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Foreword

ISO (the International Organization for Standardization) is a Worldwi
national standards bodies (ISO member bodies). The workJef prepar
Standards is normally carried out through ISO technical_ committees
body interested in a subject for which a technical committee has been
the right to be represented on that committee. International organij
mental and non-governmental, in liaison withdS0O, also take part irf

He federation of
ng International
. Each member
established has
ations, govern-
the work. ISO

collaborates closely with the International Electrotechnical Commisgion (IEC) on all

matters of electrotechnical standardization!

Draft International Standards adopted“by the technical committees 3
the member bodies for voting: Rublication as an International St
approval by at least 75 % of the_.member bodies casting a vote.

International Standard |SQ*5389 was prepared by Technical Committ]
Compressors, pneumatic tools and pneumatic machines, Sub-Comm
bo compressors.

Annexes A, B, €, D and E form an integral part of this International Stan
and G are(for information only.

re circulated to
andard requires

ee ISO/TC 118,
ittee SC 1, Tur-

dard. Annexes F
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Introducti

The terms “‘guard
Standard are to
A guarantee relat
the contract.

lon

ntee” or “‘guaranteed’’ and "‘performance” used in this International
be understood in the engineering rather than the contractual sense.
es to a specific aspect of the plant or its operation which is defined in

With the aid of the test described in this International Standard, the actual perform-

ance data can bg

The contractual

compared with the guaranteed values.

onsequences of any deviations are not covered by this International

Standard. A satisfactory test result does not signify acceptance in the contractual

sense, as such aq

This Internationa

ceptance may depend on other conditions stipulated in the contract.

Standard provides standard directions for conducting and reporting

tests on compresgsors to establish their performance concerning one or morecof the

following aspect
guaranteed perfg

To meet this pur

a) the quan

b) the press

c) the pows
(according to|

d) the stablg

5 under specified conditions and for comparing the results.with the
rmance:

ity of gas or vapour delivered;
ure rise or pressure ratio produced;

br required for compression or the efficiency of the compressor
specified definitions);

b working range — surge and maximum flow limits.

pose, this International Standard establishes rules concerning

a) the test procedure (including_the measurements to be taken, and the prep-

aration and e
b) the instry

c) the meth
be compared

ecution of the test);
mentation to\be used to provide adequate accuracy;

bds of cenverting the test results in order to provide values that may
with! the ‘guaranteed figures;

d) the confidlence limits_af the converted test results according to the accuracy of

the particular

measurements.
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Turbo

1 Scope

This Internati

bnal Standard covers blowers or compressors and

exhausters of the centrifugal, mixed flow, or axial flow types

(inclusively c
without inter:
properties of

bvered by the term turbocompressors), with and
tooling, handling any vapour or gas the physical
which are reliably known.

It may be ap;tied to any compression process, with or without

bleed-off or
casings.

This Internati

idestreams, which takes place in one or more

bnal Standard gives no rules for the measurement

of any other 'rspect of the compressor which may be the sub:

ject of a gua

a) mech

antee, such as

hnical performance;

b) vibratjons;

c) pulsations;

d) noise

level;

e) service and reliability;

f) commjercial questions,

The theory u
laws of simil
observation

the executio
approximatio

national Standar:

Compressors

sed in this International Standard is based on the
rity of fluid flow (similar velocity triangles). The
f these laws determines specific requirements for
of/acceptance tests. In all cases, where a close
tothese requirements is not possible, this Inter-

supplied to handle gases the physical properties

of which are not reliably known can only be tested within

certain limits

For identical compressors, produced in series, the testing of an
arbitrarily chosen sample may be agreed upon.

1) Currently under revision.
2) To be published. (Revision of ISO 1000 : 1981.)

ompressors — Performance test code

2 Normative references

The following standards contain provisions

vhich, through

reference in thistéxt, constitute provisions of this International

Standard. At the time of publication, the ed

tions indicated

were valid Al standards are subject to revision, and parties to

agreements based on this International Standard
to investigate the possibility of applying the mos
of.thé standards indicated below. Members of IE
tain registers of currently valid International Sta

are encouraged

recent editions
C and ISO main-
hdards.

I1SO 31 (parts 0 to 13)1), Quantities, units and symbols.

1ISO 1000 : —2), S/ units and recommendation.
their multiples and of certain other units.

5 for the use of

ISO 5167-1 : 1991, Measurement of fluid floyv by means of

pressure differential devices — Part 1: Orifice
and Venturi tubes inserted in circular cross-s
running full.

plates, nozzles
bction conduits

3 Definitions, formulae and referénce

processes

For the purposes of this International Standardi, the following

definitions apply.

performance

3.1.1 standard inlet point: The inlet point ¢

efinitions relating to compressor

onsidered to be

representative of the compressor. It is generally at the com-

pressor inlet flange.


https://standardsiso.com/api/?name=10de5ec524ef1896b58878e2bbca636c

1SO 5389 : 1992 (E)

3.1.2 standard discharge point: The discharge point con-
sidered to be representative of the compressor. It is generally at
the compressor discharge flange.

3.1.3 Quantity of gas or vapour delivered

3.1.3.1 usable mass rate of flow for a compressor: The
mass rate of flow delivered at the standard discharge point.

3.1.3.2 usable mass rate of flow for an exhauster: The
mass rate of flow aspirated at the standard inlet point.

3.3 Reference process

The determination of the internal power (3.6.5) is based on the
assumption of a reversible reference process, hence the
necessity of a definition of the corresponding efficiency, taking
account of energy losses due to the irreversibility of the actual
compression process.

The reference process is characterized by the law

p = flv)

3.1.3.3 actual |inlet volume flow for a compressor: The
actual volume raite of flow compressed and delivered at the
standard dischgrge point, referred to the conditions of
temperature, prgssure and composition (for example humidity)
prevailing at the|standard inlet point.

3.1.3.4 actuallinlet volume flow for an exhauster: The
actual volume ralte of flow aspirated at the standard inlet point.

NOTES

1 Unless otherwjse specified, the actual inlet volume flow will be
referred to total tgmperature and total pressure.

2 For gas-vapouf mixtures, see A.4.2.7.

3.2 Basic foymulae for gases

Gas basic formulae are given in table 1.

Table 1 — Gas basic formulae

which 15 Used 1o determine the specific compressjon work :

2
W,,,=s vdp
1

The total specific compression work is thus deterfmined using
the equation

2 2
C. ='C
W W, 2 1
mt= Wm t < 2'_“‘

By approximation with the low flow speeds |(Ma < 0,2)
normally prevailing in the inlet and discharge nozzjes, the total
pressuresyand total temperatures can be used in the calculation
directly.:

2
Wi = 51 (v dp),

Formula
No. Term
For a real gas For a perfect gas
3.21 Equation.of state pV = ZRT pV = RT
3.2.2 Compressibility factor V4 Z =1

and vendor.

mixtures.

323 Isothermal deviation Y = ya (__) -1 4 <£> Y =1
factor 14 T Z \op )T
3.2.4 | Isobaric deviation X = T (aV) 1= T (dZ X -0
factor V \oT Jp Z \oT)p
c
3.25 Isentropic exponent K= — — a_p _ X K=7p= 4
avy]s Y cy
NOTES

1 The data serving as a reference for the determination of gas properties shall be agreed between purchaser
2 Clause A.1 deals with general recommendations relating to the thermodynamic data for gases and gas

3 Clause A.2 deals with specific recommendations for some of the more common gases.
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3.4 Reference processes for use with perfect or
near-perfect gases

The following methods of computation of specific compression
work are recommended to be applied

— when agreed between purchaser and vendor, or
— when the deviation of gas properties from perfect gas

laws at any state point of the compression process of an
uncooled compressor, or at any state point of a com-

1SO 5389 : 1992 (E)

3.4.1.2 The specific compression work based on static con-
ditions is calculated using

n—-1

2
n 12/} n
Wm,pol = s (Vdp)pol = V4 RY] - -1
1 n—1 D1

3.4.1.3 |In its general form the polytropic compression offers,
owing to the free choice of the exponent n, great liberty in
adapting it to any change of state. With n = y the com-

ression becomes isentropic. When n approaches unity, the

pressionsenﬂnn.mh;dad_benueen_nm_wmsue_mmrp—h—m_l_ .
compression approaches an _isothermal _pfocess. If, with

coolers ¢f a cooled compressor, do not exceed the limits
given in [table 2 for the appropriate pressure ratio.

Within the |imits given, the errors in specific isentropic com-
pression wdrk and discharge specific volume will be less than
1 % and 2 9o respectively if calculations are made according to
perfect gas [laws instead of real gas equations.

It is recommended that in most cases polytropic compression
be used as the reference process.

Polytropic compression should always be adopted for any case
in which thp gas used for the acceptance test has a ratio of

specific heatts which differs from that of the guarantee gas by
more than 1 %.

3.4.1 Polytropic compression

3.4.1.1 A polytropic compression process follows the law
pv™ = B4 v4" = constant

where for perfect gases

.Q‘IQ._T;
T

Table 27 — Limits for the pressure ratio

multistage compressors, a single-stage reference compression
does not represent the actual process With-sufficient accuracy,
a multistage polytropic compression.may be ghosen. From the
above it follows that the polytropic)compressgion is suited for
cooled and uncooled, and fér-single-stage|and multistage,
Ccompressors.

3.4.1.4 In the case of\compressors with interstage cooling the
polytropic compression approaches isothermgl compression at
one extreme, and isentropic compression at the other, de-
pending on Whether the process takes plage at a constant
temperaturge,or'the aerodynamic flow losses ¢nly are removed
by the cooler. An approximation has to be made by suitable
choice«of'the exponent n and the number ofJWs‘tage groups ac-
cording to the arrangement and effectivenesq of the cooling.

3.4.1.5 For compressors without cooling |(adiabatic com-
pression) the isentropic process is often usedl as a reference,
but here too the polytropic process offers 4 better basis on
which to assess the aerodynamic losses of a compressor.

It takes into account the increased compressﬂon work caused
by the reheat losses. This increase is particularly noticeable at
either high pressure ratios or low efficiencies

3.4.2 Isentropic compression

3.4.2.1 In this reference process, compression takes place
over the whole part of the pressure range (depending on
whether it is a single-stage or multistage machine) at constant
entropy, i.e. n = K.

Pressure . .
ratio? Maximum r?tlo
Py and minimum values | Xmoc | Xmn | Yma | Yo
D1 of k (= y)
1,4 1,12 0,279 -0,344 1,071 0,925
2 1,10 0,167 -0,175 1,034 0,964
4 1,09 0,071 - 0,073 1,017 0,982
8 1,08 0,050 — 0,041 1,011 0,988
16 1,07 0,033 - 0,031 1,008 0,991
32 1,06 0,028 - 0,025 1,006 0,993
1) Table taken from [1].
2) For pressure ratios between those shown, the limiting values shall be obtained by interpolation.
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3.4.2.2 Isentropic compression follows the law

pv¥ = pyvi¥ = constant

3.4.2.3 The specific compression work based on static con-
ditions is expressed by the equation

3.5.3 Methods of polytropic analysis (Schultz method)

3.56.3.1 The formulae of the following method are derived
from the method developed by Schultz (see [2]).

3.5.3.2 The determination of exponent n for the general case
of real gases is carried out assuming that the efficiency remains
constant throughout the process:

3.4.3 Isothermal compression

In this reference|process, compression takes part over the
whole (single stade) or part (multistage) of the pressure range
at a constant temperature. As a rule the inlet temperature 77 of
the compressor qr stage group under consideration is used.
The exponent n = 1, and the specific compression work based
on static conditiohs is defined by the equation

2 P2
Wit = S (fdply = pyviin (—)
1 P

3.6 Reference processes for use with real gases

3.5.1 General

When tables, eduations of state or charts giving the”ap-
propriate thermodynamic data are available, it is recommended
that they be used to determine the specific compression work
(see 3.5.2).

When such tabled, equations of state or ¢harts are not available
and the limits of fable 2 are exceeded, it\is recommended that
polytropic comprgssion be adopted as the reference process
and the specific cpmpression work should be computed by the
Schultz method (f polytropie.analysis (see 3.5.3 and [2]).

3.5.2 Method trsing tables or charts

2
(Vdp) |
pol dh hy — hy

3.5.3.3 This makes it possible’ to determine gn average
polytropic exponent with sufficient exactitude :

1

n =
Ym =1 + Xy
where
g (2
ZyR [ 1 I\,
m = ¢ " + ml = —p‘
M ] 2
' : Ig <——>
141
R Zy
Hpol =

meM - R ZM XM

with average values for the gas stream:

Zi + Zy
M© 2

X+ X,
M= 2

_ Cp1+cp2
Cpm——“—“——2

If possible, the gas properties, especially for gas mixtures, are
best determined from tables and equations of state since the
diagrams are in general less accurate (see clauses A.1 to A.3).

The properties represented in diagrams and tables are today
frequently compiled in the form of computer programs which
can readily be included as subprograms in the calculation
programs for the design of the compressor and test evaluation.

Specific information about the determination of these gas
properties and changes of state cannot be listed here owing to
the multiplicity of the processes and values used. The user
of this International Standard is referred to the relevant
literature.

The above averages are a simplification valid for pressure ratios

P2 g,

P

For higher pressure ratios, it is recommended that Schultz's
method be followed, i.e. averages are formed with double
weight given to the mid-point. The mid-point can be chosen at
the square root of the pressure ratio and half the temperature
rise.

For pressure ratios up to 4, the difference between the results
of both methods is less than 0,2 % for specific polytropic com-
pression work and 0,5 °C for discharge temperature.
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3.5.3.4 Theoretically, the exact assessment of the specific
polytropic compression work assumes the previous compu-
tation of factor ¢ by use of the formula

Wy = h

K
Kk —1

R(Z,T; — Z1TH)

h, is the enthalpy at the inlet;

1SO 5389 : 1992 (E)

Unless otherwise agreed, the reference efficiency is based on
total conditions and the formula becomes

(c? — ¢

Where there is deliberate cooling within the machine (or sec-
tion of the machine) under consideration, this formula becomes

2 _ .2
(e, ¢

h'y s t}le resulting enthalpy at the outlet if the process
had|been isentropic.

NOTE — Whgére specific values of the factors X, Y and Z are not
available values may be obtained from the generalized curves given in
annex D.

3.5.3.6 Thel specific compression work based on static con-
ditions may thus be determined :

2
ZyRT m
Wm,pol = 51 (Vdp)po| = % é (;Lf) -1

NOTE — This pquation is not strictly correct (see [2]) and should only
be used in cages where the compressibility factor Z is substantially
constant throyghout the compression process.

The equatior| for Wy, o given in figure D.9 can also be used.

. . b .
3.56.3.6 Forcompression ratios ;—2 < 4 the correction factor ¢
1
may be considered as equal to 1 and can therefore be neglected
in the compytation.

3.5.3.7 For| similarity testing of compressors without
intermediate | cooling, a single-stage proeess should be
adopted, determining an average polytropic’ exponent such as
defined abo

3.5.3.8 Forltests of compressors with intermediate cooling a
multistage reference process.should be adopted with polytropic
exponents syited to each ‘séction included between two suc-
cessive inter¢oolers.

3.5.3.9 Sinmilarityscalculations according to Schultz's method
are shown s¢hematically in figure D.7.

17, /A
Y

_ 2
hyo—he1— Q12

Nt

where Q; _ , is the heat removed by. the copling within the
machine (or section of the machine):

The above definition is complete only when [the type of the
reference process adopted-is indicated by th¢ corresponding
subscript. Consequently.reference efficiencies pre given by the
following formulae. :

3.6.1.1 Thé€ polytropic efficiency

Wm,pol
Npol, =
P hy—hy - Q1

(C22 - c12)
Wm,pol + -——2—__

Npol,t =
po hig—hi1— Q1.2

See also 3.5.3.3.

3.6.1.2 The isentropic efficiency

Wm,s
}7 =
P ohy-m-Qi_,

(c? — ¢
_ 2
hip— b1 — Q1-2

Wi +

Ns,t

3.6.1.3 The isothermal efficiency

3.6 Definition of reference efficiency, power and
losses

3.6.1 reference efficiency, 1y, 75 or nt: Ratio of the
specific compression work to the total enthalpy rise in the
machine (or section of the machine) within which there is no
deliberate cooling and when based on static conditions as
defined by the formula:

2

vd
e,

Wm,T
hy—hy —Q1_3

nt =
(c2 — ¢
\ 2
T, =
YRy — by — Q1 - 2

Wm,T +

3.6.2 reference power Py, P or Pt: Power absorbed by
the gas during the reversible reference process excluding any
losses. The reference power shall be defined with the subscript
corresponding to the adopted reference process.
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The formulae for the reference power are also different

depending on the calculation system of the specific com-
pression work.

Unless otherwise agreed the reference power is based on total

3.6.2.1 The polytropic reference power

3.6.5 internal power, P;,: Power effectively absorbed by
gas during the actual compression process. It is given by the
formula

Ppol,t = d4np -Wm,pol + 2 /

3.6.2.2 The iseptropic reference power

P
conditions and is given by the following formulae. Py, = —”—ﬂ + Q, + P_
pol, t
or
P
s, t
of —c?) P, = + O, + P
Ts,t
or
Pr,t
Pin = — + QO{ + PL
nTt

c? - ¢;?
Ps,t = Qm p/m,s + 2 .
3.6.2.3 The isothermal reference power

2 — ¢2
Prt = dm (Wm,T + 2 T 5 !

discharge pointg is less than 0,2 it is sufficiently accurate to
calculate the reference power directly from total conditions
using the follow|ng approximate formulae:

Where the Ioc%l Mach number at the standard inlet and

2
Ppoit = dm Vm,pol,t = dm 51 (v dp)y, pol

2
In,s,t — 9m 51 (v dp)t,s

v
\
Q
3
A

2
Py, = dm W1t = dm j (v dpli r
1

3.6.3 heat trapsmission losses, Q,: Losses due to heat
transmission frofn the\area A ¢ of the compressor casing to the
ambient atmosphere, expressed by the formula

For compressors with intermédiate cooling the sum of internal
powers in each section _between two successive [intercoolers
should be computed.:

Pin =Pin| +Pin” + ... +Pin-

!

3.6.6 “.mechanical power losses, P;: Losses dye to friction
in-the bearings and sealing rings and in any transinission gear
contractually included within the compressor.

3.6.7 effective compressor power, P,.: Power|input at the
coupling of the compressor or at the coupling df the trans-
mission gear depending on the contract agreement. It is given
by the formula

P, = Py, + P;

3.6.8 power loss in driving machine, Pp,: Ppwer loss in
the turbine or in any other driver of the compregsor and the
intermediate driving system.

3.6.9 total power of the unit, P__: Power given by the for-

Oy = 0Acs (tmes — )

For values of Q, less than 0,02 P,, an approximate value can be
adopted for ¢, i.e.

a = 14 W/(m2-K)

3.6.4 power loss due to leakage, P| : Losses due to leakage
through external labyrinths; these can generally be calculated
using the formula

P =X gy - Ahy

mula

Py, = Pg + Ppy

3.6.10 internal efficiency, 7;,: Ratio of the reference power
defined in 3.6.2 to the internal power.

Its value depends on the type of adopted reference process.
Internal efficiency is given by the formulae

Ppol,t
Nin,pol = P
i
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Mo = Py ¢
in,s P|n
S Pry
in, T P

3.6.11 mechanical efficiency, 7;: Ratio of the internal
power to the effective power at the coupling of the com-
pressor, or at the coupling of the transmission gear, depending
on the contfact agreement.

3.6.12 effective efficiency, 7,: Ratio of the reference
power definpd in 3.6.2 to the effective power at the coupling of
the compregsor, or at the coupling of the transmission gear,
depending ¢n the contract agreement. It is given by the for-
mula

2
an ]1 (v dp);

Ne = — P, = Nin N

Its value depends on the type of adopted reference process.

3.6.13 primary efficiency, 77p,: Ratio of the effectivé power
of the compressor to the power or energy input to the,driver. It
is given by the formula

I R

”Pr=PJn_Pe+PPr

1SO 5389 : 1992 (E)

3.6.14 overall efficiency of the unit, 7 ,: Efficiency of the
unit which takes account of all energy losses of the unit,
including compressor, transmission gear and driver. It is given

by the formula

Hun = Ne Npr

3.7 Definition of tolerance, inaccuracy and

uncertainty

’r 1 ’r

different meanings.

As used in this International Standard, the terms “‘tolerance’’,

ific and clearly

3.7.1 tolerance: Amount by which the vallie of a particular

parameter or a quantity is permitted)to deviatg
by the terms of the contract orother agreem

3.7.2 inaccuracy: Extent)by which the m
puted value of a parameter or quantity deviat

from a set value
BNnt.

pasured or com-
es from the true

value, resulting fromicthe inevitable errors in measurement and

computation.

3.7.3 uncértainty: Maximum likely magnit
curacy ofa particular parameter or quantity sy
said with)at least 95 % confidence that the m
puted,value does not deviate from the true val
greater than the stated uncertainty.

4 Symbols and subscripts

The symbols, subscripts and definitions us
national Standard are in accordance with ISO
and are given in tables 3 and 4.

Equations used are dimensionally homogened

ude of the inac-
ch that it can be
easured or com-
ue by an amount

ed in this Inter-
B1 and ISO 1000,

us.

To simplify use of this International Standard, conversion

factors are given in‘annex C.
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Table 3 — Symbols

Symbols Quantities Definitions and observations Dimensions?
A Area L2
a Sonic velocity a = \/KkZRT LT
Outlet tip width L
C, Molar specific heat at constant C, = Mc, ML2T2@ ! mol !
pressure
Ccy Molar specific heat at constant Cy = Mcy ML2T-20 " mol~!
volume
c Abfolute velocity LT-?
¢y Specific heat at constant pressure L2T320 1!
cy Specific heat at constant volume 2T-201
D Re‘erence diameter of the rotor L
F Tofque ML2 T -2
Prdcision class dimensionless
h Spécific enthalpy 12T-2
hy Toftal specific enthalpy o2 L2172
hy=h+\|—=
2
M Mdlar mass Mass which corresponds to«one mole M
Ma Mach number of the flow Ma = < dimensionless
a
Ma, Approximate Mach number of gas Am ZRT, dimension|ess
floyv through area A Ma, = —
APy K
Ma, Pelipheral Mach number (arbitrary Refers(in“this International Standard to inlet dimensionless
definition) conditions
m Polytropic exponent in the p—T p dimension|ess
dialgram —T— = constant
See also 3.5.3.3
m; Mzﬁs proportion of a gas dimension|ess
cofnponent
N Speed of rotation T-1
N, Ratio of reduced speeds N = N N dimension|ess
= —— v
'\/RZ-I Tt,'l Te A RZ] T't,T Gu
n Polytropic'exponent in the p— V' pV" = constant dimension|ess
diagram See also 3.4.1
Power ML2 T -3
D Absolute static pressure Force to be exerted on the unit area moving with ML-TT-2
the gas
Da Atmospheric pressure ML-TT-2
Dy Dynamic pressure See 8.1.3 ML-TT-2
DPe Effective (or gauge) pressure DPe =P — DPa ML T2
Dsat Saturation pressure Saturation pressure at temperature of the ML-TT-2
vapour-gas mixture
Dy Total pressure pe=D + Py ML-TT-2
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Table 3 — Symbols (continued)

1SO 5389 : 1992 (E)

Symbols Quantities Definitions and observations Dimensions 1)
Dv Partial vapour pressure ML-1T-2
Q Heat flow Quantity of heat supplied or delivered per unit time | ML2 T-3
Oco Corrected heat losses (equivalent) mML2 T-3
Oin Internal heat losses (equivalent) ML2T-3
Ome Mechanical heat losses (equivalent) ML2T-3
0., Heat losses by thermal transmission ML2T-3
—from-the-surface
qm Mass rate of flow L\
qy Volume rate of flow BT
R Specific gas constant Rumol L217120!
R==w
Re, Peripheral Reynolds number ub dimensionless
(arbitrary) Reu =<7
Refers in this International Standard to total inlet
conditions
Rl Universal gas constant Rino = 8314 J-kmol 1. K A ML2T-2@ " mol !
r; Volumetric proportion of a dimensionless
component
s Specific entropy L2120
T Absolute static temperature Temperature on, Kelvin scale (]
t Usual static temperature Temperature-on Celsius scale ®
ty, Ty Dynamic temperature (C]
tsat. Tsat | Saturation temperature (0]
t, T, Stagnation temperature (total) =1+ Iy ®
T,=T+ Ty
See 8.1.4
u Peripheral velocity u = nDN LT-!
Peripheral velocity at reference diarneter
Vv Volume L3
v Ratio of volume-rate of flow ratios (qy12/qv1)Te dimensionless
" gveo/avaiau
v Specificvolume Volume per unit mass M-1]3
W,, Spetific compression work Wy = {vdp L2 T2
X Isgbaric deviation factor See 3.2.4 dimerlnsionless
X Variable as used
Y Isothermal deviation factor See 3.2.3 dimensionless
y Molar proportion dimensionless
zZ Compressibility factor See 3.2.2 dimensionless
b4 Number of stages considered Indicates also number of stage groups separated by | dimensionless
intercoolers
a Heat transfer coefficient Rate of heat flow per unit area of surface per unit MT-3@-1
temperature difference
y Ratio of specific heats ) = p dimensionless
Cy
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Table 3 — Symbols (concluded)

Symbols Quantities Definitions and observations Dimensions
r Work input coefficient Ah, dimensionless
r= 2 -
Ax Absolute difference or variation of x same as for x
Ax Relative difference or variation dimensionless
X
) Blade position Position of adjustable guide vanes or blades
&y Absolute possible deviation of x same as for x
&y RElative deviation dimensionless
x
¢ Cpefficient i = 3, 4 or p (see clause 9) dimensignless
n Efficiency dimensionless
Igentropic exponent = — 4 ( ap ) dimensionless
p \oV /]S
Aig Cloefficient i =1,2, 3... (see annex B) dimensignless
k=1,273...
u Dlynamic viscosity ML-TTT?
v Kiinematic viscosity ) L2171
Q
14 Correction factor See 3.5.3.4, 3.5.3.5.and/3.5.3.6 dimensignless
Density Mass per unit volumeé ML-3
g S|tandard deviation See 5.9.4 same as ffor x
Ty Fflative measuring uncertainty or See 3.7 dimensignless
tplerance on x
Ly Flow coefficient Qv+ dimensignless
®7 Dru
@ Relative humidity See A.4.2.1 dimensignless
X Humidity content See A.4.2.1 dimensignless
b4 Reference process work coefficient Win,i . dimensignless
Y = —where i = pol,sor T
u2
w Acentric factor See A.3.1 dimensignless

1) L = length] M = mass; T = time; ©® = temperature; mol = amount of substance.

10
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Table 4 — Subscripts

Subscripts Meaning Observations
LI, ....,j| Section |, Section ll, ..., Sectionj | The Roman type figures relate to numbers of order of the compressor
sections
Il Cooled section Cooled section when compressor is divided into uncooled section | and
cooled section Il
1 Inlet Relates to quantities measured at the standard inlet point. In combination
with other subscripts denotes ‘““inlet’”
2 Discharge Relates to quantities measured at the standard discharge point. In combi-
TIatiorT withrother subscripts denotes—-outiet
a Atmospheric Characterizes atmospheric pressures and temperatures
adj Additional Additional uncertainty when inner tolerance limit~is ¢xceeded (see
clause D.2)
Cd Condensate
Co Converted Relates to the quantities converted to /specified conditions by similarity
computation
Cr Critical Characterizes critical pressures and‘temperatures
Cs Casing Characterizes the quantities measured on the compressor ca‘sing
comb Combined When x o is combined byysuperposition of results of severLaI stages
D Rotor
d Dynamic Characterizes dynamic\pressures and temperatures
En End
Ex Extreme
e Effective Characterizes the power input at the coupling of the comprgssor
el Electrical
f Friction Characterizes the friction losses (mechanical losses)
fluc Fluctuation Additional uncertainty due to fluctuations of power input
G Dry gas Characterizes the quantities of dry gas
Gu Guaranteed Relates to the quantities specified in the contract
IC,, ICy, || Intercooler I, 1I, ..., j Relates to first, second, ..., jth intercooler
- IC;
i Component Relates to component i of a gas mixture
in Internal
L Leakage
M Arithmetie’ mean Characterizes the arithmetical means of inlet and outlet quantities
m Mixtare
max Maximum
min Minimum
mol Molar
oil Qil Characterizes lubricating (and sealing) oil (mechanical losses)
Pr Primary Characterizes the driver of the compressor
p Isobaric Characterizes an isobaric (constant pressure) process
pol Polytropic Characterizes a polytropic process
r Reduced Characterizes reduced pressures and temperatures
res Resulting When x results from combination of several variables with individual errors
S Isentropic Characterizes an isentropic process

1
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Table 4 — Subscripts (concluded)

Subscripts Meaning Observations

sat Saturation

T Isothermal Characterizes an isothermal process

Te Tested Relates to the quantities measured during the test or fixed as test conditions
t Stagnation (total)

tol Tolerated
tot Relative When 7, . included additional uncertainty 7,4 and/or g,

u Pefipterat RefatestotheTeference Totor diameter l

un Unjt Characterizes the unit comprising the compressor, the intermediatte driving

system and the prime mover

ut Ushable

\% Vapour

v Isoichoric Characterizes a constant volume process

W Water Characterizes cooling water

X Vafiable

5 Equipment, methods and accuracy of
measurements

5.1 General

5.1.1 This clausg describes the instruments, equipment and
methods of meassﬁrement to be used in testing compressors in
accordance with this International Standard and describés ithe
measurement acguracy.

Where no specifit requirements for a particularimeasurement
are included, the jnstruments and methods of ‘'méasurement to
be used are subjdct to agreement.

5.1.2 Where an|international Staridard is available relating to
a particular measfirement or typé.of instrument, any measure-
ments used should be in accardance with such a standard.

5.1.3 Wherever| possible, instruments with a defined and
guaranteed ‘‘quality-grade’” (accuracy class) should be used.

5.1.6 Measurement stations for the determinationof the con-
dition of. flowing fluids shall wherever possible beg located in
straight.Jengths of pipe where the flow is substantiglly uniform
and.steady. For the main measuring stations at the inlets to and
discharges from the compressor, the arrangemenft shown in
figure 1 is recommended.

5.2 Apparatus

5.2.1 Instruments for determining the temperature of the
compressed fluid at the compressor inlets and discharges.

5.2.2 Manometers or pressure gauges for determining the
pressure of the compressed fluid at appropriate pdints on the
test stand.

5.2.3 Barometer to measure the atmospheric pregsure.

5.2.4 Flow measuring device to determine the flagw through
the compressor.

In this context ammstrument tam be said—to beof quatity
grade “’G"" when the maximum error at any level in the rec-
ommended range does not exceed + G % of the full-scale
reading.

5.1.4 Instruments shall only be used in that part of their range
recommended by the manufacturer or so defined in this Inter-
national Standard.

5.1.5 While the instruments and measurement methods are
generally to be recommended for the purpose, it is not intended
to restrict the use of other equipment with the same or better
accuracy.

12

5.2.5 TInstruments to measure the power consumption of the
compressor.

5.2.6 Equipment for sampling the working gas and to de-
termine its composition.

5.2.7 A device to measure the speed of rotation.

5.2.8 Arrangements to detect the occurrence of surge (when
applicable).

5.2.9 Devices for determining flow-rates and temperatures of
secondary flows to enable energy balances to be established.
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5.3 Measurement of temperature

5.3.1 Each temperature measuring device shall be in ac-
cordance with the appropriate national standards and shall be
calibrated against an instrument certified by a recognized
authority. Recommended instruments for measuring tempera-

ture are

a) liquid-in-glass thermometers;

b) thermocouples used with potentiometric-type instru-

ments;

1ISO 5389 : 1992 (E)

5.3.7 With liquid-in-glass thermometers, when the measured
temperature differs from the ambient by more than 5 °C, an
emergent stem correction shall be made according to the for-
mula

tre =t + 1Bt — ty)
where

tte is the true temperature of the gas stream;

t is the actual thermometer reading;

c) resistlnce thermometers.

5.3.2 Thed

minimum thi

ptecting element should be inserted directly into

kness shall be used. Precautions shall be taken to

the gas strea{-\ or, where this is not feasible, thermo-wells of

minimize me
orwellsand r
from that of

5.3.3 Form
inlet tempera
measured in
of the inlet fl

5.3.4 The ¢
temperature
test, shall be
pipe or duct
instruments ¢
the piping ar
flow and radi
shall be the a
allow for the

surement errors due to heat conduction in stems
hdiation from or to parts at a temperature different
he gas stream.

achines assembled for test with an open inlet, the
fure shall be taken as the atmospheric temperature
region of substantially zero velocity in the vicinity
Ange.

elivery temperature (or temperatures) and inlet
or temperatures), when a piped inlet is used on
measured by several instruments inserted into the
symmetrically set in one plane. The numbersof
nd their precise location depends on the layout of
d the precision required with due regard.to-heat
htion from the pipe surface. The fluid temperature
verage of the single measured values corrected to
velocity recovery effect.

Except in the
the use of s
recovery fac

Where it ca

case of gases with a significant’condensible phase
ielded stagnation-type.probes with a very high
r is recommended.

be shown that“the velocity recovery effect is

insignificant,| it may be neglected. In no case should it be
neglected if the dynamic\head exceeds 0,5 % of the specific
compression| work. Fhe"velocity recovery factor to he used
should be agfeed,.on7in the absence of any more specific values
the followind may‘be used:

ty is the average temperature of (the/lemergent fluid
column;

/ is the length of the emérgent column expressed in
degrees on the thermemeter scale;

B is the apparent~expansion coefficierjt of the ther-
mometer fluid\(for mercury-in-glass| thermometers
B = 1/6 300):

5.3.8 When'it'is necessary to determine the heat extracted by
intercoolers, lubricant or sealant flows or leakage flows, the
accuracy-of temperature and flow measuremepts shall permit
determination of the heat extraction with due regard to the ef-
fect.of such heat flows on the overall accuracy of the test.

5.4 Measurement of pressure

5.4.1 General

Each pressure measuring device shall comply with the
appropriate national standards.

Each instrument shall be calibrated with the ekception of ver-
tical “’U’’ tube manormeters using a liquid of kngwn density and
dead-weight gauges.

Connecting pipes shall be leak-free, as short as|possible, and of
a sufficient diameter and so arranged as to avpid blockage by
dirt or condensed liquid.

If the saturation temperature of the fluid is higter than ambient
temperature, pressure instruments shall be sityated below the
tapping points and connecting pipes shall be kept full of con-

a) thermometers and thermocouplesinwells : 0,65
b) bare thermocouples : 0,80

c) bare thermocouples with insulation shields : 0,97

NOTE — For more precisevinformation see [3] and [4].

5.3.6 Each instrument should penetrate into the pipe or duct
for approximately one-third of the pipe diameter.

5.3.6 Thermocouples shall have a welded hot junction and
shall be calibrated together with their compensating leads over
the anticipated range.

. hear the tapping
points to ensure constant level height.

Stations for the measurement of the pressure of flowing fluid
streams shall be located in a length of straight pipe or duct of
uniform cross-section in which the flow is essentially parallel to
the pipe wall.

Pressure instruments shall be mounted in a position sub-
stantially free from vibration.

The effective length of the scale of pressure measuring
instruments and the arrangement of the graduations shall
facilitate accurate readings within + 0,5 % of the pressure
measurement.

13
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5.4.2 Barometric pressure

Barometric pressure shall be determined by any means with a
maximum error not exceeding 0,333 mbar1). A barometer shall
be located in a stable place at the test site. Alternatively, the
barometric pressure may be obtained from a local meteoro-
logical station, with a correction for any difference in altitude.

5.4.3 Static pressure

Static pressure shall be measured by a number of tappings

When the test driver is a slip-ring type of induction motor, the
rotational speed may be obtained from accurate measurements
of both the supply frequency and the slip frequency.

In all other cases the rotational speed shall be measured with a
mechanical or electrical tachometer permanently driven from
the shaft.

The preferred type is a digital pulse counter based on a crystal
oscillator used in conjunction with a toothed wheel mounted on
the compressor shaft.

(normally four) spaced—around-the—pipe—at-the—measurement

station in one plane normal to the direction of flow.

and shall be fre

from burrs, countersinks or other irregularity

The tap-holes sqall be normal to and flush with the pipe wall

which could dis

urb the flow.

The diameter of
sistent with min

the tap holes shall be as small as possible con-
mizing the risk of blockage.

It shall be established that the pressure measured at any one

tapping at the

easurement station does not differ from the

mean of all pressure measurements by more than 1 % of the

absolute pressu

)

Having establisfjed that this requirement is satisfied, all the
tappings at one ptation may be connected into a common col-
lecting ring, provided that the effective cross-sectional area of
this collecting fing is not less than four times the cross-
sectional area ofl any one tap-hole.

5.4.4 Total pre¢ssure

Total pressure $hall normally be calculated from the._static
pressure and the calculated mean flow velocityshead (see
8.1.3). Where the degree of non-uniformity of flow is signifi-

cant, the charac]
be obtained frg
results of probe

eristic parameters (e.g. total.enthalpy) should
m a mass-flow-weighted_integration of the
traverses across the measuring plane.

5.5 Measuregment of flow

Fluid flow-rateq shall be. measured in accordance with
1SO 5167-1.

When other methods of flow measurement are proposed it
shall be demons‘rated that they are of equal or better accuracy.

5.7 Measurement of power

Where the performance is guaranteed in‘terms of the energy
input to the driver, this shall be measured in accgrdance with
the appropriate International Standards or nationdl standards.

Where it is the power input to the compresspr which is
guaranteed, this shall be measured

— by performing an’ energy balance on the driver in ac-
cordance with thé.appropriate test codes for the particular
type of machiney

— by¢measuring the torque using a cradlefl (swinging
field) type of motor or a precision torque-metefr,

or,.when these methods are not possible,

— by establishing a total energy balance for the com-
pressor, by measuring all the losses and adding|them to the
energy input to the compressed gas.

Torque-meters shall not be used for measurement below one-
third of their rated torque. They shall be calibrated with the
measuring element at the same temperature as used during the
test. The calibration shall be carried out twice| once with
continuously increasing load and once with ¢ontinuously
decreasing load, and the mean of the two sets of r¢adings shall
be used.

With both torque-meters and cradled electric motdrs it shall be
shown that the hysteresis effect, i.e. the differerjce between
the readings with increasing and decreasing Ipad due to
mechanical friction etc., does not exceed 0,8 % of the
measured torque.

Particular care is necessary when the compressed fluid contains
a condensible fraction. With most types of flow-meter it is
essential that the fluid is homogeneous. In extreme cases it may
be necessary to install a suitable separating device, and to
measure separately the gaseous and liquid streams leaving it.

5.6 Measurement of rotational speed

When the test driver is a synchronous electric motor the ro-
tational speed may be obtained from an accurate measurement
of the supply frequency.

1) 1bar = 105 Pa

14

58 D mation—of "

The chemical composition of gas or gas-vapour mixtures shall
be determined at regular intervals by recognized methods of
analysis.

Particularly when the gas contains condensible fractions, care
shall be taken to ensure that the sample analysed is truly
representative of the gas being compressed. In some cases this
may require that the condensible and non-condensible frac-
tions are sampled separately as they leave a suitable separating
device and that the rates of flow of the two fractions are also
established separately.
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if the working fluid on test is air, its humidity shall be de-
termined from wet- and dry-bulb temperatures or by other
recognized methods such as dew-point, freezing or chemical
absorption techniques.

5.9 Accuracy of measurement

5.9.1 Owing to the very nature of physical measurements, itis
impossible to measure a physical quantity without error or, in
fact, to determine the true error of any one particular measure-

ment.

1SO 5389 : 1992 (E)

then the mean value xy, is given by

n
12

Xp = — X;

M n i

i=1

and the standard deviation is given by

1 n
p— Z (x; — xp)?

However, if tLe conditions of the measurement are sufficiently

well known,

it is possible to estimate or calculate a charac-

teristic deviation of the measured value from the true value,

such thatitc
that the true

hn be asserted with a certain degree of confidence
error is less than the said deviation.

The value of|such a deviation (normally the 95 % confidence
limits) constifutes a criterion of the accuracy of the particular

measuremen
uncertainty.

For a partic

, and in this International Standard is called the

filar measurement the value of the uncertainty

(95 % confidence limits) can be determined in one of the
following ways.

5.9.2 Wher¢ the measurement has been made in accordance
with an estaljlished International Standard or national standard
which definep the accuracy of such a measurement, then the

uncertainty
reference to
ISO 5167-1).

confidence limits should be determined by
hat standard (e.g. for flow measurement referto

5.9.3 Wherg¢ the quality grade of the instrument has been

defined and
uncertainty f
reference to
pressure gau

guaranteed by the manufacturer.(see 5.1.3) the
br a particular measurement can be*determined by
the quality grade. For exaniple in the case of a
he, the uncertainty, 7, is‘given by

g = ]
¥ =1
Hence the uncertainty can be taken as ©2c.
5.9.5 In some cases the uncertainty (95 % cgnfidence limits)
can be estimated by considering the fundamerital principles of
the method of measurement.
For example, in the case of a simple liquid-colupnn manometer,
provided that thesdensity of the liquid is known precisely, the
accuracy depends. on how precisely the levgls can be de-
termined. WithoUt special equipment an accurpcy of £ 1 mm

should be\gasily achievable with the necessary| confidence.

Henc@&the uncertainty, 7, is given by

where H is the reading in millimetres.
NOTE — For differential heads in excess of 1 massumet,; = + 0,1 %.

A further example is an electronic digital tachorpeter in which a
precise crystal oscillator is used as the time bdse. In this case
the uncertainty, t,, can be taken as

TNZi

Z|w

where
S is the digital measuring step;

N is the speed of rotation displayed.

7, = £ ( LPen
Pte
where
G is the quality.grade;
Pen  is thelfull-scale reading of the gauge;
Pte is the actual test reading.
NOTE — Where a pressure gauge has a quality grade less than 0,2 %,

use a value of

5.9.4
variable are
readings can

0,2 to allow for location errors.

If a sufficiently large number of readings of a particular

available, then the standard deviation of these
be calculated; it is accepted to assume that the

uncertainty is equal to twice the standard deviation.

For example, if the values of a set of readings of one variable

are

X1, X2, X3, «

o Xjp vear Xp

S and N shall be expressed in the same units.

5.9.6 Where the value of a particular quantity is derived from
the measurement of two or more separate quantities, the ac-
curacy of the result is dependent on the accuracy of the
separate measurements. For example, when the shaft input
power to the compressor is determined by measuring the
electrical power input to the electric motor, having separately
determined the motor efficiency, the uncertainty confidence
limits of the shaft input power are given by

Tpe = * \/Tpe? + Ty

15
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where

T pel

Thel

is the uncertainty of the electrical power input;

is the uncertainty of the motor efficiency.

Tpe and 7, shall both be expressed as a fraction of the

measured value.

5.9.7

In the absence of sufficient information to use any of

the above methods, table 5 provides a guide to the accuracy

that can be expeq

instruments.

Table 5 — (

measurements

ted-from-good-auatity-commereiatiy-available

able it shall be agreed which data shall be used and the

uncertainties which apply to such data.

In annexes A and B methods of calculating the physical proper-

ties of gas and gas-vapour mixtures are provided.

6 Preparation for the test

6.1

Items on which agreement shall be reached

uiding values for uncertainty of test

Mfasu rement

Uncertainty

Temperature ™)
— suction te

— cooling wa

Flow measured
difference device

Speed measured

Power measured
— mechanical
— cradled mo
— a.c. motor
— d.c. motor

Power determine
the compressor

Pressure measurdd with
— liquid column
— dead-weigh} gauge
— Bourdon tupe gauge

erature

— discharge t¢gmperature

r, oil, etc.

ith standard pressure
(see ISO 5167-1)

ith mechanical tachometer
with

torque-meter

or

bf known efficiency

bf known efficiency

i from an energy balance for

+0,5%
+03%
+1,0%

+0,5°C
+1,0°C
+0,6°C

+1,5%
+1,56%

+2 %
+15%
+1,5%
£15 %

+1,5%tot4%

in-glass thermom|

*) A guide to tI—E

ter is given in table 6«

accuracy achievable with-a'good quality liquid-

6.1.1 Agreements required at the time of order

6.1.1.1 Agreement shall be reached as_to the loc
test, i.e. at the manufacturer’s works~on’site, or €

Particularly in the case of a sit€_test, agreeme|

htion of the
Isewhere.

nt shall be

reached on the necessary saféty)requirements relgting to the

test and it shall be agreed who' shall have the resp
ensuring compliance with these requirements.

6.1.1.2 It shall beagreed which type of testis to b
in accordance with the following categories.

Category 1

The, ‘compressor may be tested under the condit
guarantee, i.e. with the specified gas under the spe
conditions, with the guaranteed power input.

pnsibility of

b performed

ons of the
tified intake

In this case, the test speed shall be as close as pogsible to the

specified speed of the compressor.

Category 2

If the specified conditions cannot be reprodu
because of the gas composition, or because

available is insufficient, the compressor should be r
combination of speed and inlet conditions as to ¢
similarity conditions specified in 7.3.

In this case, the driving unit and the lubricating
devices may also be different from those on the si

Category 2 tests can themselves be subdivided into}

ced, either
the power
natsucha
tablish the

and sealing
te.

two types:

Categary 2a): Qpen-loop airtests |

Table 6 — Measuring uncertainty for calibrated
liquid-in-glass thermometers
Values in degrees Celsius
Measurement uncertainty for the
Temperatgre following graduation intervals

range. 01 | 02 | 05 | 1 2
-B0<0< -5 0,6 0,8 1,7 2 4
- 5<fh< 60 0,3 0,4 1 1,4 2
60 <6< 110 0,5 0,6 1 2 3
110 <6 <210 — 1 2 3 4
210< 0 <310 — — 3 4 6
310<6<410 — — — 5 8
410 < <625 — - — 6 12

5.10 Thermodynamic properties of fluids

Physical properties and thermodynamic data and the ap-
propriate confidence limits shall be obtained from established
International Standards. When such standards are not avail-

16

In this case, the manufacturer shall state whether or not the
similarity conditions specified in 7.3 can be fulfilled.

In a case where the similarity conditions cannot

be fulfilled,

the customer and the manufacturer should agree on the

tolerances to be applied to the test result.

Category 2b): Closed-loop tests with air or another gas

If the performance testing is carried out using a closed loop,
the manufacturer is free to choose any suitable test gas and
conditions, provided that the similarity requirements of this

International Standard are satisfied.
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6.1.1.3 Whether or not the pressure ratio or pressure rise is
based on static or total conditions, the precise location at
which the guaranteed inlet and discharge pressures apply shall
be agreed. Unless there are good reasons otherwise, total con-
ditions shall be assumed.

6.1.1.4 The basis for calculating the actual inlet volume flow
shall be agreed. Unless otherwise agreed, the inlet volume flow
shall be calculated from the measured usable mass flow and the
inlet density determined from the total temperature and total
pressure at the standard inlet point.

1ISO 5389 : 1992 (E)

the way it has been specified in the guarantee. Where this is
not possible, however, due corrections shall be applied to com-
pensate for gland leakage either into or out of the compressor,
condensate drained from intercoolers, bleed flows, etc. It is
often impossible to measure such quantities directly and in
these circumstances appropriate corrections shall be agreed
between the manufacturer and the purchaser. Particular care in
this matter is required when a compressor is being tested under
conditions far removed from those of the guarantee.

6124 When a machine is to be tested under conditions

6.1.1.5 The
data relating

6.1.1.6 The
cording to 9.

gas composition, charts, reference tables or other
to the guaranteee conditions shall be agreed.

criterion of acceptance of the test result, ac-
B.2, shall be agreed.

6.1.1.7 In the case of a site test, a deadline for the test should

be agreed up

6.1.1.8 As
given in 6.1.3

6.1.2 Agre

on.

hedule for agreements to be made on the matters
should be established.

ements required before the test

6.1.2.1 In t1|e case of a factory test, the manufacturer should

supply the ¢

a) theirn
handled &

b) thec
condition

c) aske
Before testin

the custome
that it is in

stomer with

dication of the gas if it is different from-the gas
ccording to the contract agreement;

hlculations for the determination«of\the similarity
B,
tch of the installation and instrumentation.

g commences, the installation should be placed at

‘s disposal, in order)that the customer may check
conformity with~the requirements of this Inter-

national Standard.

In the case g
this is submi]
that the latte

f a site<test, when the site layout plan is finished,
'ted by ‘the customer to the manufacturer in order

significantly different from the guarantee) ¢onditions, the
manufacturer shall propose for agreement-how the mechanical
losses shall be converted from test to iguarantge conditions.

6.1.2.5 Where any intermediate-form of power transmission,
such as a gearbox, is interposed between the Hriving unit and
the machine, the method by which its power cansumption shall
be taken into account, shall be the subject of ggreement.

When the power<consumption is guaranteed fin terms of the
power supply) to’ the driving unit, any variatjons in its per-
formance.due to the difference between test| and guarantee
conditions)shall be allowed for, subject to agrgement.

When the power consumption is guaranteed and the test has to
be carried out at reduced power, errors will befintroduced into
the corrected power consumption because ¢f those losses
which are not strictly proportional to the tgtal power. An
agreed correction shall be made for these errofs.

6.1.2.6 Where it is not feasible to test a maghine under the
conditions laid down in 7.3, special conditigns of test and
special corrections shall be agreed between|purchaser and
manufacturer.

6.2 Preparation of the machine

6.2.1 The compressor and associated equipment shall be in a
condition that is comparable to the condition when new with
respect to those aspects which can affect the [performance.

[ may check that all provisions have been made to 6.2.2 If pipes or ducts are fitted for the purpose of by-passing
carry out testing in conformity with the requirements ot this any component, or if bleed-off is used for any service, any

International Standard and may comment on these, if required.

Before testing commences, the installation should be placed at
the manufacturer’s disposal for examination of the test equip-
ment. The test programme should be agreed upon by the
customer and the manufacturer.

6.1.2.2 It shall be agreed that the calibrations of each instru-
ment used in the test shall be according to the appropriate
national code.

6.1.2.3 Usually the flow will be measured on either the inlet to
or the delivery pipe from the compressor in accordance with

valves in such pipes or ducts shall be set so as to produce con-
ditions specified in the guarantee.

6.2.3 All unused connections shall be blanked off.

6.2.4 Where lubricating oil, cooling water and seal-fluid con-
sumption is significant, provision shall be made for measuring
these.

6.2.5 The recommended grade of oil shall be used; otherwise
corrections to the power and oil consumption shall be made.
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6.3 Preparation of test equipment

6.3.1 Diagrammatic layout of test arrangement

Prior to the test a diagrammatic layout of the test arrangement
shall be established showing the agreed position of all measur-
ing points and containing the reference numbers and letters
used in the test report.

6.3.2 Installation of test equipment

6.3.3 Calibration of instruments

Initial calibration, where possible, of the instruments shall be
available prior to the test.

Recalibration, where possible, after the test shall be made for
those instruments of primary importance which are liable to
variation in their calibration as a result of use during the test.
Any change in the instrument calibrations which will create a
variation exceeding that of the class of the instrument may be a
cause for rejecting the part of the test which it invalidates.

See clause 5.

Inlet and dischgrge pressures shall be measured at agreed
points. A typicdl arrangement is shown in figure 1, taken
from [1].

Where necessary, provision shall be made for determining the
humidity, chemi¢al composition, density or viscosity of the gas
at the appropriate and agreed times during the test.

7 Tests

7.1 Preliminary tests
Preliminary tests may be run for the)purpose of

a) determining whether the compressor and associated
system is in a suitable condition to conduct anf acceptance
test;

Inlet temperature '

— 4 measuring statjons,
spaced 90°

Inlet velocity pressure

Discharge temperature
— 4 measuring stations,
spaced 90°

— 2 taps, spaced 90°
(used only when \ ,
velocity pressure |s

greater than 5 % |of )
total pressure)

Q

m
Inlet static pressure ]
— 4 taps, spaced 90°

Discharge static prgssure
— 4 taps, spaced 90°

D N
A N

AN

Q
m

Discharge velocity pressure
— 2 taps, spaced 90°

Y

-8
)_

T

1 |
- |

Baffle (perforated plate / b -

flow equalizer)

- |
L

N =

Capacity by ISO 5167-1
arrangement

\‘F\\

Throttle valve

Figure 1 — Test arrangement
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b} checking of instruments;
c¢) training of staff.

Aftar o mraliminan, [, an M H
After a pretiminary test nas been made, this may,

y
ment, be considered to be the acceptance test, provided that all
requirements for acceptance have been met.

7.2 General rules for setting up the compressor
for the acceptance test

1SO 5389 : 1992 (E)

oL . o~ —~ o o
Should, however, the conditions be su
e

be avoided, a distinction may be made between systematic
changes (drift) and fluctuations of high frequency.

In the case of a drift an adjustment to maintain the allowable
deviations shall be made only if the operational conditions
exceed the limits given in 7.3.

During the fluctuations, the number of readings shall be
increased, but the results may still be accepted provided that
the fluctuations are within the limits given in table 7.

7.21 Durin’ﬁwamahwmmmhmgwing
on the perfofmance shall be made. In the following, the deter-

mination of the capacity and the power consumption of the
compressor Will be treated in detail.

7.2.2 The reasurements shall be carried out by competent
persons with| measuring equipment according to clause 5.

7.2.3 The tpst conditions shall be as close as is reasonably
possible to the guaranteed conditions: deviations from these
shall not excped the limits specified in 7.3.

7.2.4 During the test, the lubricant, and the adjustment of
lubricating piimps, lubricators or other lubricating means shall
comply with [the operating instructions.

7.2.5 Durinp the test adjustments other than those required
to maintain the test conditions, and those required for normal
operation as given in the instruction manual, shall not be made.

7.2.6 Beforp readings begin, the compressor shall be run long
enough to ensure that steady state conditions are reached, so
that no syst¢matic changes occur in the instrumerit readings
during the tgst.

7.2.7 For each guaranteed point a number. offtest points shall
be obtained (not less than two) embracing the specified
point. The range coveied by these test points ghall be not less
than the range defined in figure 2,-i.e. from the condition in
which the reference process work-coefficient on test is equal to
that for the guaranteed point’fo the conditign in which the
flow coefficient on test_is_equal to that for [the guaranteed

point.

The reference process’selected for this purposeldepends on the
type of compressor. Generally, for uncooled machines an isen-
tropic or polytropic process should be selected and for cooled
machines«an isothermal process.

7.2(8 " For each test point the compressor shall be run for a
sufficient time and a sufficient number of sets pf readings shall
be taken to indicate that steady conditions have been reached,
to enable meaningful averages to be taken angl to ensure that
the requirements of 7.4.1 have been met. Nof less than three
sets of readings shall be taken. If a computer|zed data acqui-
sition system is used then one representative| printout of the
test results should be taken. As far as possible all readings in
one set shall be taken simultaneously at a given signal.

|
I
Specified point L— —

Reference process wqrk coeffigient

Test curve

Flow coefficient

Figure 2 — Minimum range to be covered by the test
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7.2.9 Where the usable stable range of the compressor is to
be proved, the capacity at which surge occurs is determined by
slowly raising the pressure ratio at constant speed until
unstable or pulsating flow appears. A test point shall be set as
close to the surge as possible. The precision of the determi-
nation shall be demonstrated by repeating the setting.

For variable speed and/or variable geometric compressors,
surge points may be determined at different speeds or settings
to cover the anticipated range of operation.

It shall be understood that the surge point determined in a shop

deviation on the performance of turbocompressors is taken into
account by appropriate correction methods which should be
used only in a certain range of application.

The range of application of the correction formula and the
selection of a suitable test Reynolds number are influenced by
two factors, i.e.

— the accuracy of the correction formula at different
Reynolds numbers, and

— _the reliability of tests carried out at reduced suction

test may not a rge—condition—with
other pipe configurations and other gas densities.

7.2.10 After thq test the compressor plant and the measuring
equipment shall be inspected. Should any faults be found that
may affect the tgst results then a further test shall be run after
these faults have been corrected.

7.3 Particulaf rules for setting up the compressor
for the acceptance test

7.3.1 Guiding

Before the begir]

pressor shall be f

mation to similar]

The conditions

flow are dealt wi

In practice it is

brinciple

ning of a test run, the settings of the com-
xed so as to achieve the best possible approxi-
ty of flow for test and specified conditions.

p be fulfilled in order to achieve similarity of
th in clause D.1.

pften impossible to fulfill all the above con-

ditions. Admissilple limits for the deviation from similarity arg

considered in thg

7.3.2 Allowed

The magnitude o
additional uncer]
being flat or steq

A characteristic ¢

following subclauses.

deviation from specified rate of.flow

f the permissible deviation of J/\from 1 and the
fainty depend upon the chatacteristic curve

p.

urve is steep if, at the-point being considered,

d(_zz)
b1/t v
X
dqy,e,1 P2
Pt

pressures or low driving power.

For centrifugal compressors, the well-proven method of the
International Compressed Air and Allied-Machinery] Committee
(ICAAMC) for correcting the perfofmance for \ariations in
Reynolds number shall be used (seg’annex E).

The limit of application of the<{ICAAMC formula| is given in
annex D, figure D.5, and.anpex E.

For axial compressors, the appropriate method ¢f Reynolds
number corrections depends on the blade charactgristics used
by the manufactirer. Therefore the method should be agreed
by the manufacturer and the customer, as well as the range of
its application.

7:3.4 Determination of the settings

The formulae required for the determination of the|settings are
evident from the flow charts given in clause D.5.

These charts, one for perfect and near-perfect|gases (see
figure D.6), the other for real gases (see figure [).7), will be
followed according to the conditions prevailing. Each of them
includes the following cases:
a) uncooled compressors;

b) compressors with intercooling.

Both have two possibilities for the isentropic expopent k- for
the test conditions, i.e.

a) same as for specified conditions, or

b) different.

If a flat characteristic curve is assumed according to a
calculated performance diagram supplied by the manufacturer,
this assumption shall be confirmed by the test result. Other-
wise, the settings shall be corrected to satisfy the requirements
of this International Standard for a steep characteristic curve.

The range of values of the reduced speeds corresponding to
the permissible deviation of ¥, and any additional resulting
uncertainty can be determined in accordance with annex D.

7.3.3 Permissible variation from specified Reynolds
number

It is necessary to check the deviation of the test Reynolds
number from the specified conditions. The influence of this

20

Furthermore, three alternatives are considered for the deter-
mination of the isentropic exponent k,:

a) constant {perfect and near-perfect gases only);

b) known from characteristic equations as a function of
pressure and temperature;

c) calculated from conditions of state referred to the
critical pressure and temperature of the test gas, following
Schultz.

The input values for the above flow charts are to be found
in D.5.1.
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The relationships shown in the flow charts for determining the
limits of the permissible setting up conditions for the com-
pressor on test are shown in figure D.3 for k1o = K, and in
figure D.4 for k1o # Kgy.

These are referred to in clause 8.

The charts giving the generalized compressibility factors
necessary to calculate Z, X and Y as a function of reduced
pressure and temperature are to be found in clause A.3.

1SO 5389 : 1992 (E)

8 Calculation and adjustment of test results

8.1 Computation of results

8.1.1 Purpose of evaluation

For the acceptance test only those values wh

ich are essential

for the verification of the specified data are calculated and

compiled.

From the average values of the readings, determined according

7.4 Evalultion of the readings

7.4.1 Beforg final calculations are undertaken, the recorded
data shall be|scrutinized for consistency of the operating con-
ditions. The [fluctuation of readings during one test shall not
exceed the lipnits given in table 7.

Table 7 — Maximum allowable fluctuation of readings
from average during one test run

Maximum allowable
fluctuation of readings

Vriable from average during
one test run
Absolute inlgt pressure +1%

Absolute inlgt temperature
(of each sectjon in the case of a

cooled comgressor) +1%
Speed +0,5 %
b2 —|P
Ratio [ —2—— +2,0 %
D1 t
A
Ratio™ 2p +£2,0%
p

*) Where Ap is the pressure drop.-across a flow measuring
device, p is the absolute pressure at.this instrument.

NOTE — Duripg the test the gas“composition should not vary by an
amount greatdr than that equivalent to a variation in either R or k of
+1 %.

If these limits gre exceeded, the test is invalid except by special agree-
ment, in whicl casesuch an agreement is to include consideration of
the appropriatp tolerance.

To clauses b to 7, the results may be computed according to the

following subclauses.

8.1.2 Mass rate of flow and inlet' volume

tric flow

The actual inlet capacity is obtained by converting the gas flow
measured by the measuring-device from the cgndition there to
the total condition at the 'standard inlet poing, due consider-

ation being paid to any‘leakage flow and cond

qm,ut qm,utZ1R Tt,1

dvir = =
" Ot 1 Pt

where

bnsate flow, i.e.

Gt 18 the measured usable mass rate off flow;

0¢1 s the density based on total conditi
R is the gas constant (see annex A);
D1 s the total pressure;

T;1 s the total temperature;

Z4 is the compressibility factor.

8.1.3 Dynamic pressure (velocity pressur

In most cases the static pressure p can be dire
the standard inlet and discharge points.

If the velocity distribution across the area A
dynamic pressure, py, can be derived from
equation and the measured mass rate of flow

2 Pd { 1 [
—_— =14+ — = -
D D L1 (K—1\Mﬂ% x

bNs;

)

tly measured at

is uniform, the
the continuity

- 1) Ma? -

7.4.2 All accepted sets of readings from any test run shall be
consecutive.

7.4.3 Sets of readings showing excessive fluctuation may be
discarded but only at the beginning or the end of a test run. All
readings in any set should be taken as nearly as possible
simultaneously.

7.4.4 Test results shall be calculated from the arithmetic
average values of the accepted readings.

K

-1 +2k— 1) Ma2 + 1]}

where

¢ a4, |ZRT,
a, Ap K

1-k

tor low gas velocities an approximate simplified formula is

2
» 2 Mat
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This approximation may be used provided that the value of
L so calculated does not exceed 1,05.

p

If the velocity distribution across the area A is significantly non-

uniform, the dynamic pressure shall be found from a mass-
flow-weighted integration over the area (see 5.4.4).

8.1.4 Total temperature

Normally the pressure ratio and temperature ratio are based on
total conditions (see 6.1.71.3].

In most cases the
aspiration and e

If static conditio
temperature shal

measurements of the performance of the compressor are taken
under precisely the specified conditions. If the operating con-
ditions prevailing during the tests differ from those on which
the guarantee is based, the test results shall be converted to the
conditions specified for the guarantee. These converted results
may then be compared with the specified figures.

8.2.1.2 Individual results to be converted

The particular results with which the conversion is concerned
are

total temperature may be measured at normal
halation points.

s are specified in a particular case, the static
be obtained from the following relation:

T
T _
1- 9
where
—_ qm
Ma, = Ap

8.1.5 Referend

The reference pqg
ing to 3.6.2 afte

I /ZRT,
K

e power for compression

wer consumption shall be computed accord-
the appropriate choice of the reference pre

cess has been dg¢cided upon.

8.1.6 Actual ppbwer consumption

The actual power consumption can be computed in three
ways :

a) from dirdct measurement of the-input torque using a
torque-meter|or a dynamometer;

b) from an ¢nergy balance for the prime mover using the
formula

Pin:Pun_PPr“Pf

c) from an ¢nergy balance for the compressor itself using

a) the actual inlet volume flow gy ; 1,
b) the pressure ratio (p,/p4);, and

c) the power consumption atthe coupling P,

The power consumption at the coupling is made yp of the in-
ternal compression power.P;y and the mechanical ppwer loss P;
which will be converted(separately.

8.2.1.3 Theoretical basis of conversion

The pringiple of the theory of similarity of flow upgn which the
following conversion rules are based, together wlith the per-
missible approximations to this theory are covered|in annex D.

8.2.2 Conversion of mechanical losses

The sum of all mechanical losses may vary considlerably with
the particular test and specified conditions especially with
regard to speed, power input, thrust and viscosity [of the lubri-
cant.

Mechanical losses occur mainly in the bearings, lubricant
pumps, gearing belonging to the compressor, liquid seals,
sliding-ring seals, and so on.

These losses are normally determined by measuring the rise in
temperature of the oil, etc., or from the physical|dimensions
and test results, using recognized formulae. The various
individual losses have to be converted separately, their sum
giving the desired figure of mechanical losses P; with the aid of
which P, can be calculated, as follows:

the formulae given in 3.6.5.

Methods b) and c) should not be used unless the energy
balance can be established with sufficient accuracy.

8.2 Conversion of test results to specified
conditions

8.2.1 General

8.2.1.1 Purpose of conversion

The test results can only be compared directly with the
guaranteed values when, during the acceptance tests, the

2

Pe=Pin+Pf

The formula for the conversion of the mechanical losses shall
be agreed upon before the test (see 6.1.2.4).

8.2.3 Conversion of test results for uncooled
compressors

8.2.3.1 In the case of all uncooled compressors, whether the
isentropic exponents are equal or not and whether the speed or
inlet temperature is adjustable or not, the test results can be
converted to the specified conditions using the formulae given
in figure D.8.


https://standardsiso.com/api/?name=10de5ec524ef1896b58878e2bbca636c

8.2.3.2 Where k1, = kg, the conversion is as follows.

If the speed or intake temperature is adjustable, the requirement
of equal peripheral Mach numbers or that (N/v/ Z1RTy 1)te
should be equal to (N/~/ Z1RT, 4)g, can easily be complied
with within the inner tolerance limit [see figure D.3a)] and con-

version may be carried out in accordance with the formulae
given in figure D.8.

In this case no additional uncertainty is introduced.

If the speed g
ficient accurdcy, or not at aII devnatlon of the ratio

(N/NZRT 1o/ ININ Z1RT )60
up to the oufer tolerance limit is permissible.

In this case gn additional uncertainty is introduced (according
to instructions given in clause D.2).

Outside the quter tolerance limit there is no point in converting,
unless specigl agreements have been reached.

8.2.3.3 Whpre k1, # K, the conversion is as follows.

Regardless ¢f whether the speed or intake temperature is
adjustable or|not, check with the aid of graphs (see figure D.4),
whether the fratio

(N/NZ1RT 1)1e [ ININZ R, 1)gy

is within the [inner or outer tolerance limit. In the latter case an
additional ufcertainty will be introduced according to in-
structions giyen in clause D.2.

If this ratio falls outside the outer tolerance \limit, the test shall
be invalid ¢xcept by special agreement! The conversion
formulae are|given in figure D.8.

8.2.3.4 |If the test results are to be computed according to
Schultz’'s method of polytropic analysis, the conversion
formulae giyen in figure,D.9 shall be used, after checking
whether the [test is valid\(as outlined in 8.2.3.3).

8.2.4 Con\ersion of test results for cooled compressors

1SO 5389 : 1992 (E)

The same can be applied for k1, # kg, provided that the ratio

(N/INZ1RT, )16 [ ININ Z1R T g

for any stage between two intercoolers does not exceed the
limits (see figure D.4). If these ratios are within the outer but
outside the inner tolerance limit, an additional uncertainty as
given in clause D.2 is introduced. Outside the outer tolerance
limit, the test is invalid except by special agreement.

If the speed is not adjustable but the temperature at the inlet to
ating the flow of cooling
water to the lntercoolers such that the ratioof these absolute
inlet temperatures to one another and to the\teémperature at the
compressor inlet on test are the same<as lajd down in the
specified conditions, the formulae in figure D{10 may also be
used for conversion, provided that-the ratio

(N/NZ{RT )16 | ININFZiRT 1)gu

is within the outer tolerances [see figures D.3a)) and D.3b)]. In
this case an additional uncertainty as given by clause D.2 is
introduced. Outside the outer tolerance limit, there is no point
in converting.

8.2.4.2".In the case of cooled compressors in which the ratios
of _the absolute temperature after the intercoolers to one
another are the same under test and specified conditions but
the ratios of these temperatures to the cpmpressor inlet
temperature are not the same, and when k1, + kg, the con-
version may be carried out as follows.

Whether the speed is adjustable or not, and if| the ratio of the
absolute temperatures after intercoolers during the test is the
same as in the guarantee, but the ratio of these|temperatures to
the temperature at the compressor inlet is pot, the results
obtained for the uncooled part | and the cooled part Il of the
compressor may be converted separately tq specified con-
ditions according to the formulae given in figyre D.3 provided
that the ratios

(N/NZ1RT )16 / IN/N Z1RT 1)gu

are within the outer tolerance limit given in figyre D.8 for part |
and for any stage of part Il between intercoolgrs.

If k¢ # Kg, the above ratios shall lie within the respective
tolerance limits given in figure D.4. T

8.2.4.1 In the case of cooled compressors in which the ratios
of the absolute temperatures after the intercoolers to the com-
pressor inlet temperature are the same under test and specified
conditions, k1, = kg, the conversion may be as follows.

If the speed and the temperature at the inlet to individual stages
are adjustable by varying the ratio of flow of cooling water
through the intercoolers, the condition of equal Mach
numbers, or (N/A/ Z{RT;1)te = (N/n/ Z1RT;1)g, should
easily be met at each stage, to within the inner tolerance limit
[see figure D.3a)l, so that the conversion to specified con-
ditions can be carried out using the formulae in figure D.10. No
additional uncertainty is incurred.

When the compressor is considered in two separate parts in
this way, the discharge conditions for the uncooled part (part [)
should be taken as the temperature and pressure before the
first intercooler. The inlet conditions for the cooled part (part 1)
should be taken as the pressure before the first intercooler (i.e.
the discharge pressure of part ) together with the temperature
after the first intercooler.

Where it is not possible to obtain a representative measurement
of the temperature after the first intercooler, this temperature
may be estimated from the cooling water temperature and the
design terminal temperature difference in the intercooler
making due allowance for any difference in heat transfer in the
intercooler between test and specified conditions.
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The absolute temperatures after the intercoolers may be
assumed to be in the same ratio to one another under test and
specified conditions if the cooling water temperatures are in the
same ratio and provided that the mass flow of gas through the
intercoolers under test and specified conditions is the same
within 5 %.

The measured power consumption of the compressor shall be
separated into part | for the uncooled section and part Il for the
cooled section. In general, this separation will be possible by
providing the proper measuring devices. If this is impossible,
the division may be in relation to the stage heads according to

9 Comparison with guaranteed values and
tolerances

9.1 General

9.1.1 The test results, converted to the specified operating
conditions in accordance with clause 8, shall be compared with
the guaranteed or specified performance.

the design data.

8.2.4.3 In the dase of cooled compressors in which neither
the ratios of the gbsolute temperatures after the intercoolers to
one another nor the ratios of these temperatures to the com-
pressor inlet temperature are the same under test and specified
conditions, the cpnversion may be made as follows.

If the conditiong of constant relationship between the gas
temperatures aftg¢r the intercoolers are not fulfilled, the values
shall be convertgd separately for all cooled stages and the
results combined|.

If the test results|are computed according to Schultz’'s method
of polytropic anplysis, the conversion formulae for a stage
between intercoqlers are given in figure D.9.

Where, in accordance with the above rules the compressor is
considered in two or more parts, the converted results shall
then be put together in order to compare them with the
specified values. JAn additional uncertainty as described in 9.2.9
may be introduced.

8.2.5 Special rjote

If in the intercoojers of the compressor, some ¢f'the working
fluid is lost dug to condensation, either oh ftést or under
specified conditipns, this loss shall be taken-into account in
working out the power consumption and the  discharge flow. It
must be borne in|mind that the quantity actually lost in such an
intercooler is gegnerally smaller ¢han” the figure calculated
thermodynamically (efficiency of/separation less than 1). See
A.4.2.8.

Moreover, during the process of compression it is possible for
chemical combinption ta take place, which will change the gas
parameters, espdcially density and temperature.

9-12—Fh isor-shatrelode——
9-12—Fhe-eompet

a) comparison of the converted powet) cpnsumption
(specific power consumption, fuel consumpftion or ef-
ficiency depending on the terms of the guarantge) with the
guaranteed power consumptiong{specific powdr consump-
tion, fuel consumption or efficiency);

b) comparison of the~converted capacity] with the
guaranteed capacity. This/may be defined ag either the
pressure rise (or pressure ratio, or specific dompression
work) at the spetified flow-rate or the flow{rate at the
specified pressudre rise (or pressure ratio, or specific com-
pression work);

c) comparison of the acceptable operating rarjge with the
guaranieed range where this has been stated.

91,3 It is recommended that in most cases the comparison
should be presented graphically (see 9.3).

9.1.4 Unless otherwise agreed, the comparison of the
measured and corrected performance with the guafanteed per-
formance shall be made

a) in the case of a compressor with a steep characteristic,
by comparison at the guaranteed pressure rise {or pressure
ratio or specific compression work);

b) in the case of a compressor with a flat chardcteristic, by
comparison at the guaranteed actual inlet volumie flow-rate.

NOTE — For the definition of the flat or steep characterigtic see 7.3.2.

9.1.5 In making the comparison the following shiall be taken

If a compressor has intermediate inputs and/ or extractions, the
corresponding incoming or outgoing volume flow and the
temperatures of any incoming streams shall have the same re-
lationships to the main flow and temperatures under test as
under specified conditions. Otherwise each section of the com-
pressor between intermediate inputs or extractions shall be
considered separately.

If the compressor is run at different pressures on test and under
specified conditions, the change in external leakage, if any,
shall be allowed for in the effective volume flow and power
consumption.

In the case of multiple or series-connected compressors it may
be advantageous to consider each casing separately.
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into—account:
a) measuring uncertainties (see clause 5);

b) errors due to the inaccuracy or uncertainty in the
thermodynamic properties of the gases used;

c) errors due to the inaccuracy of the methods used to
convert the test results to the guaranteed operating con-
ditions;

d) errors due to non-steady conditions during the test;

e) any tolerance in the performance of the compressor
permitted by the terms of the guarantee. (See 5.9.)
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The errors listed above [9.1.5a) to d)] should be combined
together to determine the total test uncertainty (limits of confi-
dence). This and the manufacturing tolerance [9.1.5¢e)] should
be clearly and separately stated or illustrated in the presentation
of the comparison.

9.1.6 In the presentation of the comparison, a conclusion
should be included stating whether the results of the test
indicate that the compressor does or does not meet the terms
of the guarantee.

1ISO 5389 : 1992 (E)

These additional uncertainties should be added in accordance
with 9.2.9 to the value obtained from combining the measuring
error, thermodynamic data error and conversion errors.

9.2.5 Total uncertainty in flow-rate

The total uncertainty in the volumetric flow-rate is obtained
from

9.2 Total test uncertainty (95 % confidence limit)

9.2.1 Measpring uncertainties

The confiderjce limits associated with the various measure-
ments are dg¢termined using one of the methods described
in 5.9.

9.2.2 Therrl\odynamic data uncertainties

The confidece limits associated with the thermodynamic
properties of the gases used should be obtained from the same
source as the values used, or otherwise agreed separately.

9.2.3 Conversion uncertainties

Where the pdttern of flow on test cannot be made the same as
the pattern ¢f flow under the guaranteed conditions at all
points throughout the compressor, then the methods of con-
verting the tgst results defined in clause 8 are only approxi-
mate. If the ¢leviations from true similarity of flow are'signifi-
cant, then additional errors are introduced by the.conversion.
The magnitude of any such additional errors can be determined
from the chafts given in annex D.

9.2.4 Errorg due to non-steady test_conditions

If the operating conditions duringa test run are not steady,
then additionpl errors may ogcur/The maximum fluctuations in
test conditions which are.normally allowable are specified
in7.4.1.

In some caseps, howevVer, if the test is conducted on site it may
not be possible.to maintain steady conditions within these
limits. In su agreement the test may be

— Z Z 4 y: 2
TTGS.QV x \/ Tqm,Te + TN,Te + Tp1,Te + 7"71,Te + TZ1,Te

where 7, 1, is the uncertainty in the mass/flow-rate according
to ISO 5167-1.

9.2.6 Total uncertainty’in pressure ratio

The total uncertainty-in the pressure ratio is

1
Tres, py/pp= T ~NZ {[Inpa/ P13 (475 1 + T 70 +
r

2 2 2 2 1/2
+ TR,Te + TZ1,Te) + Tp1,Te + 1p2,Te}

where

RZ1\ T 1 Jre

NZ
(RZ 1731 )Gu

9.2.7 Total uncertainty in power consumption, specific
power consumption, specific fuel consumption or
efficiency

NZ =

The total uncertainty in power consumptiorn} (or fuel con-
sumption) is obtained by calculating the square|root of the sum
of the squares of the appropriate individual ungertainties each
multiplied by an appropriate factor.

considered valid but an additional error is introduced, the likely
maximum value of which (confidence limit) can be obtained
from table 8.

Table 8 — Uncertainties due to the instability
of test conditions
Values in per cent

Uncertainty
(confidence limit)

Fluctuation in power input
about the mean value

2 0
3 05
4 1,0
5 1,5

The relevant individual uncertainties and the appropriate
factors by which each should be multiplied for each type of
compressor and each type of test are given in table 9.

Similarly the individual uncertainties and their appropriate
multiplying factors to determine the total uncertainty in specific
power consumption, specific fuel consumption or efficiency
are given in table 10.

EXAMPLE

In the case of a cooled compressor in accordance with 8.2.4.2
in which the power consumption was obtained by measuring
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the shaft torque and speed, the totai uncertainty in power

COnSUmpIIUh is glven Dy

U R T CO A O
res, P, - l\ + la P, Te \ 1.C F.Te
+ {24, Intpa/pidy s co T Tel” +

The factor (1 + 0,2 v/ z — 1) is included in each of the above
formulae to allow for the unavoidable inaccuracies involved in
measuring each stage or stage group separately and combining

the results.

9.2.9 Additional uncertainties

Where additional uncertainties due to the conversion from the
t_e,.,'r conditions to the guaranteed conditions (see 9.2.3) or to

on-steady test conditions (see 9.2.4) are appropnate these
should be added to the total uncertainty statistically :

+ [£, In(po/p1) ) co Ty e ]2 +

+ [£, In(pa/D1)e 1 co Tz Te ) +

2
+ (Cp Trt,,,nc)Te +

) (22 , |12
T 7
Pioille)re T \z—1 Turilte

z is the numper of stage groups separated by intercoolers;

+
1

1 2
————Tp,
nipy/pq)y V2| Te

+
—

where

J is the number of the stage group.

9.2.8 Total un¢ertainties in the performance of a
multistage conjpressor obtained by combining_ the
results of sepr:]ate tests on the individual stages'or stage
groups

In this case thg overall uncertainties can\be computed as
follows.

9.2.8.1 Volumetric flow

Tcomb, gy =

Z
1
T2V Y 7,

9.3.1 Normal case

Normally (see 7.2.7) at leasttwo test points will pe obtained
close to and bridging theiguarantee point or each of several
guarantee points. The comparison is made as follgws.

A chart is constructed in which the parameter to be compared
(specific compression work, pressure ratio, prgssure rise,
power consumption, specific power consumption| efficiency,
etc.) is plotted as the ordinate against flow-rate as the abscissa
(see figure 3). Each test point is plotted on thi$ chart and
around-each point is constructed an ellipse, the aXes of which
indicate the magnitude of the uncertainties in the relevant
parameters. Upper and lower curves are drawn tangential to
these ellipses. It can be stated, with at least 95 % [confidence,
that the true performance of the compressor lies within this test
band.

The comparison is made by plotting the guarantegqd operating
point or points on the graph.

9.3.2 Criterion of acceptance

The criterion of acceptance of the test result shall Qe subject to
specific agreement between manufacturer and customer taking
account of the test uncertainty and the agreed mgnufacturing
tolerance.

Where no such agreement has been reached the following
criterion shall apply.

J=1 The guarantee shall be deemed to have been safisfied if the
guarantee point lies within the test band or If the extent by
which it lies outside the test band (measured either horizontally

9.2.8.2 Pressure ratio or vertically depending on how the guarantee was stated) does
not exceed the agreed manufacturing tolerance.
4
— W,
Toomb,pytpy = (1+0.28/2=1) Z “palpri g WJ 9.3.3 Special cases
j=1

9.2.8.3 Power consumption

z

P,
Teomb,p = (14+0,2+/2-1) Z Tp E_]JJ
J

J=1

Where it is not possible to satisfy the requirement of 7.2.7, a
single test point may be compared with a guaranteed per-
formance curve (see figure 4). In this case, the guaranteed
curve is drawn on the chart together with the agreed manu-
facturing tolerance giving a guaranteed band. The single test
result is plotted together with the ellipse indicating the
magnitude of the test uncertainty.
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In this case, unless otherwise agreed, the guarantee shall be
considered to have been met provided that some part of the
test ellipse touches or cuts the guaranteed band.

9.4 Non-graphical comparison

In the exceptional case that only one test point is possible and
this has to be compared with one guaranteed point, the
measured power requirement which has been converted to
guarantee conditions P, ¢, is further reduced to guarantee
values using the formula

1SO 5389 : 1992 (E)

— driving unit: generally the same items as for the com-
pressor, but in particular those which are essential for
establishing the specified performance;

c) conditions and scope of the guarantees according to
the contract;

d) programme of the procedure and diagram of the test
arrangement indicating location of measuring points, type
of instruments used and their calibration records;

e) a record of the test run together with a table of the

_ vieu Wi

Pe Co,Gu
T qvi1,co' Wm,co

e, Co

assuming a| constant efficiency, and is compared with the
guaranteed power requirement P, . The applicability of this
method is ligited by the admissibility of the constant efficiency
assumption

10 Test report

After completion of the acceptance test, a test report shall be
drawn up regording all the necessary information as to the pro-
cedure and [results of the test. It shall contain the following
items :

a) dataland place of the test and the names of the super-
visor and other participants;

b) techhpical data as follows

— cqgmpressor: owner, site and purpose of installation,
manufacturer, type and serial number, year-of*manu-
factufe, a short technical description giving operational
data, |auxiliaries and their drive, and any, other special
featufes (intercooling and lubricatingsystem, etc.),

average values of the important readings and the time they
were taken; if possible, a record df)th¢ maximum and
minimum readings; copies of the log sheets and of any
readouts from an automatic reeorder, as well as duplicates
of the gas analysis, etc.;

f) an indication of any unscheduled ocfurrences which
were noted during the test;

g) the formulae used for the calculatioh of the results,
with due regard to the propagation of the mean uncer-
tainties as(they influence the final results;

h) astatement of the method used for cgnverting the test
restlts to specified conditions with reference to the tables
and charts used (8.2); a clear definition of the reference pro-
cess chosen;

i) a comparison of the actual performnance with the
guaranteed values or data; a statement of ywhether the con-
tract values have been met or not.

The test report shall be signed by repres¢ntatives of the
manufacturer and customer. The original Jog sheets shall
remain in the custody of the engineer in charge of the ac-
ceptance test.

27


https://standardsiso.com/api/?name=10de5ec524ef1896b58878e2bbca636c

1SO 5389 : 1992 (E)

Table 9 — Individual uncertainties and appropriate multiplying factors ' to be used to calculate

the total uncertainty in power or fuel consumption?2

Uncooled compressor Cooled compressor Cooled compressor
Individual | (see 8.2.3) (see 8.2.4.1) (see 8.2.4.2)
uncertainty Method of power measurement3 Method of power measurement3) Method of power measurement3
1 2 3 1 2 3 1 2 3
1 1 1
T 0 — 0 0 —_— 0 0 _— 0
Pe.Te 1+ 1/, 1+1/¢, 1+ 1/¢,
p Pin,Co A ’~ Pin,Co A ’ Pin,Co A 0
’T \YJ \%4 %4 \"4 A4
n 1€ Pe,Co Pe,Co Pe,Co
. Pf,CO 1 1 Pf,CO 1 1 Pf,CO 1 1
P
tTe Pe,Co 1+ C4 1+ C4 Pe,Co 1+ C4 1+ C4 Pe,Co 14 C4 T+ (4
Tqy.Te 0 0 0 0 0 0 0 0 0
1 1 1
T 0 0 _— 0 0 _— 0 0
F.Te 14178, 1+ 1/¢, + 1/,
)2 b2
TN 1 1 0 1 1 0 1+2¢ ln(—) 2¢ In(—)
¢ P\ py I,Co A\ co
1
T [ B—
PrTe In (p2/p1lye
b2
: 0 0 0 0 0 0 ¢, (—)
Ti.Te PP \p1/y co
T2, Te 0 0 0 0 0 0 Z,In (5’2)
P1/1,Co
Tp,,Te 1
TR, Te In (pa/P1)te
Ty, Te {3 (3 {3 Y 0 0 Y 0 Y
7,0, Te 0 0 0 0 0 0 ¢p {p ¢y
TZ01,Te 0 0 0 0 0 0 Cp Cp Cp
z—1 z—-1 z—-1 z—2 z—2 z—2
T 0 0 0
T Te z z z z-1 -1 z-1
1) Correction fagtors are given'by the formulae
¢ 1 4 In(pa/py)1e
3= A
-1 _
(e =g KTe 1- (Pz/m)n“ Kol /KTe
C - Pe, Te
4 P Pin,Te P
f,C - fT
° Pin, Co e
¢ = Pin,11,co
P Pin, Co
2) z = number of stage groups separated by intermediate coolers.
3) Methods of power measurement:

Method 1: by measuring the internal power P;, and the mechanical losses Ps.
Method 2: by measurement at the drive unit.
Method 3 : by measuring the torque F and the speed N.
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Table 10 — Individual uncertainties and appropriate multiplying factors!) to be used to calculate the total uncertainty
in specific power consumption, specific fuel consumption or efficiency?

Uncooled compressor Cooled compressor Cooled compressor
- (see 8.2.3) (see 8.2.4.1) (see 8.2.4.2)
Individual
uncertainty Method of power measurement3 Method of power measurement3 Method of power measurement3
1 2 3 1 2 3 1 2 3
1 1 1
T P - 0 -
PeTe 0 T+ 1/, 0 0 T+ 174, 0 1+ 174, 0
h Pin co 6 8 Py co 9 8 Pin co & 0
in-Te Pe,Co Pe,Co Pe,Co
Ps o 1 1 P co 1 1 P co 1 1
T
PrTe Pe,Co 1 +C4 1 +C4 Pe,Co 1 +C4 1 +C4 Pe,Co 1 +C4 1 +C4
1 1 1
_— 0 0 _— Q 0 _—
TF,Te 0 0 1+ 174, 1+ 12, 1+ 174,
Tg,,Te 1 1 1 1 1 1 1 1 1
P2 P2
INT 0 0 1 0 0 1 2¢ In(—) 2¢ In(———)
N.Te P \p, ,Co P b1/1,co
1
T L. \. \
PyTe In (popolre
T b
Ti.Te 1 1 1 1 1 1 1+, ()
TR, Te P1/1,co
2. Te 0 0 0 0 0 0 14¢,In (5’—2)
' Dpi|/1,co
T 1
Pz Te In (p2/p1)e
Tk, Te (3 {3 g3 0 0 0 0 0 0
1,1, Te 0 0 0 0 0 0 Cp % %
TZ1,11,Te 0 0 0 0 0 0 Cp Cp Cp
z-1 z—1 z-1 z-2 z—2 z-2
i 0 0 0
T7.).Te z b4 z z-1 z-1 z-1
1) Correctign factors aré\given by the formulae
¢ 1 1 In(po/pid1e
3= -
W Te  Kte 4 _ (pypye = Fre/xre
Pe,1
C4 - P e le
in, Te
Picop— = Pyt
e Pin,Co e
Pin 11, co
C — n,il,
P Pin, Co
2) = number of stage groups separated by intermediate coolers.

3) Methods of power measurement :

Method 1: by measuring the internal power P;, and the mechanical losses Ps.
Method 2 : by measurement at the drive unit.

Method 3: by measuring the torque F and the speed N.
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~—Guaranteed point

¥

Pressure ratio, pressure rise, power consumption,

efficiency, etc.

Test points

Ellipses representing&/

the test uncertainties

Flow-rate

Figure 3 — Comparison of a single guaranteed point with a test curve

Guaranteed curve

Agreed manufacturing
tolerance

Pressure ratio, presstre |;oc, power bUIIOuIIlpL;UII,

efficiency, etc.

Single test point \

Test uncertainties

Y

Flow-rate

Figure 4 — Comparison of a single test point with a guaranteed curve
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Annex A
(normative)

Properties of gases and gas mixtures — Recommendations relating to the
compressibility factor and to derivative compressibility factors

A.1 General recommendations

which includes the acentric factor, as the simpler method
specified in [8] is subject to particular inaccuracy in this area.

A.1.1 Thel following general recommendations relating to
thermodynaric data for gases and gas mixtures shall be used

in connectio

h with this International Standard.

These recorhmendations should not be considered to be
exclusive, blit to represent the most up-to-date information.

More data

bre becoming available continually and in any

specific casg¢ the user of this International Standard should
refer to the latest published information.

A.1.2 Wh
conjunction

bre suitable coefficients are available to be used in
with an established equation of state (e.g.

B.W.R.S., s¢e [5]) for the particular gas or gas mixture in ques-
tion, then these shall be used.

A.1.3 In the case of gas mixtures where suitable coefficients

for use with
components

an equation of state are available for the separate
of the mixture but not for the actual mixture in

question, thg¢n the coefficients for the mixture can be obtained
from the cogfficients for the components by using the mixing
rules appropfiate to the equation of state being used. Suitable

mixing rules

A.14 Wh
particular ga
mixture, for
be obtained

are presented in [6].

bn suitable coefficients are available neither for the
k5 or gas mixture in question(nar, in the case of a
he component gases, thernthe gas properties may

by using generalized _eompressibility functions

based on the concept of reduced\temperature and reduced

pressure.

It is recommended that.the method employing the concept of

the acentric

factor (see.l7]) be used rather than the simpler

two-parameters chatts given in [8].

Tables and dharts, from which the compressibility factors Z (0)

A.1.5 In the case of gas mixtures, (€xcep{ in the case of
mixtures containing polar gases and particularfly

— water vapour,
— ammonia,
— hydrogen sulfide, and

— halogenated hydrocarbon refrigerant mixed with other
gases ofé@’very different molecular structute,

simple linear mixing rules may be used tg determine the
pseudo-critical conditions of the mixture, i.e.

Per = L ripe
and

Tbr = z"riTCr

w = Zr,(»,

provided that the following conditions are satisfied:

1¢
Cr max <2
TCr min

and either

and Z'V for use with the method can be obtained, are
presented in [9]1). The isothermal derivative factors Z{* and
Z}” and the isobaric derivative factors ZF‘,O) and Zr(>” can be ob-
tained from the method given in [10], chapter 26.

Where the conditions of the gas in question are close to the
critical conditions (i.e. within the shaded area shown in the
charts for Z (0) published in [9]), it is essential to use the method

Pcr max or (VCrM)max
Pcr min (VCrM)min

is close to unity, Wher(_a T, max, T, min, Pcr max, PCr min, YCr max
and v, min are respectively the maximurm: and minimum values
of the critical properties of the components of the mixtures.

1) Other tables based on the method of calculation of Lee and Kesler have been published in [6]. The deviation-function table of Lee and Kesler
(see [6]) differs somewhat from those of Pitzer (see [7]1) and Curl (see [6]), but it seems according to R.C. Reid and T.K. Sherwood [6] that extensive

testing indicates that this new table is the more accurate.
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A.2 Specific recommendations for the
sources of thermodynamic data and suitable
equations of state and the coefficients to be
used therewith for some of the more
common gases

These recommendations should not be considered to be
exclusive nor necessarily to be the best data available. They are
mainly based on the results of a survey among compressor

manufacturers and users.

Specifically for ethylene and propylene, more accurate data are
available in [5], [27] [28] and [29].

Where it is desired to use an equation of state, the equations
given by Benedict, Webb and Rubin [30] and by Redlich and
Kwong [31] or the slightly less accurate but simpler Beattie —
Bridgeman [32] equation (see [24] and [10]) may be used pro-
vided that the compression process under consideration does
not extend into the mixed-phase region.

Where saturated or mixed-phase conditions are involved, the

More data are K
this Internation
latest published

A.2.1 Air
The data curren|

These are beliey
poses. Howeve|
ticularly at extre
(see [13], [14] a

A.2.2 Refrigd

Data are availab

A.2.3 Amm

The data in uss
data are based
lished then (sed
close to saturat

More data are g

A new equatidg
particularly that

ecoming available continually and the user of
il Standard is recommended to refer to the
literature.

tly in use are those given in [11] and [12].

bed to be adequate for most compressor pur-
, later and probably more accurate data, par-
me temperatures and pressures, are available
nd [15]).

erants (halogenated hydrocarbons)

le in [16], [17] [18], [19], [20] and [21].

bnia

are those published in [16].. However, these

on experiments made 50 years ago and pub-
[22]); they are inaccurdte)at high pressures,
on conditions, and near’the critical point.

vailable in [12],

n of stafe _taking account of recent work,
by Frank and Baehr, has been developed by

L. Haar and is Tublished in [23] to replace [22].

I i i tions is rec-
ommended (see [5]). However, a great many €xgeriments are
required to determine the values of the many'corigtants used in
these equations.
The values derived from the selected-eguation should be com-

pared with the data recommended’above over|the field of
interest.

A.2.5 Carbon dioxide

See [33].

A.2.6 Helium
See [34]:

A.3 Compressibility factors of hydrpcarbon
gases and isentropic coefficient

A.3.1 Compressibility factor of pure
hydrocarbon gases

The following equation can be used to predigt the com-
pressibility factor, Z, of pure hydrocarbon gases;|

Z =70 4 o z"
where

Z'9 s the compressibility factor for the simpla fluid, which
is tabulated as a function of 7; and p, in table A.1;

Z'" is the correction term for molecular acentfricity, which
is tabulated as a function of 7; and p, in table A.2;

A.2.4 Pure hydrocarbons

The data in use are those published by Edmister [24] and
Starling [5].

For saturated hydrocarbons the Edmister data, or other data
based on [25], are considered to be satisfactory for most com-
pressor purposes. However, new data are currently being pro-
duced by the National Bureau of Standards (see [26]).

For unsaturated hydrocarbons the situation is more confused
and many data in common use are known to be inaccurate by
reference to more recent experiments.

(see also [6], tables 3.1 and 3.2)

o is the acentric factor, which is defined as

w = —(logp gor +1)
at
Tgat
T; sat — Te, =07

or, more conveniently,

I
w = i __g_pcr —_ 1
7 (TCr/Tsat) -1


https://standardsiso.com/api/?name=10de5ec524ef1896b58878e2bbca636c

where

Pcr is the critical pressure in atmospheres (1 atm =
760 mmHg = 1,013 bar);

1SO 5389 : 1992 (E)

where the values of Z {0, zM Zg” and Zg’ are given in figures
A.1and A.2. (See also [10].)

The correlation between the Edmister derivative compressibility

Tg, is the critical temperature, in kelvins; factors and the Schultz coefficients X and Y is given by the
formulae
T, s the boiling temperature, in kelvins;
z
Dsat is the saturation pressure at a temperature Ty, = X="T 1
. z
0,7 x Teps
D ] Psat Y = Lp
r, sat Per = 7
A.3.2 Detrivative compressibility factors ]
(see figures A.1 and A.2) A.3.3 Isentropic exponent

The derivatie compressibility factors, Zy and Z,, are given by

the equationg
— 7O (1)
Zr =24 +wZ;
and
_ 7@ (1)
Zy=Zp +wZ,

The isentropic exponent k,of a’real gas differ$ from the value
¢,/ ¢y which it assumes-for/an ideal gas. The calculation of
the specific heat capacity-and of the isentropi¢ exponent for a
real gas shall take into.account the effect of pressure.

The definition‘of)the isentropic exponent for afreal gas is given
in table 3.
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Table A.1 — Values of compressibility factor Z(®

Z710)
& p; = 0,010 pr = 0,050 pr = 0,100 pr = 0,200 p, = 0,400 pr = 0,600 p; = 0,800
0,30 0,002 9 0,014 5 0,029 0 0,057 9 0,115 8 0,173 7 0,2315
0,35 0,002 6 0,0130 0,026 1 0,052 2 0,104 3 0,156 4 0,208 4
0,40 0,002 4 0,011 9 0,023 9 0,047 7 0,095 3 0,1429 0,190 4
0,45 0,002 2 0,011 0 0,022 1 0,044 2 0,088 2 0,1322 0,176 2
0,50 0,002 1 0,010 3 0,020 7 0,041 3 0,082 5 0,123 6 0,164 7
0,55 0,980-4 0.,009-8 90,0195 0,039-0 0.077-8 01166 0,155 3
0,60 0,984 9 0,009 3 0,018 6 0,037 1 0,074 1 0,1109 0,147 6
0,65 0,988 1 0,937 7 0,017 8 0,035 6 0,071 0 0,106 3 0,141 5
0,70 0,990 4 0,950 4 0,895 8 0,034 4 0,068 7 0,102 7 0,136 6
0,75 0,992 2 0,959 8 0,916 5 0,033 6 0,067 0 0,100 0,1330
0,80 0,993 5 0,966 9 0,9319 0,853 9 0,066 1 0,098 5 0,130 7
0,85 0,994 6 09725 0,943 6 0,881 0 0,066 1 0,098 3 0,130 1
0,90 0,995 4 0,976 8 0,952 8 0,9015 0,780 0 0,100 6 0,132 1
0,93 0,995 9 0,979 0 0,957 3 09115 0,805 9 0,663 5 0,135 9
0,95 0,996 1 0,980 3 0,960 0 0,917 4 0,820 0,696 7 0,141 0
0,97 0,996 3 0,9815 0,962 5 09227 0,833 8 0,724 0 0,558 0
0,98 0,996 5 0,982 1 0,963 7 0,925 3 0,839 8 0,736 0 0,588 7
0,99 0,996 6 0,982 6 0,964 8 0,927 7 0,845 5 0,747 1 0,613 8
1,00 0,996 7 0,983 2 0,965 9 0,930 0 0,850 9 0,757 4 0,635 3
1,01 0,996 8 0,983 7 0,966 9 0,9322 0,856 1 0,767 1 0,654 2
1,02 0,996 9 0,984 2 0,967 9 0,934 3 0,861 0 0,776 1 0,671 0
1,05 0,997 1 0,985 5 0,970 7 0,940 1 0,874 3 0,800 2 0,713 0
1,10 0,997 5 0,987 4 0,974 7 0,948 5 0,893 0 0,8323 0,764 9
1,15 0,997 8 0,989 1 0,978 0 0,955 4 0,908 1 0,857 6 0,803 2
1,20 0,998 1 0,990 4 0,980.8 0,961 1 0,920 5 0,877 9 0,833 0
1,30 0,998 5 0,992 6 0,985 2 0,970 2 0,939 6 0,908 3 0,876 4
1,40 0,998 8 0,994 2 0,988 4 0,976 8 0,953 4 0,929 8 0,906 2
1,50 0,999 1 0,995 4 0,990 9 0,981 8 0,963 6 0,945 6 0,927 8
1,60 0,999 3 0,996 4 0,992 8 0,985 6 0,971 4 0,957 5 0,943 9
1,70 0,999 4 0,997+ 0,994 3 0,988 6 0,977 5 0,966 7 0,956 3
1,80 0,999 5 0,997 7 0,995 5 0,9910 0,982 3 0,973 9 0,965 9
1,90 0,999 6 0,998 2 0,996 4 0,992 9 0,986 1 0,979 6 0,973 5
2,00 0,999 7 0,998 6 0,997 2 0,994 4 0,989 2 0,984 2 0,979 6
2,20 0,999 8 0,999 2 0,998 3 0,996 7 0,993 7 0,991 0 0,988 6
2,40 0,9999 0,999 6 0,999 1 0,998 3 0,996 9 0,995 7 0,994 8
2,60 1,000 0 0,999 8 0,999 7 0,999 4 0,999 1 0,999 0 0,999 0
2,80 1,000 0 1,000 0 1,000 1 1,000 2 1,000 7 1,001 3 1,002 1
3,00 10000 +,000-2 ;0004 ;0008 ;00178 T,0030 1,004 3
3,50 1,000 1 1,000 4 1,000 8 1,001 7 1,003 5 1,005 5 1,007 5
4,00 1,000 1 1,000 5 1,001 0 1,002 1 1,004 3 1,006 6 1,009 0
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Table A.1 — Values of compressibility factor Z 0 (concluded)

1ISO 5389 : 1992 (E)

70
% pr = 1,000 pr = 1,200 pr = 1,500 pr = 2,000 pr = 3,000 pr = 5,000 pr = 7,000 pr = 10,000
0,30 0,289 2 0,347 0 0,433 5 0,677 5 0,864 8 1,436 6 2,004 8 2,850 7
0,35 0,260 4 0,312 3 0,390 1 0,519 5 0,777 5 1,290 2 1,798 7 2,553 9
0,40 0,237 9 0,285 3 0,356 3 0,474 4 0,709 5 1,175 8 1,637 3 2,3211
0,45 0,220 0 0,263 8 0,329 4 0,438 4 0,655 1 1,084 1 1,507 7 2,133 8
0,50 0,205 6 0,246 5 0,307 7 0,409 2 0,611 0 1,009 4 1,4017 1,980 1
0,55 01939 02323 0289 9 0385 3 05747 0947 5 13137 1,852 0
0,60 0,184 2 0,220 7 0,275 3 0,365 7 0,544 6 0,895 9 1,239 8 1,744 0
0,65 0,176 5 0,2113 0,263 4 0,349 5 05197 0,852 6 1,177.3 1,6619
0,70 0,170 3 0,203 8 0,253 8 0,336 4 0,499 1 0,816 1 171241 1,672 9
0,75 0,165 6 0,198 1 0,246 4 0,326 0 0,482 3 0,785 4 1,078 7 1,504 7
0,80 0,162 6 0,194 2 0,241 1 0,318 2 0,469 0 0,759 8 1,040 0 1,445 6
0,85 0,161 4 0,192 4 0,238 2 0,313 2 0,459 1 0,7388 1,007 1 1,394 3
0,90 0,163 0 0,193 5 0,238 3 03114 0,452 7 0,722'0 0,979 3 1,349 6
0,93 0,166 4 0,196 3 0,240 5 03122 0,450 7 0,713 8 0,964 8 1,3257
0,95 0,170 5 0,199 8 0,243 2 0,3138 0,450 1 0,709 2 0,956 1 1,310 8
0,97 0,177 9 0,205 6 0,247 4 0,316 4 0,450 4 0,705 2 0,948 0 1,298 8
0,98 0,184 4 0,209 7 0,250 3 0,318 2 0,450'8 0,703 5 0,944 2 1,290 1
0,99 0,195 9 0,215 4 0,253 8 0,320 4 0,454 0,701 8 0,940 6 1,283 5
1,00 0,290 1 0,223 7 0,258 3 0,329 0,452 2 0,700 4 0,937 2 1,277 2
1,01 0,464 8 0,237 0 0,264 0 0,326 0 0,453 3 0,699 1 0,933 9 1,271 0
1,02 0,514 6 0,262 9 0,271 5 0,329 7 0,454 7 0,698 0 0,930 7 1,265 0
1,05 0,602 6 0,443 7 0,313 1 0,3452 0,460 4 0,695 6 0,922 2 1,248 1
1,10 0,688 0 0,598 4 0,458 0 0,395 3 0,477 0 0,695 0 09110 1,223 2
1,15 0,744 3 0,680 3 0,579 8 0,476 0 0,504 2 0,698 7 0,903 3 1,202 1
1,20 0,785 8 0,736 3 0,660 5 0,560 5 0,542 5 0,706 9 0,899 0 1,184 4
1,30 0,843 8 0,811 1 0,752%4. 0,690 8 0,634 4 0,7358 0,899 8 1,158 0
1,40 0,8827 0,859 5 0,825 6 0,775 3 0,720 2 0,776 1 09112 1,141 9
1,50 0,910 3 0,893 3 0,868 9 0,832 8 0,788 7 0,820 0 0,929 7 1,133 9
1,60 0,930 8 0,918 0 0,900 0 0,873 8 0,841 0 0,8617 0,951 8 1,1320
1,70 0,946 3 0,936 7 0,923 4 0,904 3 0,880 9 0,898 4 0,974 5 1,134 3
1,80 0,958 3 0,951-1 0,941 3 0,927 5 09118 0,929 7 0,996 1 1,139 1
1,90 0,967 8 0,962 4 0,956 2 0,945 6 0,935 9 0,955 7 1,0167 1,145 2
2,00 0,975 4 0,9715 0,966 4 0,959 9 0,955 0 0,977 2 1,032 8 1,161 6
2,20 0,986 5 0,984 7 0,982 6 0,980 6 0,982 7 1,009 4 1,060 0 1,163 5
2,40 0,994 1 0,993 6 0,993 5 0,994 5 1,001 1 1,0313 1,079 3 1,1728
2,60 0,999 3 0,999 8 1,001 0 1,004 0 1,0137 1,046 3 1,092 6 1,179 2
2,80 1,003 1 1,004 2 1,006 3 1,010 6 1,022 3 1,056 5 1,101 6 1,183 0
3,00 1,005 7 10074 1,010 1 1,015 3 1,028 4 1,063 5 1,107 5 1,184 8
3,50 1,009 7 1,0120 1,015 6 1,022 1 1,036 8 1,072 3 1,113 8 1,183 4
4,00 1,011 56 1,014 0 1,017 9 1,024 9 1,040 1 1,0747 1,136 1,177 3
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1SO 5389 : 1992 (E)

Table A.2 — Values of correction term Z{"

Z

% pr = 0,010 pr = 0,050 p, = 0,100 pr = 0,200 pr = 0,400 p, = 0,600 p, = 0,800
0,30 —-0,000 8 -0,004 0 —-0,008 1 -0,016 1 -0,0323 —-0,048 4 —0,064 5
0,35 —-0,000 9 —-0,004 6 -0,009 3 -0,0185 -0,0370 —0,055 4 -0,0738
0,40 -0,001 0 —-0,004 8 —0,009 5 -0,0190 —-0,038 0 —-0,057 0 -0,075 8
0,45 —-0,000 9 —0,004 7 —0,009 4 -0,0187 -0,037 4 —~0,056 0 —-0,074 5
0,50 -0,000 9 —0,004 5 —-0,009 0 ~0,018 1 —0,036 0 -0,0539 ~0,0716
0,55 -0,0314 —0.0043 —0,008 6 —-0.0172 —0,034 3 —00513 —0,068 2
0,60 —-0,020 5 —0,004 1 —-0,008 2 -0,016 4 -0,0326 —-0,0487 0,064 6
0,65 -0,0137 —-0,077 2 —0,007 8 —-0,0156 —-0,0309 —0,046 1 0,061 1
0,70 —-0,009 3 —-0,050 7 -0,116 1 -0,014 8 -0,029 4 —-0,0438 0,057 9
0,75 —0,006 4 -0,0339 —-0,074 4 -0,014 3 —-0,028 2 —0,0417 0,055 0
0,80 —-0,004 4 -0,022 8 -0,0487 -0,116 0 —-0,027 2 <.0,040 1 0,052 6
0,85 —-0,002 9 -0,0152 -0,0319 -0,0715 —0,026 8 =0,039 1 0,050 9
0,90 —0,0019 —-0,009 9 —-0,020 5 —0,044 2 -0,1118 —0,039 6 0,050 3
0,93 —-0,0015 —0,007 5 —-0,0154 -0,0326 —-0,076 3 —-0,156 2 0,051 4
0,95 —-0,001 2 —0,006 2 -0,0126 —0,026 2 —-0,0589 -0,1110 0,054 0
0,97 —-0,0010 —-0,0050 -0,010 1 -0,020 8 £0,0450 -0,0770 0,164 7
0,98 —0,000 9 —0,004 4 —-0,009 0 -0,0184 ~0,0390 —-0,064 1 -0,1100
0,99 —0,000 8 —-0,003 9 -0,007 9 -0,016 1 —-0,0335 —-0,053 1 0,079 6
1,00 —0,000 7 —-0,003 4 —-0,006 9 —-0,0140 —-0,028 5 -0,0435 0,058 8
1,01 —0,000 6 —-0,0030 —0,006 0 -0,012.0 -0,024 0 —0,035 1 0,042 9
1,02 —-0,000 5 —0,002 6 —0,005 1 —0,010 2 -0,019 8 -0,0277 0,030 3
1,05 —-0,000 3 —-0,0015 -0,002 9 <0,005 4 —-0,009 2 —-0,009 7 0,003 2
1,10 —0,000 0 0,000 0 0,000 1 0,000 7 0,003 8 0,010 6 0,023 6
1,15 0,000 2 0,001 1 0,002 3 0,005 2 0,0127 0,023 7 0,039 6
1,20 0,000 4 0,001 9 0,003.9 0,008 4 0,019 0 0,032 6 0,049 9
1,30 0,000 6 0,003 0 0,006 1 0,0125 0,026 7 0,042 9 0,061 2
1,40 0,000 7 0,003 6 0,007 2 0,014 7 0,030 6 0,047 7 0,066 1
1,50 0,000 8 0,003 9 0,007 8 0,0158 0,032 3 0,049 7 0,067 7
1,60 0,000 8 0,004 0 0,008 0 0,016 2 0,0330 0,050 1 0,067 7
1,70 0,000 8 0,004 0 0,008 1 0,016 3 0,032 9 0,049 7 0,066 7
1,80 0,000 8 0,004 0 0,008 1 0,016 2 0,032 5 0,048 8 0,065 2
1,90 0,000 8 0,004 0 0,007 9 0,0159 0,031 8 0,047 7 0,063 5
2,00 0,000 8 0,003 9 0,007 8 0,015 5 0,031 0 0,046 4 0,061 7
2,20 0,000 7 0,003 7 0,007 4 0,014 7 0,029 3 0,043 7 0,057 9
2,40 0,000/7 0,003 5 0,007 0 0,0139 0,027 6 0,041 1 0,054 4
2,60 0,000 7 0,003 3 0,006 6 0,013 1 0,026 0 0,038 7 0,051 2
2,80 0,000 6 0,003 1 0,006 2 0,012 4 0,024 5 0,036 5 0,048 3
3,00 0,0006 0,002 9 00059 00117 00232 00345 0,045 6
3,50 0,000 5 0,002 6 0,005 2 0,010 3 0,020 4 0,030 3 0,040 1
4,00 0,000 5 0,002 3 0,004 6 0,009 1 0,018 2 0,027 0 0,035 7
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Table A.2 — Values of correction term Z!V (concluded)

1SO 5389 : 1992 (E)

Z(”

% pr = 1,000 pr = 1,200 p, = 1,500 pr = 2,000 pr = 3,000 pr = 5,000 pr = 7,000 pr = 10,000
0,30 —-0,080 6 —0,096 6 -0,1207 —-0,160 8 -0,240 7 -0,399 6 —0,5657 2 -0,7915
0,35 -0,092 1 -0,1105 -0,1379 -0,183 4 -0,273 8 -0,452 3 -0,627 9 —-0,886 3
0,40 —0,094 6 -0,1134 -0,141 4 -0,187 9 -0,279 9 —0,460 3 -0,636 5 -0,893 6
0,45 -0,0929 -0,1113 -0,1387 -0,184 0 -0,273 4 —0,447 5 -0,616 2 —-0,860 6
0,50 —0,089 3 -0,106 9 -0,1330 -0,176 2 -0,261 1 -0,425 3 —0,583 1 -0,809 9
0,55 0,084-9 01015 ~-01263 —01669 —0246 5 —0399 1 =05446 -0,752 1
0,60 -0,080 3 -0,096 0 -0,119 2 -0,157 2 -0,2312 -0,3718 -0,504 7 -0,6928
0,65 -0,0759 -0,090 6 -0,1122 -0,147 6 -0,216 0 -0,3447 —0,46573 -0,6346
0,70 -0,0718 —0,085 5 -0,1057 -0,138 5 -0,201 3 -0,3184 -0,427 0 -0,578 5
0,75 —0,068 1 —0,080 8 —0,099 6 -0,129 8 -0,187 2 -0,2929 30,390 1 -0,525 0
0,80 -0,064 8 -0,076 7 —0,094 0 -0,1217 -0,173 6 —0,268 2 -0,354 5 -0,474 0
0,85 —-0,062 2 -0,073 1 —-0,088 8 -0,1138 -0,160 2 -0,2439 -0,320 1 -0,425 4
0,90 —-0,060 4 -0,070 1 —0,084 0 -0,1059 -0,146 3 -0/2195 -0,286 2 -0,378 8
0,93 —0,060 2 -0,068 7 —0,0810 -0,100 7 -0,137 4 —0,204 5 —-0,266 1 -0,3516
0,95 —0,060 7 —0,067 8 -0,078 8 —-0,096 7 -0,1310 50,194 3 -0,252 6 -0,3339
0,97 —-0,062 3 —0,066 9 -0,0759 | -0,0921 -0,124-0 -0,183 7 -0,239 1 -0,316 3
0,98 —0,064 1 —0,066 1 -0,0740 | -—0,0893 —-0,1202 -0,178 3 -0,2322 -0,307 5
0,99 —-0,068 0 —0,064 6 -0,0715 | -0,0861 -0;1M6 2 -0,1728 -0,2254 -0,298 9
1,00 -0,0879 —0,0609 —0,067 8 —0,082 4 -0,1118 -0,167 2 -0,218 5 -0,290 2
1,01 -0,0223 —0,047 3 -0,062 1 -0,077 8 ~0,107 2 -0,1615 -0,2116 -0,2816
1,02 —-0,006 2 0,022 7 —0,052 4 —0,072:2 -0,102 1 —0,155 6 -0,204 7 -0,273 1
1,05 0,022 0 0,105 9 0,045 1 -0,0432 -0,0838 -0,1370 -0,1835 —0,247 6
1,10 0,047 6 0,089 7 0,163 0 0,069 8 —-0,037 3 -0,102 1 -0,146 9 -0,2056
1,15 0,062 5 0,094 3 0,154 8 0,166 7 0,033 2 —0,0611 -0,108 4 —0,164 2
1,20 0,071 9 0,099 1 0,147 7 0,199 0 0,109 5 -0,014 1 —-0,067 8 -0,1231
1,30 0,081 9 0,104 8 0,142-0 0,199 1 0,207 9 0,087 5 0,017 6 —0,042 3
1,40 0,085 7 0,106 3 0,138 3 0,189 4 0,2397 0,173 7 0,100 8 0,035 0
1,50 0,086 4 0,105 5 0,134 5 0,180 6 0,243 3 0,230 9 0,171 7 0,105 8
1,60 0,085 5 0,103 5 0,130 3 0,1729 0,238 1 0,263 1 0,225 5 0,167 3
1,70 0,083 8 0,100.8 0,125 9 0,165 8 0,230 5 0,278 8 0,262 8 0,217 9
1,80 0,081 6 0,097°8 0,121 6 0,159 3 0,222 4 0,284 6 0,287 1 0,257 6
1,90 0,079 2 0,094 7 0,117 3 0,153 2 0,214 4 0,284 8 0,301 7 0,287 6
2,00 0,076 7 0,091 6 0,1133 0,147 6 0,206 9 0,281 9 0,309 7 0,309 6
2,20 0,071 9 0,085 7 0,105 7 0,137 4 0,193 2 0,272 0 0,3135 0,336 5
2,40 0,067'5 0,080 3 0,098 9 0,128 5 0,181 2 0,260 2 0,308 9 0,3459
2,60 0,063 4 0,075 4 0,092 9 0,120 7 0,170 6 0,248 4 0,300 9 0,347 5
2,80 0,059 8 0,071 1 0,087 6 0,113 8 0,161 3 0,237 2 0,291 5 0,344 3
3,00 0,056 5 0,067 2 0;082-8 071676 071529 00,2268 02817 0,3385
3,50 0,049 7 0,059 1 0,0728 0,094 9 0,135 6 0,204 2 0,258 4 0,319 4
4,00 0,044 3 0,052 7 0,065 1 0,084 9 0,1219 0,185 7 0,237 8 0,299 4
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1SO 5389 : 1992 (E)

A .4 Properties of gas mixtures and

gas-vapour mixtures, considered as perfect

A.4.1.8 The mean molar specific heat of the mixture is deter-
mined as foliows:

gases
CpM = Zr,- Cpi
A.4.1 Gas mixtures Cym = Zr,Cy;
A.4.1.1 The ratio of the components is given by the formula
A.4.1.9 The mean specific heat of the mixture is determined
o Vi Am,i as follows:
m‘ = =
YooV T
e =Y o
L ot LLL . S
- P 14
Lmi =1
Cy=¢ —R

A.4.1.3 The vdlume ratio of the components is given by the

formula
vV
rl = —T/"— =
Zri =1

NOTE — For mix
portion.

qv,i
dyv

ures of perfect gases r; represents the molar pro-

A.4.1.10 The mean isentropic exponent is defermined as
follows:

Zmicp,-
km = &

IS O B
=1 {1 Zm,'[K','/(K,'~1)]J

ZmiCVi

A.4.2 Gas*vapour mixtures

A.42.7 The vapour content is defined by one of the following
quantities.

A.4.1.4 The partial pressures p; of the components are given
by the formula A.4.2.1.1 The relative humidity, ¢, which is the rdtio between
the partial vapour pressure and the saturation pregsure at the
Zpi =p temperature of the mixture is given by the formul4
A.4.1.5 The mpan molecular mass of the mixturehis deter- p
. _ Pv
mined as followq: 0 = <1
Psat
. T p;
My = XnM; = m; - Z—p— X For ¢ >1 there is a formation of condensate.
M;
A.4.1.6 The mgan gas constant of the mixture is determined A.4.2.1.2 The humidity content, x, which is the Yapour mass
as follows: related to the mass of dry gas is given by the fornmula
Rl 1 R R
RM=M= qVVGzGXpV=GX_(ppsaI
N i av W Ry P—Dpy Ry P~ ¢ Dsat
HRi

A.4.1.7 The following relationships exist:

m = M
! E",Ml
m;
M;
ri = ee—
ZL"L
M;
pi=rp

In the particular case of humid air

@ Psat
pP—0 Psat

x = 0,622 1

A.4.2.1.3 The mass ratio of vapour, my, is given by the for-
mula

v _  avws  _
avw  qyw tayvg 1+ x
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A.4.2.1.4 The volume ratio of vapour, ry, is given by the

formula

my R R
V=QmVV=m \Y

by _ PPsat
v— = ¥ = T

am R R p p

A.4.2.2 The mean molecular mass of the mixture, M), is
determined as follows:

MM-_—M

e+ Mg (1-n) = Mg+ 2220 (v, — M)

1SO 5389 : 1992 (E)

A.4.2.7.1 It is defined as the flow, g, of a gas-vapour
mixture actually handled by the compressor and resuiting
directly from the flow-rate measurement.

A.4.2.7.2 Itis defined as a flow-rate of dry gas g .

A.4.2.7.3 These two flow-rates are linked together by the
foilowing relation:

dvg V4

A.4.2.3 The
mined as foll

Ry = my

For the partid

RM:RG

A.4.24 Thq
indicated in A

A.4.25 Thg
indicated in A

A.426 Thg

Vo

mean gas constant, Ry, of the mixture is deter-
WS :

Ry+(1—my) Rg = Rg |1+ 22— [ —1
1+x

ular case of humid air

1+0,6075 X
T+x

mean molar specific heat is determined as
.4.1.8.

mean isentropic exponent is determined as
A4.1.10.

viscosity of a gas-vapour mixture is determined

in the same manner as for a gas mixture by using the methods

indicated in g

A.4.2.7 Thg
defined in t
specificationg

nnex B.

volume flow-rate of a gas-vapeut mixture can be
vo different ways, according-to the contract
, as given in A.4.2.7.1 and A4.2.7.2.

gy = —4yG ~

1-ry D= @ Dsat

A.4.2.8 The condensate flow-rate separated ip an intercooler
can be calculated as follows.

If between stage | and stage |l of.a compressor the gas is cooled
such that the relative humidity at the outlet of{ the intercooler
becomes greater thanm\ 1,/ a mass flow-rate| g,cq can be
extracted at this point‘of the circuit.
In this case it isTassumed that after the extraction of the con-
densate the{gas-vapour mixture is still satufated, i.e. that
¢ =1.
The condensate flow-rate is determined as follpws:

Gmcd = v, —dmvi = 9mG X1~ Xsar,1)

where

g is the mass flow-rate of dry gas;

X1 is the humidity content at the inlet of the intercooler,
determined according to A.4.2.1.2;

Xsat,i is the humidity content of the saturpted mixture at
the outlet conditions of the intercooler.
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Annex B
(normative)

Viscosity of gases and gas mixtures

B.1 Dynamic viscosity

B.1.1 Dynam
or at a pressu

B.1.1.1

Information is co

ic viscosity at atmospheric pressure

If none can be found, it is advised for non-polar substances to
calculate the corresponding values by application of the
equations in [39]:

L \

Pure syibstances

htained in [35], [36] and [37].

If the dynamic vij:osity of a pure substance is to be assessed at

atmospheric pre
pressure, three m

a) the theory
b) the law 0

c) the meth

B.1.1.1.1 The't

As a general rul

sure or at a pressure close to atmospheric
ethods can be used as follows:

of Chapman — Enskog;
f corresponding states;

d of VDI-Warmeatlas.

heory of Chapman — Enskog

b the equation giving the value of dynamic

viscosity, u, expressed in pascal seconds, is as follows:

U = 26693 >

where

103 _VMT
62Q

v

M is the mdlar mass, in grams;

T is the ter

hperature, in kelvins;

o is the collision diameter, in abgstroms;

Q, is the reg

In the equation a
of interaction of

The expressions

uced integral of/collision.

bove, g and\@2,, are dependent on the potential
the twe,molecules present.

orpotential as given by Lennard — Jones for

o [Per )™ = 23551 — 0,087 w
TCr

&
kTCr

=0,7915 + 0,169 3 w

where

k is the Boltzmann constant (k = 1,380 5 107 J/K);
¢ is the depth of potential energy minimum;
g is the collisionydiameter, in angstroms;
w is the acentric factor.

In the case ‘of-polar gases, the calculation made and published
in [40]_cansbe used.

KTe,

In the case of substances for which g and T* = e are not

given, it is recommended that the following equatipns be used
(see [41]):

1,585 b, |13
O' = ——————
1+1,362

% =1,18(1+1363 T,
5= 194 x 1042

Wy

where subscript b indicates conditions at boiling pgint, with u,
expressed in debyes!) and }{ in cubic centimetr¢s per mole
gram.

B.1.1.1.2 Method of the corresponding states

In the case of non-polar substances, the following relationships
have been established (see [43]):

non-polar substances and by Stockmayer for polar substances

are adopted for t

These quantities
tally.

he assessment of quantities o and £,,.

may also have been determined experimen-

Numerical values for these quantities may be found, for
instance, in [6] or [38].

1) 1debye =

|

10—18 (dyn - Cm4)1/2

=102 (10 N . mH)2

3,162 x 10~% (N . mH)"2

2) 1atm = 101 325 Pa

ué = 4,610 70618 — 2,04 049 T + 1,94 408 T 4 0,1
where

&= T8 M~V2pe, 23
and

Per is expressed in atmospheres?).
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The most accurate method is the application of the theory of
Chapman — Enskog using the reduced integral of collision as
defined previously.

In the case of

polar substances with or without hydrogen bond-

ing, the utmost caution is necessary.

B.1.1.1.3 Method of VDI-Wa&rmeatlas

See [37].

1ISO 5389 : 1992 (E)

With regard to the method of the corresponding states, either
the charts given in [47], or the diagrams given in [48] or in [49],
or the following equation taken from [50], may be used:

Apr1/5
Bp, + (1+ CpP) !

B 1401 -045¢9
Mo

where

668 (1p)? pey
q = -
T2

B.1.1.2 Mixpures

For mixtures

vith n components, the kinetic theory of gases

gives the following equation, neglecting second-order effects:

n
HUm = z ui [ |1+ Z @i Wiy

i =

where

1 j=1

u; are the viscosities of pure gases;

U is the|viscosity of the mixture;

yiand y;

—_—

Py —

are mole fractions;

+ g V2 (M M)~ VA2

S

0ji =

NOTE — Amo

/211 + (M/M)1V2

()()

g the various methods for assessing ¢;; and ¢;, that

given in [44] id currently preferred, even in the case of polar com-

pounds. Howe

ver, the error which is ‘usually less than 2 % may

become very significant if M; is markedly, greater than M; and y; much

greater than U

When hydrogel
by volume, th
Reichenberg a

or helium aregrésent in a proportion exceeding 35 %
b more accurate, though more complex, method of
given in [45Mmay be considered.

The diagramq given'in figures B.1 and B.2 may be used in
determining the viscosity of gas mixtures; these diagrams are

based on the

B.1.2 Dyn

aq
A= expa, T, %3
T, p az 1y

B=ABT - B2l

71 ~
C = T exp y, T, 3

r

1 -
D = = exp/d, T, 93

r
and

a; = 1,9824 x 1073

Bromley and Wilke method.

amic viscosity at high pressure

B.1.2.1 Pure substances

A diagram in
established in

which the effect of pressure is shown has been
[46].

For any reduced pressure or temperature it can be determined

whether the

gas is ““dilute” or dense (see figure B.3). The

boundary is such that the required correction is no greater

than 1 %.

a, = 52683
a3 = 0,576 7
By = 1,655 2
By = 1,276 0
y1=0,1319
¥p = 3,7035
y3 = 79,867 8
5y = 29496
5, = 2,9190
53 = 16,6169

In the formulae above, u, is expressed in debyes, pc, in
atmospheres and T, in kelvins, which leads to an error of less
than 10 %.

The reduced viscosity as recommended in [51] may also be
used, which leads to u & = 7,7.

The result may be obtained rapidly but is unfortunately approxi-
mate.

Among the most recent data those published in [37] and [52]
may be mentioned.
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Figure B.2 — Diagram for the determination of the viscosity of gas mixtures
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Reduced pressure

1.0

0.5

Dense gas —a——

—— Dilute gas

1 2 3 & 5 6 1 8

Reduced temperature

Figure B.3 — Diagram showing the effect of pressure
(see [46])
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B.1.2.2 Mixtures

Although its accuracy is questionable, the Dean and Stiel
method is the most frequently recommended:

Wm—us) &y = 1,08 [exp (1439 0, ) — exp (1,111 ,,,,"-8%8) ]

where

Um is the viscosity of the mixture at high pressure, in micro-

poises!;

Zeim = 2 Vi Zcyi
i

Verm = E Yi Veri
i

_ ZCrm R TCrm
pCrm - T
rm

from which g, and £, may be calculated.

ul, is the v[scosity of the mixture at low pressure, in

micropoises "

O is the pgeudo-réduced density of the mixture

Om = Qm/
where
Oy is the

O Crm

density of the mixture, -in gram moles per

cubic centifnetre;

OCrm is th

b pseudo-critical density of the mixture, in gram

moles per dubic centimetre (0¢,m = Porm/Zéid R Teom):

= T16 pAf—-1/24,-2/3
Cm T A’m Pcrm

Crm

the calculation o)
made according
i.e.

Term = EJ,‘ Tty
i

f the mixture pseudo-critical parameter being
to the amended rules of Prausnitz and Gunn,

In the case of non-polar mixtures with low molar
accuracy may be within 5 %.

masses, the

In the case of non-polar mixtures with high molar masses or of

polar mixtures, the Dean and Stiel method may still
with lesser accuracy.

Another general method is described in [37].

B.2 Kinematic viscosity
The kinematic viscosity of a pure substance or of
determined using the formula

_ &
V= o

where
[ is the dynamic viscosity;

Qz_lj_
ZRT

be used but

A mixture is

1) 1uP =107

48
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Annex C
(normative)

1SO 5389 : 1992 (E)

Conversion factors from non-Sl units to Sl units

Meas':r:ment Measurement Term and symbol for non-S| unit ss\:r:lr)‘:)tl Multiplication factor
(o] length inch, in (") mm 25,4 (exact)
foot, ft m 0,304 8 (exact)
yard, yd m 0,914 4 (exact)
C.2 speed foot per minute, ft/min m/s 0,005 08 (exact)
C.3 area square inch, in2 cm? 6,451 6 (exact)
square foot, ft2 m2 0,092 903 06 (exact)
square yard, yd? m2 0,836 127
ca4 volume cubic inch, in3 mi 16,387 064 (exact)
cubic foot, ft3 dm3 28,316 8
cdbi¢ yard, yd3 m3 0,764 555
gallons~gal (UK) dm3 4,546 09
gallon;-gal\(US) dm3 3,785 41
C5 density cubic foot.per,pound, ft3/1b m3/kg 0,062 428
C.6 flow cubic foot per.minute, ft3/min I/s 0,471 95
c.7 mass grain, gr mg 64,798 91 (exact)
ounce, 0z g 28,349 5
pound, Ib kg 0,453 592 37 (exact)
slug kg 14,593 9
hundredweight, cwt (UK) kg 50,802 3
ton (UK) kg 1 016,05
ton (US) kg 907,185
C.8 density pound per cubic foot, Ib/ft3 kg/m3 16,018 5
Cc.9 force kilogram-force, kgf N 9,806 65 (exact)
pound-force, Ibf N 4,448 22
sthéne, st N 108 (exact)
C.10 pressure bar Pa 105 (exact)
kilogram-force per square metre, kgf/m?2 Pa 9,806 65 (exact)
Torr (mmHg 0 °C) Ra 1,333 22 x 102
piéze, pz Pa 103 (exact)
pound-force per square inch, Ibf/in2 Pa 6,894 76 x 1
technical atmosphere, at (=kgf/cm?) Pa 0,980665 x 1 (exact)
physical atmosphere, atm Pa 1,013 25 x 105
c.11 work kilowatt-hour, kW- h J 3,6 x 108 (exact)
kilogram-force metre, kgf-m J 9,806 65 (exact)
foot pound-force, ft-Ibf J 1,355.82
C.12 quantity 16 °C calories, calyg J 4,1855 (exact)
of heat I.T. calorie, cal;; J 4,186 8 (exact)
Britishthermat ull;t, Btu =) 1,055 06103
metric horsepower hour, ch-h MJ 2,647 80
horsepower hour, hp-h MJ 2,684 52
thermie, th MJ 4,185 5
C.13 internal energy British thermal unit per pound, Btu/lb kd/kg 2,326 01 (exact)
density
C.14 internal energy metric horsepower minute per cubic
volume metre,ch-min/m3 J/1 44,129 9
horsepower per hundred cubic feet per
minute, hp/100 cfm J/I 15,800 5
C.15 power kilogram-force metre per second, kgf-m/s W 9,806 65 (exact)
metric horsepower, ch kW 0,735 499
horsepower, hp kW 0,745 700
foot poundal per second, ft-pdl/s W 0,042 140 1
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Measurement . S| unit L
No. Measurement Term and symbol for non-Sl unit symbol Multiplication factor
C.16 heat flow I.T. kilocalorie per hour, kcalr/h w 1,163 (exact)
British thermal unit per hour, Btu/h w 0,293 072
c.17 dynamic poise, P Pa's 0,1 (exact)
viscosity pound-force second per square foot, Ibf-s/ft2 Pa-s 47,880 3
C.18 kinematic stokes, St m2/s 10-4 (exact)
viscosity square foot per second, ft2/s m2/s 0,092 9030
C.19 heat transfer I.T. kilocalorie per hour metre kelvin,
kcal;r/(h-m-K) W/(m-K) 1,163 (exact)
British thermal unit per hour square foot
degree Fahrenheit, Btu/(h-ft2:°F) W/(m-K) 0,144 228
British thermal unit per hour foot degree
Fahrenheit, Btu/(h-ft-°F) W/(m-K) 1,730 73
C.20 heat transfer I.T. kilocalorie per hour square metre kelvin,
coefficient kcal;p/ (h-m2-K) W/(m2-K) 1,163 (exact)
British thermal unit per hour square foot degree
Fahrenheit, Btu/(h-ft2:°F) W/(m2-K) 1,678 25
C.21 Temperature If ¢ in degrees Celsius, ¢ in degrees Fahrenheit, T'in kelvins and

The Celsius temperature ¢ of a system is given by-/the expres-

sion following formulae:
t=T-Ty t =% (tg — 32)
where t=T- 273,15

T is the abgolute thermodynamic temperature, in kelvins;

T, = 273,15

(in accordance
1968).

The Fahrenheit

t

K;

with the International Temperature Scale of

temperature /¢ of a system is given by the

56 Ty — 273,15

C.22 Multiples of Sl units

To allow words'and symbols of multiples and subm
units to be forméd/ the following Sl prefixes are fised.

Ty in Rankine degrees refer to one and the same physical state,
then the numerical values ¢, tr, T and Ty are re

ated by the

ultiples of S

expression
tr=Tr— T Prefix Symbol Factor
where tera T 1012
giga G 109
Tr is the | thermodynamic temperature, in Rankine mega M 106
degrees: kilo k 103
hecto h 102
T, = 459,67 R deca da 10
deci d 10-1
NOTES centi [o] 10-2
il m 10-3
1 °R should not be mistaken for an abbreviation for the abandoned micro n 10-6
degree Réaumur. nano n 10-9
2 1°R = 56K pico P 10-12
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Annex D
(normative)

Similarity of flow

(Similar velocity triangles)

D.1 Genéral

The following theory, strictly applies only to uncooled com-
pressors or tp sections,of cooled compressors between inter-
coolers. However, it may-be applied to cooled compressors,
provided that the conditions_ for similarity of flow are satisfied
simultaneougly in all sections/0f)the compressor.

The conversipn of test results from(the test conditions to the
specified corlditions, assuming constant polytropic efficiency,
is generally dnly possible when similarity/of)flow is assured for
the conversign of a test point to specified ¢gnditions, i.e. when
the following main requirements are fulfilled:

a) geometrical similarity;

b) equall isentropic exponents;

c) equallenthalpy rise coefficients and flow coefficients;
d) equal Mach numbers;

e) equall Reynolds numbers.

The above similarity requirements refer only to flow in the com-
pressor, and [not to any intercoolers which may possibly be fit-
ted nor to th¢ mechanical losses. Furthermore the heat transfer
from the compressed medium to the casing of uncooled com-
pressors, thg conduction of heat by the casing and the radi-
ation of heat]by the casing to the surrounding atmosphere are
not considergd.

For proof of fompliance with the guarantee, these factors shall
be dealt with|separately, unless their effect can be shown to be
small enough to be neglected.

D.1.1.2 Equal isentropic exponents

The change of state of the medium handled cpn only be kept
the same at all points within the compressor|under test and
specified conditions when the isentropic expoments are equal.

D.1.1.3 Equal enthalpy rise and flow coefficients and
equal Mach numbers

Strict similarity of flow at each point within the pompressor can
only be achieved when the enthalpy rise and flow coefficients
and the peripheral Mach numbers are equal, i.p. when

Ah,
Ir= 7
- v
D2y
Ma, = “

V&IRZ1T; 4
are the same under both test and specified copditions.

However, it is quite sufficient for two of these three parameters
to be equal under both test ‘and specified copditions. In that
case the third is bound to be equahtoo. Fronp the measuring
point of view, the simplest and mast-accuratg parameters to
maintain are the enthalpy rise coefficient, adjusting the

discharge pressure of the compressor, and-the peripheral Mach
number,-by nrl‘inefing the i emperature.

D.1.1 Essential conditions

D.1.1.1 Geometrical similarity

In most cases the machine for which the guarantee is given is
the same as the one tested, so that the condition of geometrical
similarity is automatically fulfilled. However, if the tests are
carried out with a model compressor, strict attention shall be
paid to the geometrical similarity, including the relative
roughness of swept surfaces. If the compressor contains
adjustable means of influencing the flow (for example, variable
stator or rotor blades), conversion can only be carried out when
the position of these devices is unchanged.

Fulfilment of these conditions then ensures that the Mach
number and the ratios of density, velocity and temperature at
any point, as related to a reference point, are the same under
specified and test conditions.

If the process of compression is interrupted by one or more
intercoolers, the equality of the above dimensionless coef-
ficients shall be fulfilled for each of the groups of stages
situated between successive coolers. This can be done by
adjusting the speed and by controlling the intercoolers to pro-
duce equal temperature ratios on the gas side, under test and
under specified conditions.
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D.1.1.4 Equal Reynolds numbers

In order that the relative thickness of the boundary layer and
the flow pattern influenced by it remain the same, the Reynolds
number and relative roughness shall be the same under
specified and test conditions.

D.1.2 Permissible approximations to the theory of
similarity

D.1.2.1 In mo
cannot be complied,with at the same time. Therefore, equality
of those parameters which are only of secondary importance is
dispensed with,| the<magnitude of their influence on the
efficiency having been” established under test and specified
conditions.

D.1.2.2 The influence of the Reynolds number on efficiency
is relatively largef at low values of Reynolds number and smaller
at higher values.|

The influence of|a deviation in the test Reynolds.number from
the specified corditions is taken into account by-awappropriate
correction methgd which shall be used in a certainfange of ap-
plication (see 7.3.3).

D.1.2.3 The st|pulation of equality for the enthalpy rise afnd

flow coefficienty
exponents can ¢

and for the Mach numbers and isentropic
enerally be complied with merely by maintain-

ing equality of the flow coefficients ¢, = &g, provided that

the deviation of
exponent » and
given in figures

These limits arn
D = PiGw ©

qv.t1 _
D2y 1Te

the velocity relat
in the compress

the isentropic exponent k or the polytropic

the factor do not exceed the limits
VZ4RT,
D.3 and D.4.

e specified in such a manner that when

qv,i1
D2y J1Gu

onship and thus the volume flow relationships
r may differ up to a certain percentage during

the test, and under the conditions on which the guarantees are

based, without
ny (cooled comp

he efficiency 77 (uncooled compressors) or
ressors) and the work input coefficient I" being

=

In this case the ratio

() (7).

is equal to the ratio of the peripheral Mach numbers.

D.1.25 When xp, # kg, the requirement of equal ratio of
volume rate of flows can only be fulfilled approximately,
because the maximum difference in volume flows may occur
somewhere inside the compressor, the change of tate follow-
ing a different course.

A series of calculations has been made in which|the limiting
values of the ratio of reduced speeds N, have beer) established
for the variation in the ratio of volume rate of [flow not to
exceed limits of 1 %, 2,56 % and 5 %. The resylts of these
calculations for various polytropic exponents and various
pressure ratios are presented in figure D.4.

When the isentropic exponents differ, the equal peripheral
Mach numbers no longer lead to an equal ratio of|volume rate
of flows; they are therefore abandoned, except for cases where
the performance may be directly affected by the| locali Mach
number.

D.1.2.6 If the test conditions extend beyond the inner
tolerance limit, an additional uncertainty will be introduced (see
figdre.D.2) for the conversion to specified conditipns.

If the Outer tolerance limit is still not sufficient, it will be
necessary to Check whether there is any point in farrying out
the test under,such circumstances. At any rate § higher ad-
ditional uncertainty shall then be agreed for the cpnversion.

In the case of compressors operating with local velocities close
to the velocity of sound, it isynecessary to check whether the
deviation of Mach numbers on test from those at specified con-
ditions is still permissible.

For this of course the local Mach number (ratio of Ipcal velocity
of flow to local velocity of sound) shall bg taken ihto account
instead of the peripheral Mach number.

noticeably affec

e

The above limits are based on the fact that the maximum devi-
ation of the ratio of volume rate of flows (g ,/qy 1) at any
point within the compressor is not more than 1 % (inner
tolerance limit) or 2,5 % or 5 % (outer tolerance limits for com-
pressors with steep or flat characteristic respectively).

D.1.24 When ky, = kg, the largest variations in volume
flow always occur at the end of the compression process. Con-
sequently the permissible deviation is defined in respect to the
ratio 1, /qy, 1 (outlet to inlet) and can be represented through

the permissible deviation of (see figure D.3).
\/ZRT; ;

For cooled compressors it may be necessary to check the limits
of tolerance for the conversion separately for the cooled and
the uncooled sections.

D.2 Additional uncertainties resulting from
deviations in the ratio of volume flows

Under test conditions the ratio of volume flows (g} + /gy + 1)7e
may differ from the specified value (gy (2/qy +1)gu by up to
1 % without any additional uncertainty being applicable to the
result of the conversion to specified conditions (inner tolerance
limit, see D.1.2.3).
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If the conditions of the test do not allow the ratio of reduced
speeds

ZyRTy, To \ZiRT; -

to be chosen within the inner tolerance limit (see figures D.3
and D.4), an additional uncertainty shall be applied to account
for the inaccuracies introduced when converting to specified
conditions.

This additional uncertainty is determined as follows.

1ISO 5389 : 1992 (E)

For the given pressure ratio and polytropic exponents ny 1,
and ny g, read the upper and lower limits for the admissible
ratio of reduced speeds N, from the corresponding charts in
clause D.3, at the inner and outer tolerance limits. When the
characteristic curve is flat (see 7.3.2), allowing a deviation of
5 % in the ratio of volume flows at the outer tolerance limit, the
admissible values of N, should be determined for the three tol-
erance limits =+ 1 %, + 2,6 % and + 5 %. These values are
plotted on a diagram as shown in figure D.1. This diagram,
which has to be drawn for each occasion, gives the deviation
AV, from the specified ratio of volume flows corresponding to
the test value of N,.

N

VZ, Ry

—

N

\zFT

— AV % X

NOTE — With|the value of AV, obtained, the additional uncertainty, 7,4, on the voluifie flow, energy consumption and pressure fatio can be taken

from figure D.2.

Figure D.1 — Deviation, AV, as a function of N,

\

Figure D.2 — Additional uncertainty, 7,
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D.3 Permissible limits for the conversion from test to guarantee conditions

NOTE — When test conditions are such that the range of the diagrams in figures D.4 and D.5 is exceeded, use the flow charts in figures D.6 and D.7
to calculate N, .

Figures D.3 and D.4 are taken from [53].

Reynolds number corrections are not incorporated in figures D.3 and D.4.
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upper limit
lower limit
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Figure D.4 — Permissible limits for the conversion from test to guarantee conditions (k1 # xg,)
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Figure D.4 — Permissible limits for the conversion from test to guarantee conditions (ky, # kg,) (continued)
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Figure D.4 — Permissible limits for the conversion from test to guarantee conditions (k1. # xg,) (continued)
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Figure D.4 — Permissible limits for the conversion from test to guarantee conditions (k. # Kkg,) (continued)
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Figure D.4 — Permissible limits for the conversion from test to guarantee conditions (k1 # kg,) (continued)
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Figure D.4 — Permissible limits for the conversion from test to guarantee conditions (k1. # xg,) (continued)
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Figure D.4 — Permissible limits for the conversion from test to guarantee conditions (k1. # kg,) (continued)
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Figure D.4 — Permissible limits for the conversion from test to guarantee conditions (k1. # Kkg,) (continued)
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Figure D.4 — Permissible limits for the conversion from test to guarantee conditions (k1. # xg,) (continued)
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Figure D.4 — Permissible limits for the conversion from test to guarantee conditions (k. # «g,) (continued)
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Figure D.4 — Permissible limits for the conversion from test to guarantee conditions (k1. # kg,) (continued)
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Figure D.4 — Permissible limits for the conversion from test to guarantee conditions (k1, # kg,) (continued)
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Figure D.4 — Permissible limits for the conversion from test to guarantee conditions (k1. # Kg,) (continued)
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Figure D.4 — Permissible limits for the conversion from test to guarantee conditions («1, # kg,) (continued)


https://standardsiso.com/api/?name=10de5ec524ef1896b58878e2bbca636c

1SO 5389 : 1992 (E)

upper limit
lower limit

16

15

4

N

2,6

24

099<V, <101

2,2

2,0

18

16

z)

0,975 <V, <1,025

=2Z¥

TIM,Te

14

aa)

1,2

iy

{

18

09

08

4

nM,Gu

Figure D.4 — Permissible limits for the conversion from test to guarantee conditions (x1, = kg,) (continued)
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Figure D.4 — Permissible limits for the conversion from test to guarantee conditions (k. # Kg,) (concluded)
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D.4 Permissible deviation of the peripheral Reynolds number

1SO 5389 : 1992 (E)

Figure D.5 (taken from [54]) shows the permissible deviations in the peripheral Reynolds number of centrifugal compressors for the
application of the correction method (see annex E).
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D.5 Determination of settings

D.5.1 Input values for flow charts in figures D.6
and D.7

D.5.1.1 General

Unless otherwise agreed between manufacturer and- customer
all pressures and temperatures refer to total conditions (see

Additional input for real gases:

Pcr,Te critical pressure of test gas

Ter 1e critical temperature of test gas

and, if available,

6.1.1.3).

NOTE — For Simw beermromitted-whenrefer
ring to total pressures and temperatures in figures D.6 to D.11.

b is the rotor |

AV,

r, x, tol
volume rates of

Re,,1e —
Reu, Gu tol

figure D.5), ora
customer.

For real gases,

X =flp. T
Y=7pT

(See clause A.3|

Reynolds numb

eference outlet tip width.

is the permissible deviation of the ratio of the

flow from 1.

f(Re, gu) (for céentrifugal compressors) (see

hy other agreement between manufacturer and

compressibility function

compressibility function

~

br corrections are not incorporated in the flow

charts and formulae.

D.5.1.2 Test data

At compressor

Pt1,Te
I 1, 1e
K,
RTe
01, Te
Ute = S (Dre, Ty
N,

max

N, min

nlet:

pressure
temperature
isentropic exponent
gas constant

relative humidity

~

dynamic viscosity

Zw = fip,T) compressibility factor

XM, Te L )
compressibility functions

YM,Te

Kte = flp,T) isentropic exponent

D.5.1.3 Specified values

Input for all stage groups:

Pt 1,Gu inlet pressure

T 1 Gu inlet temperature

Pt 2,Gu discharge pressure

T 2 gy discharge temperature

K1,Gu isentropic exponent at inlet c¢nditions
®1,Gu relative humidity, inlet conditipns

Rg, gas constant

Nay speed

Additional input for real gases:

Z\, Gu compressibility factor

XM, Gu I .
compressibility functions

Yv,6u

KM, Gu isentropic exponent

or

Pcr,Gu critical pressure of specified gas

Ttr Gu critical temperature.of specifigd gas

D.5.2 Perfect or near-perfect gases

maximum adjustable speed

minimum adjustable speed

For stages following intercoolers:

T 1, 7e

74

temperature at stage inlet

NOTE — See table 2 for suggested limits within which t
considered to be near perfect.

D.5.2.1 Test gas

The compressibility factor Zite =2y 1e = 1.

e gas may be
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Determination of the settings . Perfect and near-perfect gases

||;1pu'( ktem?‘Tmof. unit to 4]

; ; Compressor to be To be treated for e taken from input

Start o——(Read input list - definped asone unit [2 J each defined unit [3 list or calculated from
outlet temp.of preced.unit

_f
No /| Does unit include
inter coolers? [5]

Unless otherwise agreed all pressures
and temperatures refer to total cond.:p-p;
T-T

!
. B2}

[6]
I
) put: Pt s Belfhy T ol
put \P1/\Pi/s !
oK 7] ; =
o DO )
I W el iy
.- _ - l& [Px _n[e_ - 16y -
Toieu* Mo - Pl et e ) L
e e et aen I s ik Tl |
D - i
Pzre'(ﬁz)'pﬁe 5 Yes 'Tgl)’fmpkg’(‘]%zr No |
¢ oo <0002[Z tesf (<[5 Eo\no
— (E)M Py Pilou
2™ el p, o] N1 pz\mﬂ
| N [V (ﬁoun'qr
From input data: ] o (Pz L i
Cprre-F{pm]};e\i C&E'F(PZIJZT:) i, et 1
i _ 2 ‘ | L pt el
N - Y =~ Px - nb | }
H[Rivestes], [<om & N2, ReTe o] Ve 1*%‘&2'{% i
— e RaZodou o] (B (p) Moy '
P D (1 l d : li |_3T

ExpeCted pressure ratio ng

e [
- MeT
Rzl: 1"‘N2 Dy el (%2 @1ﬂnﬁ V"Ex>1*|Aer1o(|? |TZ_ 0

<

Is K-FipNknown for |5
ﬂﬁ ; ol g -
he particular test gas? Prie " D [nk E3
Newal| Reduce
Cai’jlate e v'(pgz)ig—z)ko.ow Yes by o Feckeg E
e —
K ! ALl ]
Yes | No
ut (Ez)(p_\ Vrex <1 MV%‘P B
P P/ \Py e I;
L T o ]
szbY‘ 100 llncrea )
No, Vf2>1*|AV”‘to{1 [3—7 Yes
1
With Vipresult.from this calculation TF o]
S Ne-1 A ke 41
e w ] | SR
nM=T1T_ Nogt = o T oy Ml Calculate for every section
LI ot (—2) Nou - 1 following irectly an intercooler]
Cr 706y [17 it 1P ] which isparfof the unit
—N_—.| Y L T =(T11~T11
= h\,rni(O.m ﬁg— es T e ]|:11 e
t Reugu with ”“Gu'fh‘hﬁp‘&R&rZ“&J) i (T’l )@T]‘kand SO O
Dl 4 n T
i KT T T Rege Wi 2 =T\ T Pl Re ) i
n- nTe n KE 7polc,u Ne Te l lTep“E T IE (R?_!BZ
12 Reule [ Reuk 44 p1lé‘ B LN 2]
L — [9] (Calculate Resk and compare w/ m) - \—l [

| E—

Is it possible to maintain during
Yes /|the test the calculated speeds No
and inlet temperatures

I !
its ?
No /| Has the calculation beenf\Yes of the units * [co] Yes f[isit techn. possible to  k&8ANo
done forall units 7 [s6 further subdivide the unit ?

- e Print a statement that the compressor
Print data for Choose new subdivision cannot be tested according to ISO 5389
execution of test based on input list @ due to the given test conditions and the

J] and preceding calculation techn. possible subdivisions. 50
End l
End

NOTE — The isentropic exponent x is represented as K in this figure.
Figure D.6 — Flow chart for the determination of settings in the case of perfect and near-perfect gases
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Determination of the settings : Real gases

Input temp.Tr.of unit to 4]

i i Compressor to be To be treated for be taken from input
Start Read input list deﬁnped asone unit |2 1 each defined unit [3 list or calculated from
T outlet temp.of preced.unit
No /| Does un;t include N\Yes Unless otherwise agreed all pressures
l inter coolers? [5] : and temperatures refer to total cond.:p-p;
Yes/|Isentropic_exponent )\ No T-T
1 g IKgKeJ00T [
Trolg | K }(1+x 2 og (B/T_y Compressibility
Ky 1 M) log (p2/py "M factor
| Zye~ Flpre Tre)
P2\.[P2 @2
DB — 5 =
K'KITE 7 Noy
] 3 [ | - ﬂ_‘bJ—_"
Y 1+X P2) ey
i bt ) g (1,& jfm )(1_ y @) | Bl | B
= | Koo oo, Yool o, ) Ve~ 1+ ey & V,;‘fe.(%f_ Nou-1
P2\ &
pZTe'{ ')pITe JF No
r Yes 1<(px]<(22) [E2 No
T T _P_z)m P1 lex \ P1lou
s I L 3 ne' 22 By
1 Neom (+4Vexg) p1J;,u B
From |input data : [1] o ( k| ;_'
Zy - - zﬁ‘“’ ;
c;e-}F Pre e %&-]F(%:TZ%) % o1 A 1
- =] e T
No /| 15142e Zl<001 resp.2)\yes = ( )Ex o net Dt
![R e Ve 2)] |<001 2 =N2 . RieZreTie p2 Vs 1+ = 'Vrz‘(&)cu pGU-1
pl VCp2 i [ S U Ny, - Nii ReZoks NGy 1 o ol Py
Zln | [ catoae ]| B s os} [ (3] ey |
0 [ 2 (g [ [3
Expected pressure ratio ny;l _n‘.' |
2 2 NG (Ez Moy M o
(— -[1+N2 2 Veg> 1+ Vo2
P H ol g Ne [91 o [}
e 1 7] A = ||
From input data : % no [ 1P P2 s <|V,2by|—¥6—"oﬂ|Redulg3%J %r2<1-| / N
Xie™ . Xzre® PPy <U'OE§
Vi (Pﬂre) Yo - (pzfe-TZre) ——
e Yes ey <1 aVo[? N
put [ )'(HL =
L 1 Vo
Vy i | Nty
|
[ —
{—NO Vi> 14 |4V | E Yes 4
]
With Vioresult.from this calculation oy ]q ]
S Ne-1  Ne Ly Ulle . 43
/ o Ve (%L oo -1] NZER;JZ,QJTHGU Ne,
Negi = oo [/ py) Dl Calculate for every“section
ol (32) NGy -1} following directly an iptercooler]
| ' ] which ispart of the unit
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i Print a statement that the compressor
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A eg] and preceding calculation techn. possible subdivisions. [7]
e }

NOTE — The isentropic exponent  is represented as K in this figure.

Figure D.7 — Flow chart for the determination of settings in the case of real gases
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In many cases the isentropic exponent can be considered to be
constant, i.e.

Kte = K1,Te = K2,Te

The settings may be determined by following the flow chart
given in figure D.6.

D.5.2.2 Specified gas

If the specified gas is a perfect or near-perfect gas and the

1ISO 5389 : 1992 (E)

D.5.3 Real gases
The test gas is a real gas.

The settings may be determined by following the flow chart
given in figure D.7.

D.6 Conversion to guarantee conditions for
uncooled compressors

Reynolds number corrections are not incorporated in the for-

efficiency car'be >calculated from the internal power figure

discharge teq\perature T, g, is not specified, the polytropic
according to the following equation:

pes o= = Do, log{p2/P1)eu
pol, Gu KnG (Pl gule = 1V/KIM, Gu — 1
o logQ1 4+
Ns,Gu

where 7 g, i$ the isentropic efficiency given by the formula

_ (‘Im, t Wm, s)
Ns,Gu = ——P——~
! Gu

The above dpplies to step 6 in the flow chart-given in
figure D.6.

mulae.

D.6.1 Perfect or near-perfect gases
The conversion formulae are given in figure D.8.

NOTE — See table 2 for suggested limits within which the gas may be
considered to be near perfect.

D.6.2 Real gases

The conversion method in figure D.9 is useq for Schultz’s
method of polytropic analysis (see [1]).

The same formulae apply when gas properties pre determined
from tables and/or charts and equations of stpte rather than
from generalized compressibility functions as giyen in annex A.
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NOTES

1 Unless otherwise agreed all pressures and temperatures refer to total conditions (p = prand T = T)).

2 The isentropic exponent k is represented as K in this figure.

Figure D.8 — Conversion of test results for perfect or near-perfect gases in the case of uncooled compressors
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NOTE — Unless otherwise agreed all pressures and temperatures refer to total conditions (p = p,and T = T;).

Figure D.9 — Conversion of test results for real gases in the case of uncooled compressors
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D.7 Conversion to guarantee conditions in
the case of cooled compressors

D.7.1 Perfect or near-perfect gases

NOTE — See table 2 for suggested limits within which the gas may be
considered to be near perfect.

D.7.1.1 For cooled compressors according to 8.2.4.1, where
the ratio of the gas inlet temperature of the stages or stage
groups following_intercoolers to the inlet temperature of the

D.7.1.2 For cooled compressors according to 8.2.4.2, where
the ratio of the gas inlet temperature of the stages or stage
groups following intercoolers to the inlet temperature of the
compressor is different under test and guarantee conditions,
the conversion formulae are given in figure D.11.

D.7.2 Real gases

In accordance with 3.5.3.8, the compressor sections between
intercoolers must be converted separately (see clause D.6) and
the results combined.

compressor is the same under test and guarantee conditions,
the conversion formulae are given in figure D.10.

For this combination, figure D.11 may be used| where ap-
plicable (steps 14, 15 and 16).
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NOTE — Unless otherwise agreed all pressures and temperatures refer to total conditions (p = p,and T = T;).

Figure D.10 — Conversion of test results for perfect or near-perfect gases in the case of compressors cooled
in accordance with 8.2.4.1 (see D.7.1.1)
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NOTES

1

=T).

prand T

with 8.2.4.2 (see D.7.1.2)

Unless otherwise agreed all pressures and temperatures refer to total conditions (p
Figure D.11 — Conversion of test results for perfect or near-perfect gases in the case of compressors cooled in accordance

2 The isentropic exponent k is represented as K in this figure.
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Annex E
(normative)

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

(according to the International Compressed Air and Allied Machinery Committee)

uction

roVides formulae for the efficiency, specific com-
and flow corrections necessitated by differences

umber between the workshop test conditions and
conditions:

es are divided intg two portions. In the region of
iency point, the portion-of the losses independent
ds number is representedby a constant fraction of

0,3. The losses due to friction are assumed.to be dependent on

a representat
the Moody d
of A is rel
reference rel
tions can be
the inherent
numbers.

The method

ive value of the friction coefficient A according to
iagram for pipe friction. The representative value
ed to a reference Reynolds number and to a
tive roughness of the compressor. These correc-
applied in an allowable range, taking into/account
limitations for accurate testing at low Reynolds

s the result of an investigation of a Working Group

of the Procegs Compressor Sub-committee of the International

Compressed
issued on Ju
of this meth

The correcti

Air and Allied Machinery Committee (ICAAMC),
ne 25, 1984. A brief description of the application
bd is given herein.

bn method applies only to the internal hydraulic

losses and, therefore, balancing piston losses and mechanical

losses must

E.1 Defi

For the purp

E.1.1 Rey

be accounted for separately.

hitions
bses of this annex, the following definitions apply.

nolds number Re: A dimensionless parameter

expressing the ratio between the inertia and the viscous forces

in a liquid. |

h this International Standard, the representative

value of the peripheral Reynolds number Tor th
stage group is given by

ub

Vi1

Re, =

where v, ; is the kinematic viscosity at the inlet

In multistage compressors, the representatiy
Reynolds number of the first stage is taken td
stage group.

E.1.2 roughness R,; centre-line averag

e first stage of a

... (E1)
total condition.

re value of the
represent each

e (CLA) /GB/;

arithmetical average (AA) /USA/: Roughngss average from

the centre-line of the peaks. It is given by

i

1
Ry = 7 SO'}"ldx

The reference roughness R, is the average ro
impeller and its diffusor and can be either me
frem, the manufacturer’s drawing (with agre
manufacturer and customer). The roughn
measured’inside the impeller on one blade, on
the shroud nAear the outer diameter. The values
are measured on,the side walls and in the mid
near the inlet diameter.

The representative relative roughness of the s

R,

b

In multistage compressors, the representatiy

... (E2)

ughness for the
lasured or taken
ement between
pss values are
the disc and on
for the diffusor
dle of one blade

age is given by

e value of the

relative roughness of the first stage is taken t¢ represent each

stage group.
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E.2 Symbols and subscripts

Table E.1 — Symbols

Symbols Sl unit symbol Definitions and observations
b m Outlet width of the first impeller of the stage group
D m Outlet diameter of the first impeller of the stage group
e m Deviation of the surface from the line of the mean sur-
face height
Ahy J/kg Enthalpy rise of the stage group
4 m Length of the line of the mean surface
qyi1 m3/s Inlet volume rate of flow of the stage group
R, m Average roughness
" u m/s Peripheral velocity at reference diameter, i.e. the outlet
diameter of the first impeller of the stage group
Win,pol J/kg Polytropic specific compression work of the stage group
H» I = Ahy/u? dimensionless Work input coefficient of the stage group
" Mool dimensionless Polytropic efficiency of the stage group
" A dimensionless Pipe flow friction factor
" Vi1 m2/s Kinematic viscosity at the inlet total condition
D =qyq1/ (D2 u) dimensionless Flow coefficient of the stage group
'Ppo| = W, po|/ u2 dimensionless Polytropic work coefficient of the stage group

Table E.2 — ‘Subscripts

Subscripts Definitions
Gu Guarantee conditions
Te Test conditions
© At Reynolds number tending to infinity

E.3 Formula for efficiency correction

The formula for gfficiency correction in the region of the best
efficiency point i$ given by

0,3 + 0,7 Agy/A=
0.3 + 0.7 A7/ A

1= Mpol,Gu _ ... (E3)

1= 1pol,Te

for test conditions, from Colebrook,

1 18,7

“=——] ... (EB)
VATe Re, 7o/ ATe)

For rough estimations, the Moody diagram (figure|E.1) can be

= 1,74 — 2Iog10(2% +

For calculation of the A values, the following generally
accepted equations are used :

from von Karman

1 _ 1,74 - 2logy (2%\)

©

... (E.4)
for guarantee conditions, from Colebrook,

R 18,7
=174 - 210910(2—a + ——) .. ([EB)

b Re, gu vV Agu

1

VAGu

E.4 Formulae for specific compression work,
work input and flow correction

There is a definite increase in both work coefficient and flow
coefficient with an increase in Reynolds number.

In the neighbourhood of the test efficiency point, roughly half
the increase in the efficiency appears as an increase in specific
compression work, and this leads to the following formula:

S”poI,Gu =05+05 Mpol,Gu

... (E7)
Y’pol,Te

n pol,Te
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With a knowledge of the efficiency and work coefficient correc-
tions, the correction for the work input can be calculated from

the relationship I3, = ¥,,/np0, Which gives the following
formula:
I
“8u _ 05+ 0,5-eolTe ... (E8)
I: Te n pol,Gu

The change in flow with increasing Reynolds number can be
approximated by

1ISO 5389 : 1992 (E)

b) From this, the ratio 7, gu/poi, Te is found.

c) Equation (E.7) is used to calculate the ratio
¥ool,Gu/ Ppol,Te, €quation (E.9) to calculate the ratio
&g,/ D1e, and equation (E.8) to calculate the ratio I'g,/I7,

at the best efficiency point.

d) The ratios npoLGu/ ol Ter Tpc,,,Gu/ ool Ter and I'g,/ITe
calculated at the best efficiency point are taken to be the
same at all points of the measured test characteristic.

%o _ (fme)” o
‘DTe poliTe
E.5 Appljcation‘of formulae to test data

The equations given in clatise E.4 define the influence of the
change in the best efficieney cpoint on the performance
characteristic. The change in-other points can then be
calculated by|noting that the shape-of-the characteristic curve
remains essentially the same.

The full corrgction procedure is illustrated in figure E.2 and is
summarized lpelow.

a) Atthdbest efficiency point on the test characteristic the
ratio

1= pg1,Gu
1=, Te

is calculatpd according to equation (E.3).

€] The measured test points are now converted to the cor-
rected characteristic using these fixed ratiog [d)].

E.6 Allowable range

The range of application of the correction foymulae and the
selection of a suitable test Reynolds number ane influenced by
two factors, i.e.

— the accuracy of the correction formulae at different
Reynolds numbers,

— the reliability of tests carried out at reduced suction
pressures or low driving power.

The limit of application of the ICAAMC formiila is shown in
figure D.5.
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Work input
coefficient ratio 1
TGa/1re

Reference polytropic
work coefficient ratio 1

(Ppol,Gu/ 'PpoI,Te

Efficiency ratio
Mpol,Gu/Mpol, Te 1

X\
/—Equation (E.8

Equation (E.7)
/

Equation (E.9)

Equation (E.3)

Flow ratio ¢1,Gu/¢1,Te

Figure E.2 — lllustration of correction procedure
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F.0 Introduction

Annex F
(informative)

Examples

accounting separately for the dynamic pressure. The following

F.0.1 General

comparison of the results indicates the magnitude of the error
introduced and shows that the approximation in these two par-
ticular-cases is accepiabln

This annex gives pXamples to demonstrate the determination of

Approximate method Correct methpd

test settings and the”conversion of test results to guarantee
conditions in typ|cal cases.

NOTE — The exafples given-in-this annex do not incorporate the
Reynolds number g¢orrections becadse the ICAAMC method was not
available at the tim¢ when the example$ Wwere incorporated in this Inter-
national Standard.

F.0.2 Test cqnditions

Table F.1 summarizes the test conditions covered by the dif-
ferent examples [regarding gas properties (perfectygas or real
gas) and the apgroximation to strict similarity of flow.

F.0.3 Compytation of specific compression-work

In all examples the specific compression work is computed ‘on
the basis of tothl pressures and temperatures. The velocity
heads at the stahdard inlet and discharge points therefore do
not appear as a spparate term, which is the case when the com-
putation is carried out according to the correct formulae based
on static pressures and temperatures (see 3.4).

This method of falculation gives sufficient accuracy, because

the gas velocity
pressors is usua

the inlet and discharge nozzles of turbocom-
y low (Ma < 0,2).

In order to verify the validity of this approximation, examples 1

and 4 have also

been calculated using the correct method of

2 c?—c?
Wi e = 51 (v dp); W= W 4 -
Example 1:
Converted internal power at guaranteed pressure fatio:
Approximate method Correct method
320,4 kW 320,5 kW
NOTE 1 — Local Mach numbers at inlet and discharge gre 0,043 and
0,071 respectively.
Example 4:
Converted internal power at guaranteed pressure fatio:
Approximate method Correct method
7 993,3 kW 7 992,8 kW
NOTE2 — Local Mach numbers at inlet and discharge pre 0,058 and

0,119+espectively.

F.0.4 Accuracy of computation

Re-calculation“of’/the numerical results of the examples may

reveal differences-inche last digits depending on
and storage capacity of the computer used.

Table F.1 — Synopsis of test conditions

the accuracy

. Example
Test conditions
2 3 4 5 6
o strict X
Similarity of flow -
approximate X X X X
KTe = KGy X X X
. KTe * KGu X X
Isentropic exponent
constant X X X X
not constant X
. constant = 1 X X X X
Compressibility factor
not constant X
air X X X X
Test gas -
gas mixture %
Speed adjustable X X
ee -
P not adjustable X X X
. no X X
Intercooling
yes X X X
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F.1 Example 1 — Uncooled turbocompressor,
isentropic exponent k1, = kg, speed
adjustable

F.1.1 General

The conditions at the inlet on test deviate from the guarantee
conditions. The same peripheral Mach number as given in the
guarantee conditions can be achieved by changing the speed.

The guarantee conditions, guaranteed performance and other
design values are given in tables F.2 to F.4.

1ISO 5389 : 1992 (E)

F.1.2 Purpose of tests

The purpose of the tests is to prove the guaranteed power re-
quirement for the guarantee point.

F.1.3 Design of installation

The installation consists of a three-stage turbocompressor for a
biatomic gas mixture, driven by a back-pressure turbine.

Table F.2 — Guarantee conditions
Designation Symbol Numerical Unit
value
Inlet pressure (total) Pt,1,Gu 0,952 4 bar
Inlet temperature (total) t1,Gu 30,16 °C
Gas constant Rgy 764,9 N-m/(kg-K)
Isentropic exponent KGu 1,4 —
(Gas mixture, perfect gas Zg, = 1)
Kinematic viscosity V1, Gu 3,27x10-5 | m2/s
Table F.3 — Guaranteed performance
Designation Symbol Numerical Unit
value
Volumetric flow at inlet avt1,Gu 9,715 m3/s
Discharge pressure Pt,2,Gu 17220 3 bar
Specific power requirement at compressor coupling Pg Gu 0,009-297 kWh/m3
Table F.4 — Other design values
Designation Symbol Numerical Unit
value
Compressor speed (due to variable-speed drive not Ngy 4700 r/min
guaranteed)?
Outside diameter of Stage 1 impeller D, 0,9 m
Cross-section of inlet nozzle? Aq 0,39 m2
Cross-section of discharge nozzle2 As 0,192 8 m2
1) The subscript Gu designates the design speed.
2) Itisimportant that these flow cross-sections be given because of low pressure increase in this instance.
(Thus the static and dynamic components of the pressures can be determined.)
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§

F.1.4 Test set-up

Since it is impossible to test the machine set with gas on site,
the tests are carried out on the supplier’s test bed using air, the
compressor being driven by a variable-speed cradled electric
dynamometer, in such a way that the compressor shaft torque
can be measured directly.

The test set-up is illustrated in figure F.1, and the test con-
ditions are given in table F.5.

F.1.5 Settin

The test conditi
ance with 8.2.3

g conditions

R Cive.

Cradled elgctric

dynamom:

gter

Both cradled frames
mechanically interlocked

i

Npol, gu @nd 77, do not need to be calculated.

20

VRZ\Ti 1 /76

N, = Y"1 u1lTe

_N
VRZ1TI,1)GU

289,3 300,31 _ 5 881 r/min
764,9 x 303,31

Npe = 4700

is condition,

Cradled gear

L)
R4
Ap

>-

=3
o

(
&
<

Figure F.1 — Teét set-up for example 1

Table F.5 — Test conditions

Designation Symbol Nu‘:gle‘:;cal Unit
Isentropic exponent (air) KTe 1.4 —
Mean inlet temperature 41, Te 28,16 °C
Gas constant Rye 289,30 N-m/(kg-K)
Test gas assumed perfect, therefore Z1, = 1



https://standardsiso.com/api/?name=10de5ec524ef1896b58878e2bbca636c

Alternatively the settings could be determined as follows by
using the flow chart given in figure D.6. The calculation
sequence is as follows (the numbers given are those
designating individual boxes in the flow chart) :

1-2—-3-4-5-6—-7—-8-9—-10—-11-12-—
13—-21—-22-23-24

Since strict similarity can be guaranteed here with k1, = kg,
and with variable speed, AV, ; = 0 s inserted into 23.

1ISO 5389 : 1992 (E)

Since in this particular case Z and c,, do not vary within the
machine, the condition of 26 is fulfilled.

Pass 43 — 44 (see the note to F.0.1).

A check as to whether the setting conditions determined can
be maintained in the test is made in 45. Since this is the case in
this instance, the calculation ends with 46 — 47.

The test was carried out maintaining the above test conditions.

F.1.6 Test results and conversion

A check as ﬁa—wbeﬂw—the—assump«en—made—m—L&s—t&ue—m
carried out if) 256 — 26. See tables F.6 to F.8.
Table F.6 — Test resulits
Designation Symbol Numerical Unit
value
Test number - 1 -
Date of test — 1964-09-28 —
Time of test — 12,50 h
Atmospheric pressure DPa 1,013 bar
Gas constant Rye 289,30 N-m/(kg-K)
Speed Nte 2 881 r/min
Mass flow™ dm,Te 6,752 78 kg/s
inlet pressure (total) Pt1,Te 1,00 bar
Inlet temperature (total) 11, Te 28 °C
Density 011, Te 1,150 kg/m3
Volumetric flow at inlet aviTe 58 m3/s
(also usable inlet volume flow)
Discharge temperature 12 Te 59,68 °C
Discharge pressure Pt,2,Te 1,297 1 bar
¥)  Computed from the mass flow which is measured in accordance with 1ISO/5167-1.
Table F.7 — Calculation results
Designation Symbol Nu:;ﬁf:aj onit
Pressure ratio (Pa/P1)t, Te 1,292 6 -
Specific isentropic compression work Wmnst Te 23220 N-m/kg
Isentropic compression power Ps ¢ Te 156,8 kW
Power at compressor coupling Pg Te 214,7 kW
Mechanical compressor power loss Ps 16 3,0 kW
Internal power Pin, Te 211,7 kW
Internal isentropic efficiency (from Py, 1) 7s,in, Te 74,07 %
Internal polytropic efficiency (from # 5 T¢) Mpol,in, Te 75,05 %
Polytropic exponent nre 1,630 —
Specific polytropic compression work W, pol,t, Te 23 528 N-m/kg

9
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Table F.8 — Conversion to guarantee conditions (see figure D.8)

Designation Symbol Nu\::ﬁ_:l“' Unit

Design speed Ngy 4,700 r/min

Test speed Nte 2881 r/min

Converted volumetric flow at inlet dvt1,Co 9,572 8 m3/s

Converted specific compression work W, pol,t,Co 62 617 N-m/kg

Converted pressure ratio calculated with nco = n1e (p2/ Pk, co 1,292 7 —

because kg, = KTe

Converted internal power Pin co 327,87 kW

Conyerted mechanical power losses Ps co 6,3 kw

Converted.power at coupling Pq co 334,17 kW

NOTE — Thé conversion of mechanical losses is carried out according to the formula

Nau 1.5
Ptco = Pf,Te( NTe)
F.1.7 Test uncertainty and comparison)with guarantee
Table F.9 — Comparison with the guarantee (see 9.4)
Designation Symbol Numerical Unit
value

Guaranteed specific polytropic compression work Win,pol,t,Gu 60,351 N-m/kg

Conversion factor qv,1,GuWm,pol,t,Gu | 0,978 1 —
4y:1,coWm,pol,t,Co

Internal power absorption related to (po/p1)t gy Pin 6o 320,7 kw

Power at coupling related to (po/p1)t, gu P co 327,0 KW

Specific power at coupling related to (po/p1)y, Gu Ps co 0,009 35 kWh/m3
qv,1,1,Co

Guaranteed specific power at coupling Pq Gu 0,009 297 kWh/m3
qv,1,1,Gu

De]viation in specific power at coupling from guarantee + 0,57 %

value

The specific poy

guarantees are Tet accordingly.

ver at the coupling is exceeded by 0,57 % (see table F.9) but, since this is within the overall tést ung

ertainty, the

The measuring errors are calculated in accordance with 9.2.

The test uncertainty for example 1 is shown in table F.10.

92
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Table F.10 — Resulting test uncertainty

1ISO 5389 : 1992 (E)

Numerical

Designation Symbol value Comments

Uncertair.\ty in gy Te 1.1 % According to ISO 5167-1

\;,? l;::ftnc flow N, Te 0,35 % Quality grade 0,2; final scale value 5 000
Ty, Te 0,13 % 1 mmHg on absolute pressure
7, Te 0,33 % 1 ° on absolute temperature
z, — Not applicable, in accordance with 5.9
Lresrgr 1.207 % See 9.2.5

Uncertainty in pressure N, 1,0

igpio In(pa/pq) 0,254
p,, Te 0,43 % 1 mmHg on absolute pressure
Tres, o/ 0,49 % See 9.2.6

Uncertainty in-gpecific la 201,1

power at coupling P, 10 % Estimated
TF 1,34 % One scale division as assumed error
Trés, Pe 1,740 % See 9.2.7 and table 10

F.1.8 Comparison of different calculation. methods

A compariso

h of different calculation methods is given‘in table F.11.
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Example 1 _ 4m ZRT; o 7e
Ma 5 1e =
AP Te K
qV,1,Te = 5,872 22 mS/S !
) _ 6,752 78 y 1 x289,3 x 332,35
Ay =03m 0192812925705 < | 1.4

,872 22
C1,Te = % = 15,056 97 m/s 0,071

K
N Dt2,Te = P2,Te (1 + E-Matz,Z,Te)
16y = 15,056 97 — = 24,563 6 m/s
' ’ Nte

12928 x {1 + 1; X 00712\\

6,742 78
= ——— =5,0233
qv,2,Te 1, 3 = 1,297 1 bar
Ay, = 0,192 8 m2 1
2 Tip1e = TZ,Te( )
k-1 P
5,021 1- Mag g
CZ,Te = —0 1925 = 26,04 m/s
1
N = 332,35 x ( 3
Cou = 26,04 —N(—:u = 42,481 m/s 510,285 7 > 0,07
¢ = 332,83K
Mayyrg = {2 |ZRT;
VT Alpy e K F.2 Example 2 — Uncooled turbocompressor,
B 6,752 78 ) 1% 289.3 % 301,3 |seri\trbcl>p|c exponent K1, = Kg, speed not
= 0,59 x1,0022 x 105 14 vansie
= 0043 11 F211 General
The test conditions under inlet conditions deviate from the
Perte =11 (1 + x Ma?, ., guarantee conditions. The driver has a fixed speed so that
w ' 2 1. Te similar flow conditions can only be approximgted using
14 figure D.3.
- —r 2
= 1,00 2 (1 + 2 x 0,043 11 ) The guarantee conditions, guaranteed performanc¢ and other
design values are given in tables F.12 to F.14.
= 1,008 5 bar
F.2.2 Purpose of test
1 :
Tiite = Th1h P The purpose of the test is to prove the guaranteed power re-
1-K MatzTe quirement for the guarantee point and to determine the
K . pressure-volume curve at a constant speed.
= 301,p5 ! F.2.3 Design of installation
1-0;285 7 x 0,431 12
The installation consists of a three-stage, unco¢led turbo-
= 301,|41 K compressor for air, driven by an electric motor.

Table F.12 — Guarantee conditions

Designation Symbol Nu‘::ﬁ:::al Unit
Inlet pressure (total) Dt1,Gu 0,980 7 bar
Inlet temperature (total) t1,Gu 30 °C
Gas constant Rgy 288,32 N-m/(kg-K)
Isentropic exponent KGu 1,4 —
Compressor speed Ngy 9 500 r/min
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Table F.13 — Guaranteed performance

F.2.4 Test
The test is ca

The test set-U

. . Numerical .
Designation Symbol value Unit
Volumetric flow at inlet dv.t,1,Gu 9,166 67 m3/s
Discharge pressure Dt,2,Gu 3,903 1 bar
Power requirement at compressor coupling Pe, Gu 2 065 kW
Table F.14 — Other design values
Designation Symbol Numerical Unit
esign. ymbo value ni
Outside diameter of Stage 1 impeller D, 0,63 m

set-up

Gear

N

rried out at the compressor site under atmospheric conditions.

p is shown in figure F.2, and the test conditions are given in table F.15:

S0

Y

~ 9@

O

Measurement of torque )L

(torque shaft)

m(p @A

Figure F.2 — Test set-up for example 2

A\
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F.2.5 Setting conditions (see 8.2.3.2)

Since the speed cannot be varied, it is impossible to maintain
precisely the flow conditions on which the guarantee was based.

( N 9 500

\/EZT7)Te _ /2883 x1,0x 283,2
N 9 500

(m)eu \/288,3 x 1,0 x 303,2

= 1,035

figure D.3c)] and, therefore, conversion of the test results to
guarantee conditions is still possible. In accordance with
figure D.2, a supplementary tolerance of 1 % for the measured
power requirement can be used.

In determining the setting conditions in accordance with the
flow chart in figure D.6 the following calculation sequence is
used (the numbers given are those designating individual boxes
in the flow chart) :

1-2—-3-4-5—-6—-7—-8-9—-10—-11-12—
13 —-21—-22-23—24

To determine t isst iath i 3
necessary to caltulate the polytropic exponent from guarantee
conditions and guaranteed performance.

The deviation in|the volumetric flow ratios shown in figure D.3
is less than 5 % |with the calculated ratio 1,035, a pressure ratio
(p2/p1)t,gu = 3/98, and a polytropic exponent ng, = 1,564.

‘The setting conglitions are given in table F.16.

Since a centrifygal compressor with flat characteristic is in-
volved, a maxinpum deviation in the volumetric flow ratios of
+5 % is acc;:l:table in the optimum efficiency range [see

Table F.15 — Test conditions

AV ta = +0,05 is inserted in 23 in the first/instance and
AV, 1o = — 0,05 in the next sequence to determipe the upper
and lower tolerance limits. The calculation endg with 256 —
26 — (43 — 44, but see the note to5.0.1) — 45 |- 46 — 47.

Had the test shown in 45 that the setting conditions determined
could not be maintained in the(test, the compressof would have
had to be split up into severaluinits and the calculaftions recom-
menced at 3 through 48°%— 49.

The deviation is within the permitted range. The test was
carried out maintaiping the above test conditions

Designation Symbol Nu\;:lel:;cal Unit
Isentropic exponent KTe 1,4 -
Mean inlet temperature (total) it1,Te 10 °C
Gas constant Rtg 288,3 N-m/(kg-K)
Speed (not variable) Nte 9 500 r/min
Table F.16 — Setting conditions
Designation Symbol Numerical Unit
value
| _Mechanical efficiency 7y 0,985
(estimated)

internal power Pin, Gu 2034 kw

= n4Pg
Specific isentropic compression work Win,s, Gu 148 024 N-m/kg
Isentropic compression power Ps Gy 1521 kW
Isentropic efficiency 71s,in, Gu 0,748 -

= _Ps

- Pin, Gu
Pressure ratio Pt,2 3,98 —
Polytropic efficiency Mpol, Gu 0,792 —
Polytropic exponent ngy 1,564 —
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F.2.6 Test results and conversion

See tables F.17 to F.19.

Table F.17 — Test results

Designation Symbol Test No. 1 Nu'_:_‘::";:)?’;"’e Test No. 3 Unit

Date of test - 1965-04-30 1965-04-30 1965-04-30 -

Time of test — 11,30 12,30 14,00 h

Atmospherigpressure 73 +609-% 6091 669+ bar

Gas constant Rte 288,32 288,32 288,32 N-m/(kg-K)

Speed Nte 9 500 9 500 9 500 r/min

Mass flow ™) dm,Te 11,566 7 11,3417 10,202 8 kg/s

Inlet pressurg DPt1,Te 0,996 4 0,997 3 0,999 3 bar

Inlet tempergture b 1,Te 9,8 10,0 10,3 oC
Ti1,Te 283,0 283,2 283,5 K

Density 211,Te 1,221 1,224 1,223 kg/m3

Volumetric flow at inlet ay,i1,Te 9,47 9,289 8,342 m3/s

(also usable polumetric flow at inlet)

Discharge piessure P12, Te 3,765 8 4,148 2 4,903 3 bar.

*) Calculatgd from the mass flow measured in accordance with 1ISO 5167-1.

Table F.18 — Calculation results

Designation Symbol Numerical value Unit
Test No. 1 Test No. 2 Test No. 3

Pressure ratip (Polp1)t Te 3,780 4,159 4,907 -
Specific isenjtropic compression work Win,s,Te 131 985 143 640 164 596 N-m/kg
Isentropic cgmpression power P 1e 1527 1628 1679 kW
Power at conpressor coupling Pe 1e 2107 2208 2234 kW
Mechanical ¢ompressor power dissipation P e 31 32 32 kW
Internal powger Pin Te 2076 2176 2202 kW
Internal isentropic efficiency Ns,in, Te 0,734 0,748 0,763 —
Internal polygropic efficiency NMpol,in, Te 0,779 0,792 0,808 —
Polytropic exponent nTe 1579 1564 1547 —
Specific polytropic compression work Wi, pol, Te 139 880 152 150 174 462 N-m/kg

Table F.19 — Conversion to guarantee condition (see figure D.8)

Designation Symbol : Numerical value Unit
est No. 1 Test No. 2 Test No. 3
Converted specific compression work W, pol,Co 139 880 152 150 174 462 N-m/kg
Converted pressure ratio (Pa/P1)t,co 3,521 3,860 4,529 -
Converted discharge pressure Pt,2,Co 3,453 3,786 4,44 bar
Converted volumetric flow at inlet qy1,1,Co 9,473 9,289 8,342 m3/s
Converted internal power Pin,co 1907 1998 2020 kW
Converted mechanical power dissipation Py co 31 32 32 kW
Converted power at coupling Pe,co 1938 2030 2 052 kW
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F.2.7 Test uncertainty and comparison with guarantee

The test uncertainties are calculated according to 9.2.

As can be seen in figures F.3 and F.4, the guarantees are met within the test uncertainty (see also 9.4).

The test uncertainty for example 2 is shown in table F.20.

Table F.20 — Resulting test uncertainty

Designation Symbol Numerical value Comments
Uncertainty g, Te 1,2 % In accordance with ISO 5167-1
in volumetric " o i .
flow at inlet TN Te 0,53 % Quality grade 0,5, final scale value 10 000
Tpy,Te 0,13 % 1 mmHg on absolute pressure
T, Te 0,33 % 1 © on absolute temperature
Tadj 1,0 %
Ttot,qy, 1 /1,362 + 1,02 =169 % | See9.2.5
Uncertainty N, 1,035
in pressure
ratio In(py/p1) 1,33
Tp,,Te 0,83 % Quality grade 0,6; final pressure gauge
value'4 atm gauge (relative)
Tadj 1,0 %
Ttot,py/py +/ 1,686 + 1,0 = 1,87 %" See 9.2.6
Uncertainty la 780 Current transformer 0,5; voltage
in power transformer 0,5; wattmeter 0,2 (estimated)
at coupling wp, 0,75 %
‘l.'Pf 10 %
Tadj 1,0 %
Ttot, P, n/ 0,975%2 + 1,02 = 1,40 % | See table 9
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8,0 8,2 8,4 8,6 8,8 9,0 9,2 9.4
Gy .t1.Co m3 /s

O Test X Guarantee

Figure F.3 — Graphs for comparison with guarantee
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Figure F.4 — Graphs for comparison with guarantee
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F.3 Example 3 — Uncooled turbocompressor,
isentropic exponent k1, # K¢, speed not
variable

F.3.1 General

No similar flow conditions can be set in accordance with the
similarity considerations given in 8.2.3.2. Approximation sol-
utions are sought on the basis of figure D.4.

The guarantee conditions, guaranteed performance and other
design values are given in tables F.21 to F.23.

1ISO 5389 : 1992 (E)

F.3.2 Purpose of tests
The purpose of the tests is to prove the guaranteed power

requirement for two guarantee points and to determine the
pressure-volume curve at constant speed.

F.3.3 Design of installation

The installation consists of a two-stage, uncooled turbo-
compressor for ethylene, driven by an electric motor.

Table F.21 — Guarantee conditions
Designation Symbol Numerical Unit
9 Y value
Inlet pressure Pt,1,Gu 0,980 bar
Inlet temperature 141,Gu 32 °C
Gas constant Rgy 296,65 N-m/(kg-K)
Isentropic exponent KGu 1,25 -
Compressor speed Nay 12 700 r/min
Table F.22 !\ _Guaranteed performance
Numerical value
Designation Symbol Guarz—_mtee Guare_mtee Unit
point point
(a) (b)
Volumetric flow at inlet av.t,1,Gu 15 000 12 500 m3/h
Discharge pressure, Pt,2,Gu 1,765 1,863 bar
Power requirement at compressor Pe,Gu 335 310 kW
coupling
Table F.23 — Other design values
Designation Symbol Numerical Unit
9 ymbo value
Outside diameter of Stage 1 impeller D, 0,4 m
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F.3.4 Test set-up
Since it is not possible to carry out the acceptance test using ethylene, a test is carried out on site using air.

The test set-up is illustrated in figure F.5, and the test conditions are given in table F.24. The power at the coupling is determined by
the motor rating and transmission losses.

=JoW
1

{—)=r>
Gear \O/ )
A A @—
H f2’0|l
SONIos
2
I
B B Ll ' I @ N
M _ _ 1 i
Y,
) |
® DO
i L & h
Ar G 81
qV,on
A <
Figure F.5 — Test set-up for example 3

Table F.24 — Test conditions

Designation Symbol Nu‘zﬁ:iecal Unit
Isentropic exponent (air) KTe 1,4 —
Mean inlet temperature 141, Te 5 °C
Gas constant Rte 287,3 N-m/(kg-K)
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F.3.5 Setting conditions (see 8.2.3.3)
The speed cannot be varied.

Because the speed cannot be varied, it is impossible to
maintain the flow ratios presupposed on giving the guarantee.

( N ) 12 700
VRZT 1 )ve  \/287,3x1,0x278,2

= = 1,064

1ISO 5389 : 1992 (E)

It is expedient to draw an auxiliary diagram (see figures F.6 and
F.7) for each of the two guarantee points from figures D.4j),
D.4m) and D.4q) for better interpolation. Using these
diagrams, it was found that a test could be carried out on the
present compressor for conversion within the outer tolerance
limits 0,95 < ¥, < 1,05, in the case of guarantee point (a)
(qVM,Gu = 15 000 m3/h) with

1,033 < < 1,175

(\/ . )
RZ1\Tyq/ve
\

[ AL

N 12 700
N RZ, T o—~/296:65-x+0-<-365;2

In order to ddtermine whether the calculated ratio is within the
permitted range (see 8.2.3.2), the polytropic exponents are
required. The internal isentropic efficiency 7 required to
determine 77,}; g, is determined here from the isentropic com-
pression power formed by the guarantee values and from the
guaranteed power at the coupling assuming a mechanical ef-
ficiency ¢ =|0,98.

According td figures D.4g) and D.4k), the deviation in the
volumetric flgw ratio is so high that it is impossible to conduct
the test withip the inner tolerance limits (0,99 to 1,01).

Consequently, a check must be made to find out whether the
test is possibje within the outer tolerance limits (0,95 to 1,05)
which can be used in the case of the anticipated flat
characteristic| of a centrifugal compressor in the range of the
guarantee pojfnts (see figure D.2).

Table F.25 — Setting conditions

k\/ RZ, Tt,1)Gu

and in the case of guarantee point (bh{gy . 1,gy[= 12500 m3/h)
with

( . )

N RZ Ty NTe
_ANO
JRZ1 Ty 1 ou

1,043 < < 1,180

The value déetermined at 1,064 in the above example for the two
guarantee points is within these limits.

The setting conditions are given in table F.25.

Numerical value
Designation Symbol Guara_lntee Guara.mtee Unit
point point
(a) (b)
Specific jsedtropic compression work Win,s,Gu 56 6 N-m/kg
Density €t,1,Gu 1,083 1,083 kg/m3
Isentropic compression power Ps Gu 255 233 kW
Power at the compressor coupling Pg,Gu(n:=10,98) 335 310 kW
Isemtropic efficiency 7s.in, Gu 0,777 6,767 =
Polytropic efficiency Mpol,in, Gu 0,789 0,781 5 -
Specific polytropic compression work Win,pol, Gu 57 448 63 214 N-m/kg
Converted guaranteed polytropic ngy 1,34 1,344 —
exponent
Polytropic exponent calculated using e 1,567 1,567 -
Mpol,in,Gu in the test
*) Since there are no other details available than those given in the guarantee, nte is formed using
Npol in. Gu-
pol,in,Gu
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t [ Guarantee point (a) 1
| Mgy =13
R 7= 1,801
=[x = 8 4 1
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s | ——— ' L~
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0,9
1.4 1,5

1,6
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Figure F.6 — Graph for comparison with guarantee
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Figure F.7 — Graph for comparison with guarantee
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In determining the setting conditions in accordance with the
flow chart in figure D.6, the following calculation sequence is
used (the numbers given are those designating individual boxes
in the flow chart) :

1-2-3-4-5-6—-7—-8-9—-10—11—12—
13-21—-22—-28—29

AV, = +0,05 0r AVrtol = — 0,05 is inserted into 28 to
determine the upper and lower tolerance limits. In the present
instance, the pressure ratio (p,/p4)g, determined in 29 at which
the maximum deviation AV, g, = AV, . occurs is outside the

Had the calculated pressure ratio (p,/pq)g, been within the
range of the compression sequence, the extreme value of the
deviation AV, ¢, could have been determined by 31 and the limit
V; 2 would have had to be adapted by 32 — 37 in such a way that
at no point of the compression process AV, , > AV, .

The test was carried out maintaining the above test conditions.

F.3.6 Test results and conversion

range 1 to (pa/pifeu: See tables F.26 to F.28.
Consequently, the formula sequence continues through 30 —
38 — 24 — 25 —|26 — (43 — 44, but see the note to F.0.1) — It was established after the tests that all 3 test-points are within
45 — 46 — 47. the extreme tolerance limits to figure D8,
Table F.26 — Test results
Numerical value
Designation Symbol Test No. 1 Test No. 2 Test No. 3 Unit
Date of test — 1965-03-12 1965-03-12 1965-03-12 —
Time of test - 16,30 18,45 19,00 h
Atmospheric prepsure Pa 1,005 1 1,005 1,005 bdr
Gas constant Re 287,33 287,33 287,33 N|m/(kg-K)
Compressor spegd Nte 12,700 12 700 12 700 r/min
Mass flow ™ (als¢ usable mass flow) dm,Te 19 985 17 304 14 720 kg/h
Inlet pressure Pt1,Te 0,995 4 0,997 3 0,999 3 bdr
Inlet temperaturg 1,7 4,7 5,1 5,3 o(
Tiy,7e 2779 278,3 278,5 K
Density 0{1,Te 1,246 6 1,247 2 1,248 8 kg/m3
Volumetric flow pt inlet qyvi1,Te 16 032 13874 11787 mp/s
(also usable volumetric flow at inlet)
Discharge pressyre D2, Te 1,857 1,974 2,041 bgr
*) In accordance with ISO 5167-1.
Table F.27 — Calculation results
Deésignation Symbol Test-No—1 Nu'_;_‘:ti(;:ivglue TestNo—3 Unit
Pressure ratio (pa/p1)t 1,866 1,979 2,042 —
Specific compression work WnsTe 54 524 60 269 65 373 N-m/kg
Isentropic compression power Ps,Te 302,5 289,8 259,1 kW
Power at compressor coupling Pe Te 421,8 385,5 348,5 kW
Mechanical compressor power dissipation Py 1e 8 8 8 kW
Internal power PinTe 413,8 3775 340,5 kw
Internal isentropic efficiency Ns,in,Te 0,731 0,768 0,761 -
Internal polytropic efficiency NMpol,in, Te 0,754 0,788 0,784 -
Polytropic exponent nTe 1,611 1,566 1,673 —
Specific polytropic compression work Wi, pol, Te 56 195 61932 65 246 N-m/kg
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Table F.28 — Conversion to guarantee conditions (see figure D.8)

1SO 5389 : 1992 (E)

Designation Symbol Test No. 1 Nur'lr"eesrticl::’;lue Test No. 3 Unit
Converted specific polytropic compression Win,pol,Co 56 195 61932 65 246 N.m/kg
work
Converted polytropic exponent nco 1,361 1,340 1,342 -
Converted pressure ratio (pa/p1)t,co 1,777 1,879 1,937 -
Converted inlet volume dyt,1,Co = 4vit,1,Te 16 032 13 874 11787 m3/h
Converted internal power requirement Py, co 359,6 327,9 295,3 kW
Converted mgchanical power dissipation Ps co 8 8 8 kW
Converted pqwer at coupling Pg o 367,6 335,9 303,3 kW

F.3.7 Test
guarantee

The test uncq

uncertainty and comparison with

rtainties are calculated in accordance with 9.2.

The compresgor in question having a flat performance curve,
the comparispn will be made at the guaranteed inlet volume.

For this purpose the converted test results, i.e. specific

polytropic co

pression work, pressure ratio, internal polytropic

efficiency ang power input at coupling, are plotted versus the
converted usgble inlet volume (see figure F.8). Taking into ac-
count the tofal resulting inaccuracies, the conclusions are as

follows (see

igure F.9).

— Guarlntee point (b), gy 1 gy = 12 500 m3/hi the re-

quiremen

of the guarantee are met for both pressure ratio

and powe[ consumption.

—  Guars
pressure I
sois the p
to apply t

ntee point (a), qy1 .6y 15000 m3/h: the
atio is higher than guaranteed, and accordingly,
ower input. For better comparison it is necessary
he procedure outlined.in”9.4. The converted test

results are read from the\clrves plotted in
defined by the three(test points, at the g
volume flow gy 4 1¢g,"= 15 000 m3/h, i.e.
Wm,poI,Co = 59 470 Nm/kg
P, oo = 353,2 kW

—\"the power at coupling reduced to

ditions is
W .00, Gu
P = C X _______m,po,
e, Co, Gu e, Co Wm,poI,Co
57 448
= 3563,2 = 341,2
* 59 470

and the guarantee value is 335 kW.

The converted power is thus slightly in
the resulting total test uncertainty is take

The test uncertainty for example 3 is shown in

figure F.8 and
uaranteed inlet

guarantee con-

excess, even if
n into account.

table F.29.
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Figure F.8 — Graphs for comparison with guarantee
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L Guarantee points

1SO 5389 : 1992 (E)

911,00

Figure F.9 — Graphs for comparison with guarantee
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Table F.29 — Resulting test uncertainty

Designation Symbol Numerical value Comments
Uncertainty Tq Te 1,0 % In accordance with I1ISO 5167-1
in volumetric ” . L
flow at inlet TN Te 0,08 % Digital measuring instrument —
1 rev on indicator
Tp,,Te 0,13 % 1 mmHg on absolute pressuire See 5.9
Ty, Te 0,36 % 1 ° on absolute temperature
Tadj 0,9 %
Ttot, gy, 1 A/ 1,0752 + 0,92=1,40 % | See 9.2.5
Uncertainty N, 1,064
in pressure
ratio In(pa/pq) 0,623
Tpy, Te 0,16 % 1 mmHg on absolute pressure (see 5.9)
Tadj 0,9 %
Ttot,py/py 0,2832 + 0,92 =.0,94 % | See 9.2.6
Uncertainty {3 2,191
in power
at coupling ¢a 351,5
p 0,75 % Current transformer 0,5; voltage
¢ transformer 0,5; wattmeter 0,2 (estimated)
P, 10 %
Tadj 0,9 %
Ttot,P, /0,792 + 092 = 1,20% | See 9.2.7 and table 9
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F.4 Example 4 — Cooled turbocompressor,
isentropic exponent k1, = kg, variable speed
and temperature ratios

F.4.1 General

The speed and temperature ratios can be varied so that similar
flow conditions can be used.

The guarantee conditions, guaranteed performance and other
design values are given in tables F.30 to F.32.

ISO 5389 : 1992 (E)

F.4.2 Purpose of tests

The purpose of the tests is to prove the guaranteed power
requirement for the guarantee point.

F.4.3 Design of installation

The installation consists of a five-stage turbocompressor of
centrifugal design for air with intermediate cooling after each
stage, driven by steam turbine.

Table F.30 — Guarantee conditions
Designation Symbol Numerical Unit
value
Pressure Pi,1,Gu 0,983 5 bar
Temperature %1,Gu 25,31 °C
Relative humidity 9Gu 70 %
Gas constant Ry 289,5 N-m/(kg-K)
Isentropic exponent KGu 1,4 —
Volumetric flow of cooling water dyW)Gu 800 m3/h
Inlet temperature of cooling water "W,1,Gu 27 °C
Table F.31 — Guaranteed performance
Designation Symbol Numerical Unit
value
Volumetric flow at inlet dvt,1,Gu 114 826 m3/h
Discharge pressure Pt,2,Gu 6,632 1 bar
Specific power requirement at compressor coupling P, 0,071 06 kWh/m3
( qv 1 )Gu
Table F.32 — Other design values
Designation Symbol Numerical Unit
value
Speed (Not a guarantee condition for variable-speed Ngu 4 650 r/min
driver 1)
Outside diameter of Stage 1 impeller D 1,12 m
Inlet temperature of air ahead of
Stage I £4.1,11,Gu 40 °C
Stage lli 1,11,Gu 42 °C
Stage IV 14,1,IV,Gu 45 °C
Stage V 11.V,Gu 48 °C
1) The subscript Gu designates the design speed.
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F.4.4 Test set-up

The compressor is subjected to trials on the test bed, driven by
a variable-speed electric motor. Since the rating of the test bed
motor is insufficient for operation at atmospheric intake
pressure, the compressor shall be run at diminished intake
pressure. Running in this way, it is not possible to judge the
intercoolers as a reduced flow of cooling water must be ad-
mitted because of the reduction in the pressure level.

The test set-up is illustrated in figure F.10, and the test con-
ditions are given_in table F 33

To guarantee similar flow conditions, i.e.

VRZiT 1/ 7e _
N
VRZiT 1] 6y

the test shall be conducted at a speed reduced in the proportion

F.4.5 Setting conditions (see 8.2.4)

By means of thg flow of cooling water, the inlet temperatures
of the air into tHe individual stages (see table F.34) can be set
so that the temperature relationships

T4,/ e,

where j = I, lli} IV, V, agree with the design value.

Table F.33 — Test conditions

Nre ‘/288,3 x 288,23
Neo— Y 2895 x 20846 0,981

The result is N, = 4 560 r/min.

In determining the setting conditions jn-accordarce with the
flow chart in figure D.6, the following calculation|sequence is
used (the numbers given are those deésignating individual boxes
in the flow chart):

1—2—-3—-4-5-—-395 40— 41 — 42 — (#3 — 44, but
see the note to F.0.1x—"45

Since the speeds ard the inlet temperatures for the stages are
variable, the compressor can fulfil the setting conditions as a
unit. Accordingly, the calculation ends with 46 —| 47.

The test was'carried out maintaining the above tes} conditions.

Designation Symbol Nu‘::::;cal Unit
Inlet pressure Pt,1,Te 0,240 9 bar
Inlet temperature t,1,Te 15,08 °C
Humidity of air PTe 70 %
Gas constant Rye 288,3 N-m/(kg-K)
Inlet temperature of cooling water w1, Te 24,8 °C

Table F.34 — Inlet air temperatures at different stages

Values in degrees Celsius

Designation Design value Valug to be set
during tests
1, — 15
L1, 40 30
L 42 32
fa,v 45 34
v 48 37
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FAR
1 "W

See tables F.35 to F.37.

!

120

Table F.35 — Test results

Designation Symboi Numerical Unit
value

Test number - 1 —

Date of test - 1965-04-26 -

Atmospheric pressure Pa 1,010 bar

Gas constant Rte 288,3 N-m/(kg-K)

Speed Nte 4 560 r/min

Mass flow™ dm,Te 33114 kg/h

Inlet pressure D1, Te 0,240 9 bar.

Inlet temperature t,1,Te 15,08 °C
Ti1,Te 288,23 K

Density 01,1, Te 0,289 9 kg/m3

Volumetric flow at inlet qvi1,Te 114 226 m3/h

(also usable volumetric flow at inlet)

Discharge pressure Pt,2,Te 1,605 5 bar

*) Calculated from the mass flow measured in accordance with{ISO 5167-1.
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Table F.36 — Calculation results
Designation Symbol Nu‘:zﬁlrlcal Unit
Pressure ratio (pa/p1)t Te 6,664 6 —
Specific isothermal compression work Wi TtTe 157 618 N-m/kg
Power absorbed by the gas (compression sections |-V)
mass flow am,Te 33114 kg/h
discharge temperature t,2,Te 76,62 °C
inlet temperature t,1,Te 15,08 °C
temperature difference Aty Te 61,54 °C
power calculated with ¢, = 1,004 8 kJ/{kg-K) Pint1,Te 568,8 KW
Power absorbed by cooling water (= power absorbed by
the gas in sections Il, 1ll, 1V)
flow of cooling water avw.Te 186,7 m3/h
outlet temperature of cooling water tw,2,Te 31,04 °C
inlet temperature of cooling water W .1,Te 24,80 °C
temperature difference Aty Te 6,24 °C
power calculated with ¢, = 4,187 kJ/(kg-K) Pin Te 1354,7 kW
Power absorbed by the bearing lubricating oil
— journal bearing: volumetric flow of oil qv,oil,Te 2,75 m3/h
inlet temperature of oil £1,0il,Te 39,61 °C
outlet temperature of oil £2 oil, Te 46,86 °C
temperature difference AtgilTe 7,25 °C
mean specific heat CpM,oil, Te 1,969 3 kJ/(kg-K)
density €1, 0il,Te 0,866 x 10° kg/m3
power Pf,Te 9,4 kW
— thrust bearing : volumetric flow of oil qv,oil,Te 5,62 m3/h
inlet temperature of oil £1,0il,Te 39,19 °C
outlet temperature of oil 2,0il,Te 50,07 °C
temperature difference Atgil Te 10,88 °C
mean specific heat CpM,oil, Te 1,978 kJ(/kg-K)
density 21,0il,Te 0,866 x 103 kg/m3
power Ps 1 29,0 kW
total hanical BewWer d‘IEEl.F +1 D" re QQ’A K\AL
Power requirement
isothermal compression power Pt 1e 1449,8 kW
internal power Pint,Te 192356 kW
mechanical compressor-power dissipation Ps 1 38,4 kW
power at coupling Pg 1 Te 1961,9 kW
isothermal coupling efficiency NTteTe 73,9 %
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Table F.37 — Conversion to guarantee conditions (see 8.2.4.1)
Designation Symbol Nu‘;::eurlcal Unit
Test speed Nto 4 560 r/min
Design speed Ngu 4 650 r/min
Converted voiumetric fiow at iniet dvit,1,Co 116,480 m3/h
Converted isothermal delivery head W, T1,Co 163,901 N.m/kg
Converted pressure ratio (po/p1)e co 6,665 3 —
[TConverted internal power Pin,t,Co 8 008,8 kW
Converted mechanical power dissipation Ps co 39,6 kW
Converted power at coupling Pe1,Co 8048,4 kW

F.4.7 Test upcertainty and comparison with guarantee

The test uncert:

The converted inlet volume is slightly higher than guaranteed (see table F.38), even when taking into account the test u

inties are calculated in accordance with 9.2.

The converted gpecific power consumption is lower than guaranteed by about’2,96 % (see table F.38).

The guarantee (¢

NOTE — When cqlculating the power absorbed by the gas in compressor sections | and V, the leakage losses were neglected. As the pol

an be considered to be fulfilled.

tion is well below|the guarantee figure, this simplification is justified.

The test uncertginty for example 4 is shown in table F.39.

Table F.38.— Comparison with the guarantee (see 9.4)

Numerical

122

ncertainties.

wer consump-

at coupling

Designation Symbol value Unit
Guaranteed pressureratio (p2/p1)t,Gu 6,640 8 -
Isothermal delivery head at (pa/p1)t, Gy Wi, T.Gu 163,583 N-m/kg
. Wm,T,Gu
Conversion-factor W 0,998 1 -
m,T,Co
Internal power absorption related to (pa/p1)t gy Pin co 7993,3 kw
—Poweratcouptng PeCo 80329 KW
P
Specific power at coupling related to (po/p1); gy ﬁ 0,068 96 kWh/m3
' ,t,1,Co
P,
Guaranteed specific power at coupling _—eGu 0,071 06 kWh/m3
qv,1,1,Gu
Deviation from guarantee value of specific power - 2,96 %
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Table F.39 — Resulting test uncertainty

: ) Numerical
Designation Symbol value Comments
Uncertainty in g, Te 1,0 % In accordance with ISO 5167-1
volumetric flow at inlet
TN, Te 0,22 % Quality class 0,2; final scale
value 5 000
See 5.9
Tp,,Te 0,56 % 1 mmHg on absolute pressure
Ty, Te 0,35 % 1 © on absolute temperature
Tres,qp1 1,22 % See 9:2.5
Uncertainty N, 1,0
in pressure ratio
In(pa/pq) 1,890
Tpy, Te 0,64 % Quality class 0,6; final value 10 atm gauge
Tres, y/py 1,655 % See 9.2.6
Uncertainty ™, 1,5 % Energy balance estimated
in power at coupling
p; 10 % Estimated
T ; 0,33 % 1 © on absolute temperature (see 5.9)
res, P 1,556 % See 9.2.7 and table 9

F.4.8 Comparison.of different calculation methods

A comparisd

n of different calculation methods is given in table F.40.
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Example 4
A1 =15x1=15m2
0, 4
A2 = Mz 0,1297m2

4

qV,LTe = 31,78 m3/5

ISO 5389 : 1992 (E)

dv,a,1e _ 31,78 Ngy 4 650
c = =2119-mis € —51-19 —954-19 =
1,Te = yy 15 7 TG — 2H19 Ny 2519560 = 21,61 m/s
qv2T1e = [5,806 2 m3/s
qv21e 5,806 2 Ngy 46
C = s = = 44,77 = X =
2,Te 4, 01297 , 77 m/s Cogu = 44,77 N 44,77 x %4 45,65 m/s
Gmcu +|ZRTy1 64 35,76 1,0 x 289,5 x 298,15
M. = J LA = X = 3
“1,6u A1y K 105 x 1,5 x 0,981 14 0060
9,198 3 1,0 x 288,3 x 288,15
M — r x ’ ’ ’ —
a1, Te 105 x 1,5 x 0,240 3 \/ 14 0,057 9
4m,Gu VZRTt 2,Gu 35,76 289,5 x 348,35
M E - —— = = 0,114 34
2607 A, o P 6,472 x 10° x 0,129 7 14 -
qm,Te ZRTt 2,Te 9,198 3 \/ 288,3 x 348,35
M 4 _am, 2Te _ x =0,1194
“2Te T Aopr 1 \/ P 105 x 0,129(7 x 1,591 14
2 14 2
pt,1,GU = 1)1,GU 1T+ — 2 Mat 1,Gu 0,981 1"+ T X 0,060 34) = 0,983 5 bar
4
Piite = A1Te (1 + %Magﬂe) =0,240 3 (1 + 12 0,057 92) = 0,240 9 bar
K P 1,4 P
Piacu = |l +Ma2, ) = 6,472 (1 + =% x 0,114 342| = 6,531 2 bar
Piote = Hoa (1 + = Matﬂe\j 1,591 ( \ = 1,605 5 bar
\ 7 \

Tt1Gu - T1Gu(

o
(=

) 298,15 x (
t1,Gu

)—28795 X (
t1,Te
) 348,35 x(

1- ><006032

Tt1Te— T1Te

1- ><0057 92

Ti21e = T2,7e

1- 011942)

t 2,Te

) = 288,23 K

= 349,77 K

) = 298,46 K = 25,31 °C

1

15,08 °C

I

76,62 °C
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F.5 Example 5 — Cooled turbocompressor,
isentropic exponent k1, = Kg, speed not
variable, temperature ratio of cooled section
variable

F.5.1 General

The speed cannot be varied and the temperatures in the cooled
section are set by means of the flow of cooling water.

The conversion of uncooled and cooled sections of the com-

F.5.2 Purpose of tests

The purpose of the tests is to prove the guaranteed power
requirement for three guarantee points at constant discharge
pressure.

F.5.3 Design of installation

pressor is carried_aut separately

The installation comprises a Tour-stage turbocompyressor for air
The guarantee ¢onditions, guaranteed performance and other with three intercoolers, inlet guide vanes to Stage |, driven by
design values afe given in tables F.41 to F.43. electric motor and gear unit.
Table F.41 — Guarantee conditions
Designation Symbol Numegical Unit
value
Inlet pressure P1,1,Gu 0,980 7 bar
Inlet temperature %1,Gu 20 °C
Relative humidity ?1,G4d 70 %
Gas constant Ry 288,90 N-m/(kg-K)
Isentropic exponent KGuy 1.4
Overall flow of cooling water av.wW,Gu 0,056 944 m3/s
Inlet temperature of cooling water W, 1,Gu 27 °C
Motor speed Npr gy 1490 r/min
Table F.42 — Guaranteed performance
Numerical value
Designation Symbol Gu:;?:ttee Gu;:::ttee G";;?::ee Unit
(a) (b) (c)
Volumetric flow at inlet dy,t,1,Gu 7,208 33 5,763 89 4,680 56 m3/s
Discharge presdqure Pt,2,Gu 6,864 9 6,864 9 6,864 9 bar
Power requiremient at Soupling Pe,Gu 1970 1610 1390 kw
Discharge presgure,-Stage | Pt,2,1,Gu 1,700 1,635 1,425 bar
Discharge temperature, Stage | 14 2.1,Gu - 356 351,2 350,5 K
Table F.43 — Other design values
Designation Symbol Numerical Unit
value
Inlet temperature
Stage I T11,6u 310,2 K
Stage Ill T1,m,Gu 310,2
Stage IV T1,1v, Gu 310,2
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F.5.4 Test set-up

The test is carried out at the compressor site under atmospheric
conditions. In this test, it is not possible to judge the inter-
coolers since a flow of cooling water differing from that of the
guarantee is admitted because of the deviation in cooling water
inlet temperatures.

The test set-up is shown in figure F.11, and the test conditions
are given in table F.44.

F.5.5 Setting conditions

1SO 5389 : 1992 (E)

Unit | : Stage | (without intercooling)

Unit llc: Stages Il to IV (with intercooling)

The additional calculation sequence for Unit | is as follows:
3—-4-5—-6—-7—-8—-9—-10—-11-12—-13-21—
22 — 23 — 24 — 25 — 26 — (43 — 44, but see the note to
F.0.1) — 45 — 46

The values AV, i = + 0,05 0r AV, = — 0,05 are inserted

Since the spged is not variable, the compressor is run so that
the air tempdratures in the cooled section llc are set to corre-
spond to the|design value.

In determinirlg the setting conditions in accordance with the
flow chart in| figure D.6 the following calculation sequence is
used (the numbers given are those designating individual boxes
in the flow chart):

1—2—-—3—4—-5—-39—40—41 — 42 — (43 — 44, but
see the note to F.0.1) — 45

Since it is notjpossible to set the speed or the inlet temperature for
Stage |, the cpbmpressor has to be divided into two units: 48 — 49.

Table F.44 — Test conditions

in23

The setting conditions for Unit | were maintained in the test and
the calculation for Unit | ends with 46.

The additional calculation sequence for Unit lig is as follows:

3—4—-5—-39—40% 41 — 42 — (43 — 44, but see the
note to F.0.1) — 45

Since the inlet temperature for the stages in [Unit lic can be
varied through the intercoolers, it is possible to maintain the
setting conditions for Unit lic. The calculation ends with
46 — 47.

Designation Symbol Nu‘:;ﬁ:;cal Unit

Isentropic exponent KTe 1,4

Inlet temperature t1,Te 13 °C

Mean inlet pressure Dt1,Te 0,980 7 bar

Cooling water temperature w,1,Te 19 °C

Gas constant Re 287,83 N-m/(kg-K)

F.5.6 Tesq results and conversion
See tables F.45 to F.47.
Table F.45 — Test results
Designation Symbol Numerical value Unit
Test No. 1 Test No. 2 Test No. 3
Date of test — 1964-03-11 1964-03-11 1964-03-11 —
Atmosphericlpresstre P35 1,003 1003 1,003 bar
Gas constant Rye 287.8 287,8 287,8 N-m/(kg-K)
Motor speed Npr, Te 1488 1490 1492 r/min
Position of inlet guide vanes ) + 10 + 54 + 64 degree
Mass flow (also usable mass flow since measured m, Te 8,608 33 6,755 56 5,669 44 kg/s
on discharge side)
Inlet pressure DPi1,Te 0,968 9 0,982 6 0,988 5 bar
Inlet temperature 1, Te 12,1 12,9 13,0 °C
Ti1,Te 285,3 286,1 286,2 K

Density 211, Te 1,180 1,193 1,200 kg/m3
Volumetric flow at inlet (also usable volumetric ay1Te 7,295 28 5,662 78 4,724 44 m3/s
flow at inlet) n
Discharge pressure P12, Te 7,6315 75119 7,119 6 bar
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Table F.46 — Calculation results

1SO 5389 : 1992 (E)

Numerical value

Designation Symbol Test No. 1 Test No. 2 Test No. 3 Unit
Pressure ratio (p2/P1)t 7,773 7,645 7,202 —
Specific isothermal compression work Win,T,Te 168 341 167 409 162 614 N.m/kg
Terminal power of motor Pyn, Te 2 168 1795 1549 kW
Motor efficiency npr, Te 95,4 95,3 95,0 %
Power at coupling Py Te 2068 171 1472 kW
Isothermal cqmpressiormrpower PrTe 449 34 922 kW
Isothermal cdupling efficiency NT,e,Te 70,1 66,1 62,6 %
Mechanical Igsses P Te 70 70 70 kW
Internal compression power Pin,Te 1998 1641 1,402 kW
Table F.47 — Conversion to guarantee conditions (see figure’D.11)
Designation Symbol Test No. 1 N":‘e‘:'ti";:)?’:'"e Test No. 3 Unit
a) Unit | (unfooled Stage |)
Volumetric flow at inlet Qv Te 7,295 28 5,662 78 4,724 44 m3/s
Dischargg pressure Pi2,1,Te 1,695 6 1,554 4 1,446 5 bar
Inlet prespure Dt Te 0,968 9 0,982 6 0,988 5 bar
Pressure [atio (p2/P1)t 1, Te 1,750 1,582 1,463 —
Specific ipentropic compression work Wins, i1, Te 49 837 40 354 33 097 N-m/kg
Convertedi volumetric flow at inlet dvi1,1,G6 7,305 00 5,662 78 4,718 06 m3/s
Convertedl specific compression work Winfs, 190 49 975 40 354 32 950 N.m/kg
Convertedl pressure ratio (P2/p1)t,1, co 1,725 1,563 1,446 -—
Dischargg temperature 1121, Te 74,6 71,8 70,1 °C
Inlet temperature 1,1, Te 12,1 12,9 13,0 °C
Internal cpmpression power Pin 1, Te 542 401 326 kw
Converted internal compression’power Pin,1,co 534 389 313 kW
b) Unit llc (dooled Stages Il t6)I\)
Inlet temperature %1, e, Te 36,8 36,6 36,6 °C
Inlet pres[ure D1, 1, Te 1,695 6 1,554 4 1,446 5 bar
Density Qt,1,llc, Te 1,900 1,743 1,622 kg/m3
Volumetr|c flow at inlet Qv 1lic, Te 4,530 83 3,875 83 3,495 28 m3/s
Converted volumetric flow at inlet qv 1,1,1ic, Co 4,536 94 3,875 83 3,490 56 m3/s
Discharge pressure of entire compressor P12, Te 7,5315 7,511 9 7,1196 bar
Pressure ratio (P2 /P14 lic, Te 4,442 4,833 4,922 -
Specific isothermal compression work Wi, T llc, Te 133 076 140 441 142 138 N.-m/kg
Converted specific isothermal compression Wn, T, llc, Co 133 439 140 441 141 657 N.m/kg
work
Converted pressure ratio!) (P2 /D7) l1e, Co 4,431 4,795 4,862 -
Internal compression power2) Pin lic, Te 1 456 1240 1076 kW
Converted power related to density ! Py, 769 mnm 661 kW.m3/kg
(Pt,1/RZTt,1)uc,Co
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Table F.47 — Conversion to guarantee conditions (see figure D.11) (concluded)

Numerical value

obtained for theindividual test points.

Designation Symbol Test No. 1 Test No. 2 Test No. 3 Unit

c) Unit lic3 (see figure D.11)
Volumetric flow at inlet qay1,1,llc, Co 4,480 28 3,833 06 3,451 94 m3/s
Appropriate pressure ratio (P2/P1)t, e, Co 4,46 4,80 4,87 -
Converted internal power Py e, co 1444 1206 1037 kW

d) Total compressor
Volumetric flow at inlet av.t1,Co 7,305 00 5,662 78 4,718 06 m3/s
Converted pfessure ratio of Unit | (p2/p1)4,1, co 1,725 1,563 1,446 -
Converted pfessure ratio of Unit llc (p2/P1)t, l1c, Co 4,460 4,820 4,895 -
Converted ttal pressure ratio (p2/p1t, co 7,694 7.5 7,0 -
Converted irfternal power Unit | Pin,1, co 534 389 313 kW
Converted infternal power Unit llc Py Jic, co 1444 1206 1037 kW
Mechanical fosses in test Py 1 70 70 70 kW
Converted njechanical losses Py co 70 70 70 kW
Converted ppwer at coupling (see figure F.13) | P o 2048 1 665 1420 kW
Calculated specific isothermal compression Wn,T, Co 172 837 171 056 165 828 N-m/kg
work
Converted igothermal compression power P1 co 1463 1120 905,8 kW
Converted i]Zthermal coupling efficiency n7,e,Co 7,4 67,5 63,8 %

1) The converted pressure ratio and converted power related to density“are shown over the converted volumetric flow at irflet Unit lic,

4qv,t,1,lic, Co-

2) The internal compression power is given by

Pin, e, T8 = Pin, Te = Pin, 1, Te
3) Taking the ¢onverted pressure ratio of the uncooled Unit ljinto account, the appropriate volumetric flows at inlet for the cooled Unit llc are
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F.5.7 Test uncertainty and comparison with guarantee
The test uncertainties are calculated in accordance with clause 9.

The comparison with the guarantee is carried out as shown in table F.48 (see figure F.14).

Apart from the test values listed here and designated by the symbol ‘0" in figures F.12 and F.13, additional test points were run at

each of the inlet guide vane positions, and these have been evaluated and converted in the same manner.

All those points have been plotted on figures F.12 and F.13. The power consumption at the guaranteed pressure ratio 7,0 can be ob-

tained from figure F.14.

The guarantdes are met for two points.The third point shows a slight excess, even after taking into account the

The test uncprtainty for example 5 is shown in table F.49.

Table F.48 — Comparison with the guarantee

easuring error.

Designation Symbol T Numperical value Unit
est No. 1 Test No. 2 Test No. 3

Volumetric flow at inlet qvt,1,Gu 7,208 3 5,763 9 4,680 6 m3/s

Guaranteed power at coupling Pg Gy 1970 1610 1390 kw

Converted ppwer at coupling Pe co 1 960 1635 1 405 kw

Table F.49 — Resulting test uncertainty

. . Numerical |
Designation Symbol value Comments
Uncertainty Tq . Te 1,1 % In accordance with ISO 5167-1
in volumetric flow i -
at inlet TN, Te 0,07 % Digital measuring instrument,
1 revolution on indicator .
Tp,. Te 0,14 % 1 mmHg on absolute pressure See5.9
1y, Te 0,35 % 1 ° on absolute temperature
Tres,qy,1 1,165 % See 9.2.5
Uncertainty in pressure N, 1,014
ratio
:n(yz/y‘ﬁ 2,051
Tpy, Te 0,9 % Quality grade 0,6; final value 10 atm gauge
(see 5.9)
Tres, py/py 1,184 % See 9.2.6
Uncertainty in power s 2954
at coupling
P, 0,87 % Current transformer 0,5; voltage
transformer 0,5; wattmeter 0,5
Tp, 2,86 %
f Seeb.9
Ty llc, Te 0,323 % 1 © on absolute temperature
TT,.j.Te 0,32 % 1 ° on absolute temperature
Tres, P, 1,042 % See table 9
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Figure F.13 — Graphs for comparison with guarantee
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