (E.92)
4 (n Vo —Da- V4\
ky—-17°7° Y
and
|n[p2]
K, =210 (E.93)
In| —
Vs
Under real gas behaviour the specific compression work y, = h,,2h¢ shall be known from gas|data sources
like taples or charts.
Underl pronounced real gas behaviour (f diverging more @reatly from 1,0), significant deviatjons from the
polytrppic compression at v = constant, which shall, for similarity reasons, be met (presupposing identical flow
losseg in each step for both the test and the conversiony); may still occur when this calculation method is used.
This golytropic compression can be approximated by means of a step-by-step isentropic compyession with a
large humber of steps which are so small that
2
o = 2By =mp ) D (E.94)
1
with Ay, — dy,, Ah — dh .
R.A. Huntington’s [13] approkimation method supplies a good approximation to this “reference polytropic
compression” (see Figurfe’ E.10) even under extremely pronounced real gas behaviour.
Polytrppic calculation methods which supply the same polytropic efficiencies and the same spegific polytropic
work pf compression for the same compression process shall be used for evaluation of the tept results and
their donversion.
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a8  Polytropic
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Figure E.10 — Approximation for the reference polytropi¢.compression

E.6 Powern and efficiencies

E.6.1 Power terms

The following

a) Forthec

1) com
2) gas
3) mec

power terms are defined:

bmpressor:

pression power of the referencé process, Py
bower, P;

hanical power 10ss,.Prch

4) power at coupling, Py,

b) Forthed

1) driviTg machine power at coupling, P

2) power input, P

Fiving machine:

P

cou,dr ~ 4 cou

in,dr

3) power losses, Pgg gr

E.6.2 Compression power of the reference processes

Compression
Ppy = mu

Here, the tota

88

power
s " VPr

| conditions at the inlet and outlet are used (see E.5.2).

(E.95)
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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:
Pi=rtitg-(hg = hq)+ D (s Dh )+ D (i condDicond ) + Qamb (E.96)
where
Ah and Ah.y,g are the enthalpy changes for the corresponding mass flow components;
Qamb is the power component resulting from conduction, Q) , convection and radiation,

Oraq » transmitted over the boundary defined in E.3.1: positive in the’ caise 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

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

Wher¢ a gearbox exists between the driving machine and the ‘compressor, either the connection between the
gearbpx and the compressor or that between the gearbex.and the driving machine may be specified as the
compiessor coupling, according to the agreement made,in“the contract.
Powef at coupling is the sum of the compressor gas,power, P;, and mechanical power losses, P {..p-
It canbe measured as follows:

a) dlrectly, using torque and angular velacity at the coupling:
Reou =Mio (E.97)

b) 5ing the power absorbéd by the driving machine, making allowance for the losses of the drjving machine

C

ahd of any intermediate)gearbox:

Roou = Pin,ar —Hloss,dr (E.98)
C) uping an energy balance:

Hoou =Py + 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 P.,, 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
Npr; =7P (E.100)

For isentropic process:

P hy —h
N5 == y“h = hz“ h1 (E.101)
i 2™ 2™

For polytropic process:

A y B
Mp.i == P (E.102)
Bl hy—hy
For isothermgl process:
., In P2z
y P L
URW =?T': o —h T+q = k-1 (F-103)
i 2~ M t =
i ou Z(R.Z1-T1)j‘ k .[pzjk 1
j:1(R'Z1'T1)| k-1 pP1); s, j
Efficiency at qoupling:
PPr PPr PI =
MPricou % =5 =11pPr,i " mech (E.104)
PCOU PI PCOU
The ratio resylting from gas power and power at.coupling is referred to as mechanical efficiency:
5 b I
Tmech = = (E.105)
Pi + Pmech Pcou
E.8 Charagteristic numbers
E.8.1 Significance ofithe characteristic numbers
Dimensionlesp characteristic numbers are used as criteria for similarity. These contain the decisive influgncing
factors, whicH are.réendered dimensionless by means of suitable reference values. Here, the axial projection of
the impeller afea)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.

90 © 1SO 2005 — Al rights reserved


https://standardsiso.com/api/?name=5d9925bac68aeb421588bacca03097b5

ISO 5389:2005(E)

Therefore

p=— (E.106)
T . p2.,
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 =2 (E.107)
u_
2

In multi-stage machines and in sections, the specific compression work of the reference procesg for the entire
multi-gtage machine or section can be related to the kinetic energy of the tip speed-of the first stgge, i.e.,

YPr,-j
Prij =5 (E.108)

U
2

=

E.8.23 Enthalpy coefficient, y,
The epthalpy coefficient is the enthalpy rise rendered dimensionless by the kinetic energy of tip §peed u.

_ A (E.109)

Yi
u_
2
E.8.24 Tip speed Mach number, Ma

Analogously to the Mach numbéras a ratio of a flow velocity to the sonic velocity of the ggs in question
referrId to a specified state, the_tip speed Mach number is formed by the ratio of a metal velocity, in this case,
tip spged u, to the speed of Sound of the fluid inlet state, i.e.,

L (E.110)

aq 1[k1‘R'Z1'T1

If the [ratio of-lip” speed Mach numbers is formed for test (subscript “te”) and guarantee (subscript “g”), for
instanice, u can be replaced by speed of rotation, ~, due to the unchanged geometry of the same| compressor.

Mauie dk—]RZ»]T»] te

= (E.111)

Mau,g N
Jkq-R-Z4-T4 .

Given real gas behaviour, k), 1 should be used in place of 4.
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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 L/R.Z1 T ]
Xy = redte _ te (E.112)
Nred,g [ N ]
R-Z4-T.
v Mg
Where the isgntropic exponent &, = kg, the following is precisely true:
N M
Xy = edte _ Mute (E.113)
Nied,g Mayg
E.8.2.6 Tip|Reynolds number, Re

The Reynoldg
velocity and
numerator. A
formation of {
compressor.

Kinematic vis
is:

number is the ratio of the forces of inertia to the viscous forces ifiva flow, a characterist
h characteristic geometrical dimension of the body in contaet Wwith the flow appearing
halogously to the Reynolds number, the tip speed u is usedvin place of flow velocity
p Reynolds number, and impeller outlet width 5 for the géometrical dimensions in a cent]

Cosity vin the denominator is referred to the inlet state of the stage, i.e., the tip Reynolds n

c flow
in the
in the
rifugal

Limber

Reuziﬁ (E.114)
14

Kinematic visgosity v can be calculated from dynamic viscosity 7 and density o

v (E.115)

Yo

The influence| of the tip Reynolds (aumber for test and guarantee for a given compressor is taken into a¢count
to determine tfhe adjustment conditions and the conversion of test results to guarantee conditions (see 72.2.3,
7.2.4.1 and Ahnex F).
E.9 Performance curves and performance maps
The behaviodr 6f’a compressor referred to constant operating conditions and constant compressor gegmetry

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 V4,5 is used as the abscissa.

The dependent variables, e.g. pressure ratio /7= p,/p4, specific compression work yp,, efficiency 7p,, power
Py €tc., 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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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, Vor is plotted versus
inlet volume flow. The relevant efficiencies are plotted in the lower section of Figure E.12.
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Key

X inlet volum
Y1 gas polytrg
Y2 specific po

a8  Surge limit

Figure E.
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to decline again, however, when volume flow falls below a certain minimum. In conjunctio
apacity of\the pipes, this results in unstable flow, characterized by periodic fluctuati
flow. <Fh& compressor is, then, operating in the unstable range that is separated ¢
curve from the stable range by the so-called surge point.

2 — Performance map 'of the section of a compressor with adjustable inlet guide vape

rs, pressure ratio) /7, rises from the design point as volume flow, V1,us1 declines. The prgssure

n with
NS in
n the

The surge lir

] (- () 4L N n 41 Pk £ : "
I 15 UCTITICU Uy Ui e CUTINIeTuUrty uie surgyc pulis 101 various  pPperiurttiarive 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.
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Other limitations of the performance map depend, under given operating conditions (R, T4, ty, my ), 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)  spfety-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 sho

compared in

ild be

guarantee comparison with the guarantees contractually warranted by the supplier-Jnyonder to
conduct a correct guarantee comparison, the schedule for the acceptance tests, the variables torhe-mead
and the meaguring methods to be used, and, possibly the gas data equations and evalutatioh systen
procedures should be agreed upon between the purchaser and the supplier and/or any‘third part
involved at a|sufficiently early stage (if possible, during the actual contract negotiations)on the basis
applicable stgndards and guidelines (see also 5.1).

sured
s and
y also
of the

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 RN Mg # Ng 4002 15,75 18,7
mixture (157,5) (187)
2 Pfopane yes 2 Feed Nig # Ng 15 862 0,137 1,%1
(1,373) (15,1)
3 Air no 4 Water Mg = ng 25949 0,098 0,686
(0,98) (6,86)
4 Air no 3 Water Mg = ng 24 490 0,099 4 0,65
(0,994) (6)6)
5 Natural yes 1 — Nig # Ng 4930 4,9 75
gas (49) (7p)
F.2.1 Test exampile-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 ¢omposition:
Hydrpgen Hy 92,911 2 mol % —
Watef vapour H,O 0,04 mol % —
Hydrtfgen sulfide H,S 0,880 1 mol % —
Nitrogien N, 1,926 2 mol% -
Methane CH, 2,630 3 mol % —
Ethane CoHg 0,2200 mol % —
Propane C3Hg 0,544 1 mol % —
Iso-bitane C4H1g 0,454 mol % —
n-butgne C4H49 0,184 0 mol % —
n-hexane CeHy4 0,2100 mol % —
Molaf mass My 4,000 kg/mol —
Gas ¢onstant Ry 2,078 8 kJ/(kg-K) —
F.2.1.4 Object of guarantee
Symbol Numerical value Unit Remarks

Inlet Yyolume flow Vi usig 1,111 8 m3/s —

4 002 m3/h
DiscHarge pressure P2g 18,7 MPa —

(187) (bar)
Power-at-coupting Fooug 3-936 A

© 1SO 2005 — All rights reserved
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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 polytrapic Vo 127 299 k l/kg Equation (F Q?)

compression|work

Discharge temperature log 58,7 °C —

Density Pig 22,0395 kg/m3 1

Density P2g 24,387 9 kg/m3 —

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

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

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

Polytropic efficiency Mp.,g 0,821 5 — as per Equation (E.104)
Mp = yp/(hZ'h1)

F.21.6 Test arrangement

Since it is nof possible to perform the shop test using the gas of the guarantee conditions and with fyll gas
power, a closed loop test with nitrogen is performed-at reduced pressure and thereby reduced gas power. The
adjustment cqnditions are calculated as shown in Annex A.

A

Key

1 test bench turbine
2 sealing gas

3 sealing oll

4 bearing oil

5 gassample

Figure F.1 — Test arrangement and measuring stations

98 © 1SO 2005 — Al rights reserved


https://standardsiso.com/api/?name=5d9925bac68aeb421588bacca03097b5

F.2.1.7 Setting conditions
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Symbol Numerical value Unit Remarks
Inlet pressure P1pr 1,3 MPa Specific test rig data,
(13,0) (bar) Equations [4] and
. in Figure 3, applied
Inlet temperature 11, pr 25 C analogously as per
Discharge pressure P2.pr 1,545 MPa  |Equation (E.87);
(15,45) (bar) P2pr; t2pr determined
Discharge temperature 12 o 43,7 °C iteratively
Molaf mass My, 28,016 kg/mol Gas data calculated using
I the equation off state for
Compressibility factor Z4 pr 0,997 4 — real gases supplied by
Compressibility factor Z2 pr 0,999 0 — Lee-Kesler-Plocker (LKP)
Isentfopic exponent, volume ky 1.por 1,417 9 — This equation i suitable
for N
Isentfopic exponent, volume ky 2,pr 1,420 8 — orie
Compressibility function Xqpr 0,031 137 ~ as per Equatiop (E.22)
Compressibility function Xopr 0,030 010 — as per Equatiop (E.22)
Compressibility function Y4 pr 1,002 186 — as per Equation (E.23)
Compressibility function Yopr 1,000 422 — as per Equatiop (E.23)
Polytfopic efficiency Mp,pr 0,813°3 — as per Equation (C.2)
(Re-cprrected)
Polytfopic exponent Npr 1,566 3 — as per Equationp (E.88)
Tolerpnce of the volume ratio AT 0,008 8 — given: > 0, in ofder that
N is as high as|possible:
< 0,01 in order|to meet
internal tolerange limit in test
Ratiolof reduced speeds X N tol 1,002 1 — from Annex A
of rotation
Reynplds number influence
or] volume flow Pq /(ppr 1,002 5 — as per Equation (C.7)
or] specific polytropic work Yo.g /z//p,pr 1,005 0 — as per Equation (C.5)
Matching speed Nor 4 878 1/min from Annex A

© 1SO 2005 — All rights reserved
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F.2.1.8 Test conditions

Symbol Numerical value Unit Remarks
Speed Nie 48721 1/min —
Inlet pressure P1te 1,325 (13,25) MPa (bar) —
Inlet temperature e 24,6 °C —
Molar mass Mo 28,016 kg/mol —
Compressibility factor Z1te 0,997 3 — —
Compressibilfty Tactor Z2te 0,998 9 — —
Isentropic exponent, volume ky1te 1,418 3 — Gas data as perLKP
Isentropic exponent, volume ky 2te 1,421 4 — equation
F.2.1.9 Tedting of volume flow ratio during test

Symbol Numerical value Unit Remarks
Polytropic efficiency Mo te 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 Hte 1,540 2 — as per Equation (E.86
Reynolds number correction V/p,g/'//p,te 1,004.4 — as per Equation (C.5)
on specific pplytropic
compression|work
Ratio of redufed speeds Xy 1,001 7 — Equation (2)
of rotation
Deviation of {he volume ratio Ag 0,010 8 — as per Figure 6
F.2.1.10 Test results

Symbol Numerical value Unit Remarks
Gas constan Rie 296,77 J/(kg-K) —
Speed of rotgtion Nie 4 872 1/min —
Mass flow digcharge side Mo te 6,006 ka/s Measured as per

’ 1ISO 51 R7; effective mass
flow
Mass flow, leaks Zn‘zue 0,126 kg/s Balance piston and gas
seals
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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 e 24,6 °C —
Inlet density Plte 15,035 kg/m3 —
Inlet spec. enthalpy 1 te 306,209 kJ/kg from LKP-equation
Discharge pressure P2te 1,575 (15,75) MPa (bar) —
Discharge temperature T2te 42,7 C —
DiscHarge density P2te 16,821 kg/m3 =
Discharge spec. enthalpy hte 324,915 kJ/kg from-LKP-equation
F.2.1.12 Calculation results
Symbol Numerical Unit Remarks
value
Inlet volume flow V4 uste 0,399 5 m3/s —
Pressure ratio 1Ty 1,188 7 — —
Pplytropic efficiency Mo te 0,839 4 — as per Equation (E.1D4)
Np = vp/(ha —h4)
Specific polytropic Vp.te 157702 6 kJ/kg Equation (E.92)
cpmpression work
Correction factor Ste 0,999 9 — Equation (E.93)
Qas power P o 114,71 kw as per Equation (E.9F)
| Py= (g + ) i ) vl
Radiation losses Orad.te 0,71 kW Equation (13)
Bearing losses Phearing,te 0,66 kw from measurement of oil
Qil seal losses Pseal te 7,74 kw mass flow and Az
Ppwer at coupling Peoute 129,82 kw —
Ientropic exponént, volume ky te 1,420 8 — Equation (E.94)

© 1SO 2005 — All rights reserved

101


https://standardsiso.com/api/?name=5d9925bac68aeb421588bacca03097b5

ISO 5389:2005(E)

F.2.1.13 Calculation of the influence of Reynolds number (Figure F.2)

Key

X Reynolds number under guarantee conditions, Re, 4

Y Reynolds number ratio,

fug

a8  Permissible range.
b Measuring point.

Reu,te

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 um —
Kinematic vigcosity Vg 45107 m?2/s from gas data.calculafion
Kinematic vigcosity Vie 1,195-10-6 m?/s 2
Reynolds nufber Reygq 8,715-106 — —
Reynolds number Rey e 1,155-106 — —
Reynolds nufnber ratio Rey o /Rey g 0,133 — —
Reynolds number influence 77p,co/’7p,te 1,008 2 — Equation (C.2)
on polytropic|efficiency
Polytropoic efficiency Mp,co 0,846 3 — —
Polytropic effjciency Mp te 0,8394 — —
Reynolds nunber influence Wp.co/¥pite 1,004 1 — Equation (C.5)
on polytropic|specific work
Reynolds number influence Peo/Pte 1,002+ — Equation (C.7)
on volume flgw
YA
100
S|
10
4 >
1 m~
"""7777,,,, ° ©
o b | N-0,133
0,07 >
100 10° 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

ISO 5

389:2005(E)

Conversion to guarantee conditions at an efficiency, 7, .,, maintained constant is effected here as an iterative
procedure. p, ., and t; ., are firstly assumed and the gas data calculated from the corresponding equation of
state (in this case, RKS). Improved values for p, co and 7, ., 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 —

Volurfie fiow V.1,us,co 1380 mers Figure 3

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

Mass| flow, leakage Znﬂ_’co 0,460 kals Conyersion usjing labyrinth
flow-equation at constant
flow coefficien

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

Specffic polytropic Yp,co 127,42 kJikg Figure 3

compgression work

Presgure ratio 17 1,187 7 — Figure 3

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

Discharge temperature from 2 Atco 58,07 °C Equation (E.90)

temperature measurement

Polytfopic exponent feo 1,668 4 — Equation (E.86)

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

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

Compressibility factor Z9.6 1,111 9 — from RKS equption

Gas Iower from temperature B Arco 3845,5 kw Equation (E.97)

meagurement

Radiation losses Qrad,co 23,8 kW Equation (45)

Corrdcted gas power P o 3 869,3 kw Equation (46)

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

temperature

Bearipg losses Phearing,co 34,9 kW empirical

Oil sgal losses Pseal co 22,0 kw —

Powgr at coupling Peouco 3926,2 kW Equation (E.100)
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YA

Yp.co
Ypg

Vig V1 Vo X
Key
X suction volime flow, 7,
Y specific pojytropic work of compression, y,
a8  Further pefformance curve point.
b Auxiliary pgint.
¢ Characterigtic curve point used for guarantee comparison.
d  Characterigtic curve converted to accord with guarantee conditions.
€  Guarantee|point.
' Parabola j, =cV{

Figure F.3 — Guarantee comparison

V1* (the auxiliary point) is determined by graphic means from the point of intersection of the con
performance |curve with the parabola which passes through the guarantee point. The speed Neog
performance gurve passing through the guarantee. point results to

Neog =Ng-Vig!V1

F.2.1.15 Guarantee comparison (Figure F.3)

verted
of the

(F.1)

Symbol Numerical value Unit Remarks

Specific polyfropic Vo.g 127,299 kJ/kg
compression|work
Inlet volume flow, Viusg 1,1118 m3/s

4002 m3/h
Power at coupling Peou,g 3930 kW
Power at coupling, necessary Peou,cog 3832 kw Equation (34)
Power at coupling, deviation APy, -25 %
Speed of rotation, necessary Nog 13774 1/min
Speed of rotation, deviation AN -05 %
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F.2.2

F.2.2.1

Text example 2

adjustable (see 7.2.3, Table 3, case 4d)

ISO 5389:2005(E)

Uncooled compressor with sidestream admission, polytropic exponent n,, # ng, speed

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

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

F.2.2.8

Four-s

turbine.

System configuration

tage compressor with sidestream downstream of the second stage for propane, driven by a steam

F.2.2.4 Guarantee conditions

In thig
tempsg
tempg

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

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

The vplume flow of section | and section Il also includes the mass flow leakage recirculating vip the balance

line.

F.2.2.

b Object of the guarantee

Symbot— T Numerical vatue Yt
Inlet volume flow Vig 4,406 m3/s
Sidestream pressure Psideg 0,426 7 (4,267) MPa (bar)
Discharge pressure P2g 1,51 (15,1) MPa (bar)
Power at the compressor coupling Peou 2909 kW

© 1SO 2005 — All rights reserved
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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

Dy 575 mm
Outlet width of the 1st impeller b 34 mm

b” 14 mm
Avgerage roughness Rn: 28 Hm

Ra” 3,0 Mm
Temperature at the inlet nozzle P Inozzle,g - 34,7 °C
Cinculating mass flow via the balance th,g 0,431 kg/s
ling P
Digcharge temperature P fag 68,4 °C
@ | Where the driving machine has an adjustable speed, speed is not an object of the guarantee;
degign speed is indicated using the subscript “g”.
b | These data are necessary for conversion of the test results to,dccord with the guarantee
corjditions.

F.2.2.7 Test arrangement

Since it is noj 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, hovgever, this gas cannot be used any-more. The example is intended to show the procedure

for testing a sidestream compressor.

The test arrarjgement and arrangement ofthe measuring points can be seen in Figure F 4.
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©

S
z
OO

N S A A RS
!

M

Figure F.4 — Test arrangement

\

a GIs supply.
s analysis.
¢ THrottle valve.

F.2.2.8 Setting conditions

Symbol Numerical value Unit

Gas type CF,Cl, — —
(R12)

Gas constant Ry 68,8 J/(kg-Kl
Section I:
Inlet pressure Pijpr 0,08 (0,8) MPa (bgr)
Infet'temperature 14),pr 40,0 °C
Discharge temperature 12),pr 91,2 °C
Section Il @:
Inlet pressure @ Pijl,pr 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 1211 133,5 °C
Speed of rotation Nor 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 |, 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
| Il
3107 8 35393
1,146 2 1,074 6
1,140 3 1,116 5
0,996 32 0,998 75
0,701 6 0,688 1

inner tolerance

limit for™ both sections is not pogsible.

Nie = 5 795 rdv/imin was selected as test speed. This was intended to.ensure that the test can be perfprmed

within the inngr tolerance limit, at least for the first section, even given slight deviations in test conditions

The deviation|Ady, for the section Il is then — 2,7 %.

YA

6 000

min”!

5900

5800

5 700

X ratio of volume flow ratios, [Ag|

Key

Y speed, Nie
a8  Section I.
b Section Il.
108

5600

Aro

5500

0

0,03

0,05 X

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)

1y o = =32,3°C to =158 °C

Pag = 0.426 7 MPa (4,267 bar)

9

4,4

Deterination of the Reynolds numbers for section I:

Re, =42

V1
Qriginal gas:  ug =216 m/s; vy g=2,113:10"6 m?/s,
Test gas: upe = 1517 mls; vy 5 =3,213:106 m2s,

Furthgr calculation of Reynolds number correction was effected

“pg _ 0325, +0.7-Ag
1-7ppr  0.3:2,+07 2y

with

:1,74—2-Iog10[2-%}

<
N[N
8

., =1155-102

<
IH-‘
«

:1’74_2.|Og10 2&_‘_18—’7
b Reyg-g

= 1072
g=121210

_1_:1’74_2.|og10 2&_‘_18—’7
b o

Re,, o = 8:476-108
Re,, 5= 1,605-108

as/detailed in Annex C:

Agr = 1,268-10-2

1-—
g _ 0,968 2
1_77p,pr

With 73, 4 = 0,817 0, the result is Topr _ 099264
' Tp.g

M:0,5+0,5.'7"—”'"=0,996 32
Ypg Mp.,g
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Section II:

Rey g = 3,915-108

Rey o =2,178-108

A, =1,374-10-2

Ag= 1,401-102

Agr = 1,421-10-2

1-
"8 | 0,990 2 with Tp,g = 0,792 (F.8)
1- Mp,pr 7
Mp,pr
—PL =q,9975 (F.9)
n.g
Yoer _ 099875 (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 rotgtion Nie 5795 5795 5795 /min
Pressures:
Inlet pressurg, section | P1lte 0,080 66 0,080 69 0,07954 | MPa
(0,806 6) (0,806 9) (0,795 4) bar)
Inlet pressurg, section I Pside = P2,ite = P1ite | 0,22599 0,248 91 0,259 37 | MPa
(2,259 9) (2,489 1) (2,593 7) bar)
Discharge pressure, section 'l P2lze 0,710 08 0,876 58 0,924 14 | MPa
(7,100 8) (8,765 8) (9,241 4) bar)
Temperaturep:
Inlet tempergture;section | H)te 38,9 39,1 39,4 °C
Discharge temp., section | 20te 86,9 89,6 91,6 °C
Sidestream temp., section Il tside te 43,0 43,3 43,9 °C
Discharge temp., section |l 1211te 130,2 134,2 133,9 °C
Mass flows:
Outlet, section I My te 19,838 20,440 21,165 kals
Sidestream M gide te 7,261 8,456 9,916 kals
Balance line M te 0,161 0,204 0,217 kals
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F.2.2.12 Calculation results
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Symbol Numerical value Remarks
Test number 1 2 3
Mass flow at the inlet of My te 12,738 12,188 11,466 Equation (F.2)
the 1st impeller, section |
Volume flow V1,|,te 3,363 3,220 3,076 Equation (E.55) @
Specific polytropic Vp.lte 23,50 25,79 27,15 kJ/kg |Equation (E.91)2
comprpqqinn work "
Polytropic efficiency Mo, te 0,786 4 0,823 5 0,8390 Equation (E.100)
Mixing temperature at Nl te 71,0 70,6 69,5 Equation (F.12) @
the inflet to section Il
Massg]flow at the inlet to e | te 19,999 20,644 21,382 Equation (F.13)
the 1st impeller, section Il
Volume flow V1,|I,te 2,048 1,912 1,890 Equation (E.55) @
Specffic polytropic Vp,llte 28,42 31,19 31,33 kJ/kg |Equation (E.91)2
compgression work
Polytropic efficiency Mp,llte 0,767 4 0,7958 0,792 6 Equation (E.100)

a8  Determination of compressibility factor, Z, and correction factof, f, and the enthalpy values using BWR

5 method.

M1 1te = M2te ~Msidete + ML te (F.11)
16l (2,400 P20 ) £hside! (tsides P111se )
H(t4te,P 10 te ) = . : (F.12)
mq | te J* Mside te

from which the temperature, #, |, {o,-€an be determined with BWRS

M1 lite = 11 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 phumber 1 2 3
Inlet valume flow _section | t+co 4 802 4 598 4 393 m3/s
Specific polytropic compression work Vp.l.co 47,92 52,59 55,36 kJ/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 kd/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
X2
Y1
Y2
Y3
Y4

For test oper

suction vo
suction vo
gas polytr
specific pq
gas polytr
specific pq

Fi

ume flow, 74 | o

ume flow, 7y i co

bpic efficiency, 1| co

Iytropic compression works vy | co
bpic efficiency, 1, 1o

lytropic compression work, y, i co

jure F.6.—)Additional test points, A, for performance curves for sections | and Il

matinn—tha raciraylatins Inaleana mace fla raciltina wwhan Allavaanen 1o A~ f]

O, —tre |uu||uu|uu||3 rCortagCc—TTass ||uvv, ruL e Toourtityg vWitcTT aHoWwahRee—s—maae—t

\J

X2

r 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:

e :13,585“_89' (F.14)
) ) ) kg kg
g = s + i g = (13,585 +0,431):5 = 14,0163 (F.15)
: my g m3
=@ = 4 4061 (F.16)

P19 S

kd .
Hp.lco = 54,906 from the performance curve, Figure F.6 a) (F.17)
p.l,co = 0,845 from the performance curve, Figure F.6 a)
Rico = it 19 - 2H 911 kW
Tp,1,co

Hside.co = 0,445 MPa (4,454 bar) from equation of ‘state
thico =16,35 °C from equation of state

~

Lige =18 °C =154 at pgige = 0,445 MPa(4,454bar)

>

kg
side = 10,131 5

Wiig =119+ fsige = (14,016 +10,131) k_f = 24,147 k?g

Hico =89 °C from mixture calculation for real gases as per Equatjion (F.12)
3
i, m
M i1co =2 = 2,604 —
#1,ll,co S
A =1 600MPR3 (16 00-bar) from oauatinn Af otata
P Z,cCo T OUTIVIT o ( TOyouU—PoTty) O COouotioToT—otTatT
t2c0 =70,5°C from equation of state

Calculated mechanical losses Ppeq, g =64 kW were added to the converted gas powers P, for
determination of power at coupling.
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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:

=13,585 kg _ constant  ritgige g = 10,131 kg _ constant

Mus.g s s

x computed values for superpositioning of section performance curves.

A

Y3

bar L

15 _——

10 1 1 1 1 1 1 1 1

Y2

L5 7138 3
bar _77_/7'777_/7'777_/7'777_/7'777_/7' 777,

_1267/

|
|
L’O 1 1 1 1 | 1 1 1 1 ! ] 1 1 1 1
|
|
!

Y1
3000

2 909 | X
kW F—&oy—m ——————— 7/

2500 I T "

|1
AL Q- ann | P Wi WaWAY
LAY O ZVV LLLLLA O JVV 7\

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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