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NOTICE

All ASME Performance Test Codes (PTCs) shall adhere to the requirements of ASME PTC 1, General Instructions. It is
expected that the Code user is fully cognizant of the requirements of ASME PTC 1 and has read them before applying ASME
PTC§.

A$ME PTCs provide unbiased test methods for both the equipment supplier and the users of the equipment or{systems.
The Codes are developed by balanced committees representing all concerned interests and specify precedurefs, instru-
menftation, equipment-operating requirements, calculation methods, and uncertainty analysis. Partiesto thq test can
refefence an ASME PTC confident that it represents the highest level of accuracy consistent with/the best engineering
knoyledge and standard practice available, taking into account test costs and the value of information obtaihed from
testing. Precision and reliability of test results shall also underlie all considerations in the development of an AJME PTC,
congistent with economic considerations as judged appropriate by each technical committee under the jurisdictjon of the
ASME Board on Standardization and Testing.

Whhen tests are run in accordance with a Code, the test results, without adjustrient for uncertainty, yield|the best
available indication of the actual performance of the tested equipment. Parties to’the test shall ensure that the test is
objeftive and transparent. All parties to the test shall be aware of the goals of the test, technical limitations, challepges, and
compromises that shall be considered when designing, executing, and reporting a test under the ASME PTC gyidelines.

A$ME PTCs do not specify means to compare test results to contractualguarantees. Therefore, the parties to a fommer-
cial fest should agree before starting the test, and preferably before.sighing the contract, on the method to beused for
comparing the test results to the contractual guarantees. Itis beyond the scope of any ASME PTC to determine or |nterpret
how| such comparisons shall be made.

vii
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FOREWORD

Revisions to test codes are inevitable in an effort to incorporate new technology and lessons learned. As is typical with
this type of revision and update, committee members working to achieve an improved code have employed the previous
code edifions extensively throughout thelr professional careers. This leads to modilications, additions, and deletiohs to
the code|based on firsthand experience. However, the same ultimate goal sought by committees that rewrote/previous
editions femains. For the ASME PTC 10 Committee, that goal is to provide the best possible guidance and a set.of Tules to
ensure tlhat a compressor tested according to the Code reveals its true performance capabilities that willmanifest when
applied ip the field. It is important to note that an acceptable ASME PTC 10 test simply means the results were obtained
with adherence to Code requirements developed via dimensional analysis. The Code does not hayejrules concerpning
comprespor acceptability to meet project guarantees agreed between vendors and users.

Historjc and developing technical literature for compressor performance abounds with recommended changes and
improvements to ASME PTC 10. These cover such technical areas as numerical solution algotithis, advances in equgtion
of state dccuracy and access, instrumentation, testing logic, and compressor hardware. The committee has reviewed and
debated many proposed technical advances and judiciously applied sound engineeringjudgment tempered by colle¢tive
experienjce, varied professional backgrounds, and a healthy dose of guidance from ASME.

Three |major changes that previous Code users will notice are worthy of mention. These are

(a) ideal gas considerations replaced by real gas methods

(b) pdrformance calculations based on the Schultz method replaced.by an option to select from three polytiopic
computaltional methods

(c) replacement and expansion of Reynolds number correction caleulations

The fiifst change is driven by industry’s need to address fluid conditions well in excess of pressures and temperatures
that previiously were thought of as being in the near-ideal gas behavior region of a fluid’s phase diagram. Nonideal fluid
behavior has been a concern and historically has presented mimerous discrepancies between predicted and measpred
comprespor performance. These issues are much better understood today, and this revised Code requires all fluids be
treated gs real rather than ideal. Vast expansion in availability and access to reference-quality fluid equations of $tate
assists i easing this transition.

The sdcond major change has been driven by peer-reviewed published documentation showing the magnitude of
relative dlifferences introduced by various polytropic work computational methods. The polytropic methods previqusly
embracef by the Code served analysts well for many years. The historical origins of those methods date back to the 1860s
but they|were thoroughly documented~and expanded by Schultz (1962). Schultz’s methods served as the basif for
incorporjation into ASME PTC 10-1965-and were retained in the 1997 edition. For this revised edition, the uge of
pv" to dgvelop a closed-form solution for the integral of polytropic work (vdp) has been abandoned in favgr of
methods| with lower uncertainty)over a broad range of fluid conditions. The three methods included in the cujrent
Code rapge from simple to‘complex with uncertainty decreasing with complexity. Computerized numerical §ools
render sfraightforward ifaplementation of any of the three methods. The committee has expended a great ampunt
of energy and resources<n determining the methods to include in the Code and proving their ability to yield accyrate
results over a wide range of fluids and conditions. In addition, the isentropic relations that were included in previious
editions pfthe Code rave been deleted. While the isentropic model was necessary to calculate the Schultz correction fdctor
that was|then applied to modify the polytropic calculation results, it was also used in some cases to provide alterjnate
isentropjc madel performance calculations.

The third_maija hange is the replacement and expansion of the Reynolds numbe orrection methad n_adtual
practice, most vendors and users have replaced the methods adapted from Wiesner and included in ASME PTC 10-
1997. Type 2 tests performed according to this Code now apply the International Compressed Air and Allied Machinery
Committee (ICAAMC) 1987 method for this subject. Nondimensional test results for polytropic efficiency, polytropic work
coefficient, work input coefficient, and flow coefficient will all be corrected accordingly.

While itis not possible to describe all the changes incorporated into this revised Code in this Foreword, users should be
aware that many additions, improvements, deletions, and changes have been made. Embracing the resulting Code will
provide compressor performance analysts with accurate methods and testing guidance. Several appendices have been
provided that will assist in explanations and illustrate sample calculations. Nonmandatory Appendix D, References, has

viii
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been greatly expanded to provide users with a resource listing that will augment their own individual study of compressor
performance.

This Code is available for public review on a continuing basis. This provides an opportunity for additional input from
industry, academia, regulatory agencies, and the public-at-large.

ASME PTC 10-2022 was approved by the PTC Standards Committee on September 27, 2022, and was approved as an
American National Standard by the American National Standards Institute (ANSI) Board of Standards Review on
December 12, 2022.
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CORRESPONDENCE WITH THE PTC COMMITTEE

General. ASME codes and standards are developed and maintained by committees with the intent to represent the
consensus of concerned interests. Users of ASME codes and standards may correspond with the committees to propose
the staff

secrptary noted on the committee’s web page, accessible at https //go.asme.org/PTCcommittee.

Revisions and Errata. The committee processes revisions to this Code on a continuous basis to incorporatq changes
thatpppear necessary or desirable as demonstrated by the experience gained from the application of the Code. Approved
revisions will be published in the next edition of the Code.

In|addition, the committee may post errata on the committee web page. Errata become effective on the datp posted.
Useqs can register on the committee web page to receive e-mail notifications of posted ‘etrata.

This Code is always open for comment, and the committee welcomes proposals for revisions. Such proposals ghould be
as specific as possible, citing the paragraph number(s), the proposed wording, and a-detailed description of th¢ reasons
for the proposal, including any pertinent background information and supporting-documentation.

Cases

(a) The most common applications for cases are

(1) to permit early implementation of a revision based on an ufgent need
(2) to provide alternative requirements

(3) to allow users to gain experience with alternative or potential additional requirements prior to incoiporation
direftly into the Code

(4) to permit the use of a new material or process
(H) Users are cautioned that not all jurisdictions or owneérs automatically accept cases. Cases are not to be considered
as approving, recommending, certifying, or endorsingafy proprietary or specific design, or as limiting in anyf way the
freeflom of manufacturers, constructors, or owners.to choose any method of design or any form of construdtion that
confprms to the Code.
(c) Aproposed case shall be written asa question and reply in the same format as existing cases. The proposal hall also
inclyde the following information:

(1) a statement of need and background information

(2) the urgency of the case (e.gs.the case concerns a project that is underway or imminent)
(3) the Code and the paragraph, figure, or table number(s)

(4) the edition(s) of the Code to which the proposed case applies

(d) A case is effective for.use when the public review process has been completed and it is approved by the dognizant
supgrvisory board. Appreved cases are posted on the committee web page.

Interpretations. ,Upon request, the committee will issue an interpretation of any requirement of this Code. jAn inter-
pretption can be iSstued only in response to a request submitted through the online Interpretation Submittal Form at
httpp://go.asme.org/InterpretationRequest. Upon submitting the form, the inquirer will receive an automatic e-mail
confirming {ecCeipt.
A$ME does not act as a consultant for specific engineering problems or for the general application or understinding of
the ( ode requlrements If, based onthe 1nformat10n submitted, itis the opinion of the Commlttee that the inquirer should
h be-rettrme h-there ; 5 ch ree-be A ReHirers can

track the status of their requests at https / / go.asme.org/ Interpretatlons

ASME procedures provide for reconsideration of any interpretation when or if additional information that might affect
an interpretation is available. Further, persons aggrieved by an interpretation may appeal to the cognizant ASME
committee or subcommittee. ASME does not “approve,” “certify,” “rate,” or “endorse” any item, construction, proprietary
device, or activity.

Interpretations are published in the ASME Interpretations Database at https://go.asme.org/Interpretations as they are

issued.

Xi
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Committee Meetings. The PTC Standards Committee regularly holds meetings that are open to the public. Persons
wishing to attend any meeting should contact the secretary of the committee. Information on future committee meetings
can be found on the committee web page at https://go.asme.org/PTCcommittee.
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Section 1
Object and Scope

1-1 [OBJECT

The object of this Code is to provide a test procedure to determine the thermodynamic performance of aj

centrifugal compressor doing work on a gas of known or measurable properties under specified\conditions.

This Code is written to provide a test procedure, which will yield the highest level of accuracy,eonsistent with

axial or

the best

engineering knowledge and practice currently available. Nonetheless, no single universal valtie'of the uncertainty is, or

shoyld be, expected to apply to every test. The uncertainty associated with any individual ASME PTC 10 test wi
on pfactical choices made in terms of instrumentation and methodology. Rules are provided to estimate the un
for individual tests.

T;re expectation of the Code is that a compressor performance test will be executed-in a shop or factory enviro|
provyide for the special instrumentation, calibration requirements, meter run designs, and other controlled test c
needed by the Code. This Code may be applied to the extent that its requirements are satisfied elsewhere, su
userfs site or field installation.

An important assumption of this Code is that the performance of a campressor may be determined either by
conditions thatare close to those that are specified, including gas composition, pressures, and temperatures, or &

| depend
Certainty

hment to
nditions
h as ata

esting at
y testing

at alfernative conditions that preserve key design parameters of the-Ccompressor. Such alternative conditions njay allow

the test to be conducted with a suitable test gas, at suitable test pressures and temperatures, at a suitable test sp
flow] rate that preserve similitude between the specified conditions and the scaled test conditions. These al
conditions require that the ratio of the inlet specific volumewersus the discharge specific volume at test conditio
spedified conditions is within permissible tolerance. Tl€se alternative conditions also require that the nondin
flowrate (i.e., the flow coefficient) at the test conditiens and at specified conditions is within a permissible tole
maiftaining similitude between test conditions and specified conditions, the Code assumes that the results o
inclyding flow rate, work, and efficiency, can(be converted from test conditions to specified conditions.

1-2 (SCOPE
1-2.'[1 General

The scope of this Code includes‘instructions on test arrangement and instrumentation, test procedure, and me|
evalphation and reporting of final results.

This Code provides rulesfor establishing the following quantities, corrected as necessary to represent expecte
manjce under specified-operating conditions with the specified gas:

(a) quantity ofgas delivered

(h) pressure-rise produced

(c) volume/reduction ratio

(d) polytropic work

(e) shaft power required

bed and a
ernative
ns and at
ensional
Fance. By
the test,

thods for

d perfor-

voelitropic-efficiency
J

(g) surge point
(h) choke point

Other than providing methods for calculating mechanical power losses, this Code does not cover rotor dynamics or

other mechanical performance parameters.

1-2.2 Compressor Arrangements

This Code is designed to allow the testing of single- or multiple-casing axial or centrifugal compressors or combinations

thereof, with one or more sections per casing and with sidestreams.
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Compressors, as the name implies, are usually intended to produce considerable density change as a result of the
compression process. Fans are normally considered to be air- or gas-moving devices and are characterized by minimal
density change.

The methods of ASME PTC 10, which provide for the pronounced effects of density and pressure change during
compression, have no theoretical lower limit. However, practical considerations regarding achievable accuracy
become important in attempting to apply ASME PTC 10 to devices commonly classified as fans. Refer to ASME PTC
11 on fans and ASME PTC 13 on blowers for further information.

1-2.3 Compressor Performance and Polytropic Assumption

Compttession flow path physical boundaries shall be set to allow use of standardized performance calculation pijjoce-
dures. Fdr purposes of this Code, compressor performance is defined to be between inlet and discharge flanges fona single
comprespor section. Additionally, within a section, the compression process is considered to occur alorfg) a"congtant
efficiency polytropic path. This Code provides definitions and calculation methods adhering to these stated bounddries,
assumptjons, and resulting limitations.

1-3 EQUIPMENT NOT COVERED BY THIS CODE

The cajculation procedures provided in this Code are based on the compression of a single-phase fluid. They should not
be used fpr a fluid containing suspended solids or any liquid, when nongaseous phase ocolirs'in the supplied fluid or dould
be formgd in the compression process.

This dpes not preclude the use of this Code on a gas where condensation occurs inya cooler, provided the droplet are
removed prior to the gas entering the next section of compression.

The callculation procedures provided in this Code should not be used when'a ¢hemical reaction takes place during the
compresfion process. This Code does not cover compressors constructed‘with liquid-cooled diaphragms or buflt-in
internal heat exchangers (e.g., isothermal compressors).

1-4 TYPES OF TESTS

This Code contains provisions for the following two diffetent types of tests:
(a) AType 1testshall beconducted ona gas similar to the\specified gas with limited deviations between test conditions
and spedified operating conditions as defined in Table$)3-2.1-1 and 3-2.1-2.
(b) AType 2 testpermits the use of a substitute testgas and extends the permissible deviations between test conditions
and spedified operating conditions as defined in.Table 3-2.1-2.

1-5 PERFORMANCE RELATION TO GUARANTEE

This Code provides the means to détermine the performance of a compressor at specified operating conditigns.
Contrdctual guarantees are outside.the scope of this Code. Use of the test results for such guarantees should be agreed
on by the parties prior to the test.

1-6 ALTERNATE PROCEDURES

Definifive proceduresfor testing compressors are described herein. Ifany other procedure or test configuration is ysed,
itshall b¢ agreed oninwriting prior to the test by the participating parties. However, no deviations may be made that will
violate apny mandatory requirements of this Code when the tests are designated as tests conducted in accordance with
ASME PTC 10¢

The maindatery rules of this Code are characterized by use of the word “shall.” If a statement is of an advisory naturg, itis
indicated-byvuse of the word “should” or is stated as a recommendation

1-7 INSTRUCTIONS

ASME PTC 1 shall be followed where applicable. The instructions in ASME PTC 10 shall prevail over other ASME
Performance Test Codes where there is any conflict.
1-8 REFERENCES

Unless otherwise specified, references to other Codes refer to ASME Performance Test Codes. Literature references are
shown in Nonmandatory Appendix D.
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Section 2
Definitions and Description of Terms

BASIC SYMBOLS AND UNITS

in this Code.

PRESSURE DEFINITIONS
lute pressure: the pressure measured above a perfect vacuum.

rential pressure: the difference between any two pressures measured with respect.to a common reference
rence between two absolute pressures).

arge static pressure: the absolute static pressure that exists at the discharge measuring station.

arge total pressure: the absolute total pressure that exists at the discharge measuring station. Unless sp|
d otherwise, this is the compressor discharge pressure.

mic pressure: the difference between the total pressure and the static pressure at the same point in a
e pressure: the pressure measured directly with the existing barometric pressure as the zero-base refg
static pressure: the absolute static pressure that exists\at the inlet measuring station.

total pressure: the absolute total pressure that exists.dtthe inlet measuring station. Unless specifically stat
, this is the compressor inlet pressure.

c pressure: the pressure measured in such a manner that no effect is produced by the velocity of the flow

pressure: an absolute or gauge pressure thatwould exist when a moving fluid is brought to rest and its kinet
nverted to an enthalpy rise by an isentropic process from the flow condition to the stagnation condif
onary body of fluid, the static and total pressures are equal. Also called stagnation pressure.

TEMPERATURE DEFINITIONS

lute temperature: the temperature measured above absolute zero. It is stated in degrees Rankine or kelvin
, the Rankine temperature/is the Fahrenheit temperature plus 459.67°F and the kelvin temperature is th
perature plus 273.15°C:

arge measured temperature: the temperature recorded by a measuring device at a section boundary d
hm. Temperature measurement devices located in a flowing stream may not provide a direct reading
c temperature or total discharge temperature, but rather a value between these two temperaty
mandatgry Appendix G for the relationships between static, measured, and total temperatures in 3
stream,Mn a stationary body of fluid, the static, measured, and total temperatures are equal.

arge-static temperature: the absolute static temperature that exists at the discharge measuring station.

e Table 2-1-1 for a description of symbols and units used in this Code. See Table 2-1-2 for a description of syibscripts

(e.g. the

ecifically

fluid.

rence.

bd other-

ing fluid.

cenergy
ion. In a

Numeri-
e Celsius

ischarge
of either
res. See

flowing

disc

fically stated otherwise, this is the compressor discharge temperature.

harge total temperature: the absolute total temperature that exists at the discharge measuring station. Unless speci-

dynamic temperature: the difference between the total temperature and the static temperature at the measuring station.

inlet measured temperature: the temperature recorded by a measuring device at a section boundary inlet stream.
Temperature measurement devices located in a flowing stream may not provide a direct reading of either static tempera-
ture or total inlet temperature, but rather a value between these two temperatures. See Nonmandatory Appendix G for the
relationships between static, measured, and total temperatures in a flowing fluid stream. In a stationary body of fluid, the

stati

¢, measured, and total temperatures are equal.

inlet static temperature: the absolute static temperature that exists at the inlet measuring station.
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Table 2-1-1
Symbols and Units
U.S. Customary Multiply
Symbol Description Units by SI Units
A Flow channel cross-sectional area ft? 0.0929 m?
a Speed of sound ft/sec 0.3048 m/s
Ap Flow straightener hole area in.2 0.000645 m?
A, Flow straightener pipe area in.2 0.000645  m?
b Fuid-frow-passage—tipwitth ft 63648
c Specific heat (liquid) Btu/(lbm-°R) 4,186.8 J/(kgK)
[ Specific heat at constant pressure Btu/(lbm-°R) 4,186.8 ]/ (kg:K)
P Specific heat of air film Btu/(Ibm-°R) 4,186.8 ] Hkg-K)
CTEgim Coefficient of thermal expansion of air film 1/°R 0.556 1/K
c, Specific heat at constant volume Btu/(Ibm-°R) 4,186.8 ]/ (kgK)
D Diameter in. 0.0254 m
d Diameter of flowmeter element in. 0.0254 m
€rad Emissivity Nondimensional 1 Nondimensioral
h Specific enthalpy Btu/lbm 2,326 J/kg
Rconv Coefficient of convective heat transfer for casing and adjoining pipe Btu/(hr-ft2°R) 5.678 W/(m?K)
k Ratio of specific heats, c,/c, Nondifmensional 1 Nondimensiorjal
ke Specific kinetic energy (V?/2) Btuy/lbm 2,326 ]/kg
In Natural logarithm (base e) Nondimensional 1 Nondimensiorjal
log Common logarithm (base 10) Nondimensional 1 Nondimensionjal
M Fluid Mach number Nondimensional 1 Nondimensionjal
m Mass flow rate Ibm/min 0.00756 kg/s
Mm Machine Mach number Nondimensional 1 Nondimensiorjal
Mw Molar mass (molecular weight) Ibm/lbmole 1 kg/kmol
N Rotational speed rpm 0.01667 1/s
n, Total number of test point readings Nondimensional 1 Nondimensiorjal
ng Isentropic volume exponent Nondimensional 1 Nondimensiorjal
ng Seal type reference constant (see Nonmanddtory Appendix B) Nondimensional 1 Nondimensiorjal
Nstep Total number of iteration steps Nondimensional 1 Nondimensional
Nu Nusselt number Nondimensional 1 Nondimensiojal
P Power hp 745.7 w
p Pressure psi 6,895 Pa (= N/m?)
Derit Critical pressure psi 6,895 Pa
Pr Prandtl number Nondimensional 1 Nondimensiojal
Dr Reduced pressute,'p/pcrit Nondimensional 1 Nondimensionjal
Dy Dynamic préssure psi 6,895 Pa
q Volume/flow rate, capacity ft3 /min 0.000472 m3/s
Qconv Sectionnconvective heat transfer Btu/min 17.58 w
Qm Total mechanical losses (equivalent) Btu/min 17.58 w
Qrad Section radiative heat transfer Btu/min 17.58 w
Qsp Heat transfer from the section boundaries Btu/min 17.58 w
Qg External seal loss equivalent Btu/min 17.58 w
R Specific gas constant (ft-Ibf)/(Ibm-°R)  5.381 ]/ (kg'K)
Ra Raleigh number Nondimensional 1 Nondimensional
Re Fluid Reynolds number Nondimensional 1 Nondimensional
Rem Machine Reynolds number Nondimensional 1 Nondimensional
re Recovery factor Nondimensional 1 Nondimensional
Iy Pressure ratio Nondimensional 1 Nondimensional
r Volume flow ratio Nondimensional 1 Nondimensional

q
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Table 2-1-1
Symbols and Units (Cont’d)

U.S. Customary Multiply

Symbol Description Units by SI Units
re Temperature ratio Nondimensional 1 Nondimensional
ry Specific volume ratio Nondimensional 1 Nondimensional
s Specific entropy Btu/(Ibm-°R) 4,186.8 ]/ (kg-K)
Se Heat transfer surface area of exposed compressor casing and adjoining ~ft* 0.0929 m?
pipe
Sy Standard deviation for a test reading Varies Varies
T Absolute temperature °R 0.5556 K
Tconflg,,  Thermal conductivity of air film Btu/(hr-ft-°R) 1.730735__ W/ (m-K)
Terit Critical temperature °R 0.5556 K
U Blade tip speed ft/sec 0.3048 m/s
u Specific internal energy Btu/lbm 2,326 J/kg
4 Fluid velocity ft/sec 0.3048 m/s
v Specific volume ft3/lbm 0.06243 m?/kg
Visg Dynamic viscosity of air film Ibm/(ft-se€) 1.488 kg/(m-s)
w Work per unit mass (ft-1bf) /1bim 2.989 J/kg
X Compressibility function Nondimensional 1 Nondimgnsional
VA Compressibility factor as used in gas law, pv = ZRT Nendimensional 1 Nondimgnsional
Ap Differential pressure psi 6,895 Pa
At Differential temperature °F, °R 0.5556 °C, K
0 Partial derivative Nondimensional 1 Nondimgnsional
5 Absolute difference between an individual observation and the.dverage for Varies Varies
a reading
n Efficiency Nondimensional 1 Nondimgnsional
A Friction factor Nondimensional 1 Nondimgnsional
u Dynamic (absolute) viscosity Ibm/(ft-sec) 1.488 kg/(m-s)
Uin Work input coefficient Nondimensional 1 Nondimgnsional
Hp Polytropic work coefficient Nondimensional 1 Nondimgnsional
v Kinematic viscosity ft?/sec 0.0929 m?/s
m 3.14159 Nondimensional 1 Nondimgnsional
p Density bm/ft? 16.02 kg/m?
Pfilm Density of air film lbm/ft? 16.02 kg/m?
) Summation Nondimensional 1 Nondimgnsional
[ Stefan-Boltzmann, eonstant Btu/(hr-ft>-°R*) 33.0827 W/(m?K})
T Torque ft-1bf 1.356 N-m
T Function 6fthée number of probes being used to measure a single variable Nondimensional 1 Nondimgnsional
and intended to identify observations that are more than two standard
deyiations away from the mean [Note (1)]
€ Surface roughness in. 0.0254 m
0 Total work input coefficient Nondimensional 1 Nondimgnsional
0] Flow coefficient Nondimensional 1 Nondimgnsional

GENERAL NOTE: Although a symbol for one unit mass is not specified, the conversion 1 kg = 2.204622622 Ibm is applied by other symbols in this
Code.

NOTE: (1) This definition is used in Nonmandatory Appendix C.
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Table 2-1-2
Subscripts
Subscript Description

a Ambient

c Casing

cond Conduction

conv Convection

corT,n Correction for efficiency

corr,u Correction for polytropic work coefficient

corr,¢ Correction for flow coefficient

crit Fluid’s critical point values

csp Converted to specified conditions

d Compressor discharge conditions

film Film

g Gas

hb Heat balance

i Compressor inlet conditions

i Iterator variable [Note (1)]

in Flow stream entering defined control volume

in Input (as in work input coefficient u;,)

j Iteration (step) number, exponent

1 Leakage

Id Leakage downstream

lu Leakage upstream

m Main stream

meas Measured

mech Mechanical losses

other Other losses

out Flow stream departing defined control volume

p Polytropic, pipe

par Parasitic losses

R Rotor

r Ratio, reduced

rad Radiation

sb Section boundary

sh Shaft

sp At specified conditions

static Static

t Test

X Individual observation of an instrument taken during the test run

© Critical or at infinity

NOTE: (1) This definition is used in para. 5-4.3.3.
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inlet total temperature: the absolute total temperature that exists at the inlet measuring station. Unless specifically stated
otherwise, this is the compressor inlet temperature.

static temperature: the temperature determined in such a way that no effect is produced by the velocity of the flowing
fluid.

total temperature: the temperature that would exist when a moving fluid is brought to rest and its kinetic energy is
converted to an enthalpy rise by an isentropic process from the flow condition to the stagnation condition. In a stationary
body of fluid, the static and the total temperatures are equal. Also called stagnation temperature.

2-4

acoystic velocity: the acoustic velocity for a pressure wave or acoustic wave of infinitesimal amplitude in any,fifedium is
giveh by

0
a= (_P] = JnZRTtatic
dp s

and [is described by an isentropic process. Also called sonic velocity.

compressibility function, X: the change of compressibility factor, Z, with temperature-at constant pressure.

X:Z(a—z): k (c—cv)—l
z\or), N ZRng " F

dendity: the mass of the gas per unit volume. Density is determined atapoint once the total pressure and total temjperature
are known at that point.

NOTE: For ideal gases, X = 0.

dyndmic viscosity: the intensity of viscous shear within a fluid. Also called absolute viscosity.
fluidl Mach number: the ratio of fluid velocity to acoustic velocity.

fluidvelocity: the average fluid flow velocity at the location of interest. The average velocity at the measurement ftation is
giveh by

V= il

pstaticA

isentropic volume exponent, n,: the felationship between volume change and pressure change of a real gas falong an
isentropic path. Specifically
i
i’ls = - —|—
plov)

NOTE: For ideal gase$,ngy = k.

kinematic viscesity” the dynamic viscosity of a fluid divided by the fluid density.
molqr masstthé mass of a fluid referred to that of an atom of carbon-12. Also called molecular weight.
ratiq of ‘specific heats, k: equal to cp/cv.

NOTE+—Fhe—relationship-er—er=—R-is—he
independently calculated.

must be

real gas: a fluid that obeys the general equation of state, pv = ZRT, in which Z is not always equal to unity and thermo-
dynamic properties are functions of both pressure and temperature.

specific gravity: the ratio of the molecular weight of the gas or gas mixture to that of air.

NOTE: Gas specific gravity can be exactly defined as the ratio of the density of a gas at defined standard conditions to the density of air at
the same defined standard conditions.
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specific heat at constant pressure, c,: the change in enthalpy with respect to temperature at a constant pressure. Repre-
sented by c, = (0h/9T),.

specific heat at constant volume, c,: the change in internal energy with respect to temperature at a constant specific
volume. Represented by ¢, = (du/dT),.

specificvolume: the volume occupied by a unit mass of gas. Specific volume is determined at a point once the total pressure
and total temperature are known at that point.

2-5 OPERATING CHARACTERISTICS DEFINITIONS

capacity] of a compressor, the rate of flow, determined by delivered mass flow rate divided by inlet total density| For
sidestregm machines, this definition shall be applied to individual sections.

compresjor choke point: the maximum capacity when the machine is run at a given speed and guide vane geomgtry.

NOTE: Although aerodynamic choke is understood as a limitation of flow as a result of reaching sonic velocity ifna-complete fross
section offatleast one aerodynamic flow passage ata given compressor speed or guide vane setting, for purposes ofthis Code, itis simply
understogd as a defined maximum capacity (see para. 3-10.7).

compresgor surge point: the minimum stable capacity when the machine is run at a given speed.and guide vane geomgtry.
The compressor surge point occurs when flow is reduced, the compressor back pressure exceeds the pressure develpped
by the compressor, and a breakdown in flow results. This immediately causes a reversal in'the flow direction and reduces
the compressor back pressure.

control vplume: a region of space selected for analysis where the flow streams entering and leaving can be quantitatfvely
defined, fs can the power input and heat exchange by conduction and radiationiSuch a region is in equilibrium for b¢th a
mass angl energy balance.

flow coeffiicient: a nondimensional parameter proportional to the compressed mass flow rate divided by the produlct of
inlet denkity, blade tip speed, and the square of the blade tip diameter,For centrifugal compressors, the blade tip dianfeter
is the makimum blade diameter at the trailing edge of the impeller,blades. For axial compressors, the blade tip diameter is
the blad¢ tip diameter at the leading edge of the rotor blades. The ‘compressed mass flow rate is the net mass flow|rate
through [the rotor.

leakage fatio: the sectional external leakage mass flow.divided by the inlet mass flow.

machine|Mach number: defined as the ratio of the blade Velocity at the largest blade tip diameter of the first impeller for
centrifugal machines or at the tip diameter of theleading edge of the first-stage rotor blade for axial flow machines tp the
acoustic [velocity of the gas at the total inlet ¢onditions.
NOTES:

(1) Machjne Mach number is not to be confused with local fluid Mach number.
(2) Althopgh acoustic velocity is calculated-with a static temperature, for purposes of this Code, total temperature is used.

machine|Reynolds number: defined by the equation Rem = Ub/v, where U is the velocity at the outer blade tip diameter of
the first impeller or of the first-stage blade tip diameter of the leading edge, v is the total kinematic viscosity of the gps at
the compgressor inlet, and b is'acharacteristic length. For centrifugal compressors, b shall be taken as the exit width alt the
outer bldde diameter of thefirst-stage impeller. For axial compressors, b shall be taken as the chord length at the tip gf the
first-stage rotor blade."These variables shall be expressed in consistent units to yield a nondimensional ratio.

NOTE: Although kinematic viscosity is calculated at static conditions, for purposes of this Code, total conditions are used.

maximum capacity: the highest flow rate at which the performance curve terminates at a given speed and guide yane
geometry.

NOTE: Maximum capacity may be the highest continuous operable flow rate at a given speed and guide vane geometry.
operating range: the variation in stable flow rate between the compressor surge point and the maximum capacity along a
constant speed or fixed guide vane geometry.

pressure ratio: the ratio of the absolute discharge total pressure to the absolute inlet total pressure.

pressure rise: the difference between the discharge total pressure and the inlet total pressure.

section: one or more stages having the same mass flow without external heat transfer other than casing heat transfer.

sidestream: a partial flow addition or extraction to the flow of an upcoming section.
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specific volume ratio: the ratio of inlet specific volume to discharge specific volume in total conditions. For an inward
sidestream section, the inlet specific volume shall be of the fully mixed combination of the net stream leaving the previous
section and the added sidestream.

stage:
(a) for a centrifugal compressor, a single impeller and its associated stationary flow passages.
(b) for an axial compressor, a single row of rotating blades and its associated stationary blades and flow passages.

temperature ratio: the ratio of the absolute discharge total temperature to the absolute inlet total temperature.

temperature rise: the difference between the discharge total temperature and the inlet total temperature.

volume flow rate: as used in this Code, the local mass flow rate divided by local total density. Volume flow rate is used to
determine the volume flow ratio.

volune flow ratio: the ratio of volume flow rates at two points in the flow path.

2-6| WORK, POWER, AND EFFICIENCY DEFINITIONS

The following definitions apply to a section:

gas power: the sum of the products of mass flow rates and enthalpies of these flows enterinigrand exiting a contrdl volume
surrpunding the section plus the heat loss from that section to ambient temperature. The gas power is applipd to the
sectlon by the rotor.

NOTE: Nonmandatory Appendix E provides definitive equations for gas power determination.

gas gpecific work: the amount of work performed by the rotor to compressand-deliver a unit mass of gas. Gas spedific work
is equal to the enthalpy rise of the compressed gas between the sectional inlet and the discharge conditions.

mechanical losses: the total power consumed by frictional losses.inintegral gearing, bearings, and shaft endl seals.
pardsitic losses: the difference between shaft power and gas power for the section or sections of interest.

polytropic compression: areversible compression process betweéen the inlet total pressure and inlet total tempergture and
the discharge total pressure and discharge total temperature. The change in the gravitational potential energy ispssumed
to b¢ negligible. The polytropic process follows a path such that the polytropic efficiency is constant during thg process.

polytropic efficiency: the ratio of the polytropic woerk to the gas specific work.

polytropic work: the reversible work required to,compress a unit mass of gas along a polytropic path from the ihlet total
pressure and inlet total temperature to the discharge total pressure and discharge total temperature. Polytrojpic work
maylalso be referred to as polytropic head by industry and in literature, but for the purposes of this Code, polytrgpic work
is thle preferred term.

polytropic work coefficient: the nondimensional ratio of the polytropic work to the sum of the squares of the plade tip
spedds of all stages in a given section.

shaff power: the power delivered to the compressor shaft. Shaft power is the gas power plus the parasitic losges in the
compressor. Also called\brake power.

total specific work: the sum of the gas specific work and the amount of additional specific work performed by th¢ rotor to
sustpin sectional external leakage and sidestream flows upstream and downstream of the rotor. The additiondl specific
work comprises-enthalpy changes associated with sectional external leakage and sidestream flows multiplied by their
resplective mass flow rates and referenced to the total mass flow rate passing through the rotor.

tota| workyinput coefficient: the nondimensional ratio of the total work input to the gas to the sum of the squares of the
blade tip speeds of all stages in a given section.

work input coefficient: the nondimensional ratio of the enthalpy rise to the sum of the squares of the blade tip speeds of all
stages in a given section.

2-7 MISCELLANEOUS DEFINITIONS
acceptable raw data: raw data that meets the limitations imposed in Sections 3 and 4 and has outliers removed.

corrected raw data: data that is obtained from applying corrections to the acceptable raw data as described in
para. 5-4.3.1.
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equivalent conditions: for purposes of this Code, the conditions when, for the same flow coefficient, the ratios of the three
dimensionless parameters (specific volume ratio, machine Mach number, and machine Reynolds number) fall within the
limits prescribed in Table 3-2.1-2. Also called similitude.

fluctuation: the highest reading minus the lowest reading divided by the average of all readings, expressed as a percent.

pipe Reynolds number: the Reynolds number for the gas flow in a pipe. The pipe Reynolds number is defined by the
equation Re = VD/v, where

D
|4

the characteristic length that is the inside pipe diameter at the pressure-measuring station
the average velocity at the pressure-measuring station
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essure- and temperature-measuring stations for flow-metering calculations shall be specified as in Se€tion 4
in the Reynolds number shall be expressed in consistent units to yield a dimensionless ratio.

e Reynolds number is different from machine Reynolds number. See definition in subsection 2-5.

: the recorded observations of an instrument taken during the test run.

the average of the corrected raw data at any given measurement station.

operating conditions: those conditions for which compressor performance is to-be evaluated.
e rotational speed of the compressor rotor that comprises a given section!

ating conditions: the operating conditions prevailing during the test.

: three or more readings that have been averaged and that fall within the permissible specified fluctual

ERPRETATION OF SUBSCRIPTS

 values for thermodynamic state and mass flow rate are used in the computation of nondimensional pe
rameters such as Mm, Rem, r,, ¢, pip, U;, 1, and (2. Unless,otherwise specifically stated, the thermodynamic
is are used. The subscripts used in these equations are interpreted as described in (a) through (e).

e subscript i on thermodynamic state variables denotes inlet conditions. For single-entry streams, it refe
is at the section inlet measurement station. For multiple-inlet streams, it refers to a calculated mixed state
Hatory Appendix E, subsection E-5.

e subscript d on thermodynamic state variables denotes discharge conditions. It refers to conditions a
am discharge measurement station.

e subscript R is used on mass flow rate'te denote the net mass flow rate compressed by the rotor. Determing
mass flow rate compressed by the'rotor requires that all measured flows and calculated leakages be considsé
mandatory Appendix E, Figure E=3.11-1.

e subscript sp refers to quantities at specified conditions, which are known before the test and do not changg
the test.

e subscript csp refers to quantities that are converted from the test results (Table 5-6.1.2-1) to specified cd
I represent the as-built performance of the compressor at specified conditions. See Table 5-6.1.2-2.
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Section 3
Guiding Principles

3-1
B

the |ntended use of the Performance Test Codes and is particularly helpful in the initial planning. of the te
When a test is to be conducted in accordance with this Code, the scope, procedures, and calculation methods t

shal

instfuments, and test gas, if applicable, shall be made. Estimates of the probable uncertainty inthe planned meast

shal

NOTE: Pretest and post-test uncertainties as described by ASME PTC 1 should be calculated @nd.agreed on by the interestg

3-1.1 Specified Conditions

The scope of the test shall be agreed to by the interested parties. This may be dictated in advance by co
commitments or may be mutually agreed on prior to the start of the test. This Code contains procedures for a sin
perfprmance test and gives guidance on determining a complete perforthdance curve.

PLANNING THE TEST
fore undertaking a testin accordance with the rules of this Code, ASME PTC 1 shall be consulted. ASME.PTC 1

be determined in advance and documented in the test procedure. Selections of pipe-arrangements, te

be made. The uncertainty calculation method shall be agreed to by the interestedcparties in advance of

explains
t.

b be used

t driver,
rements
the test.

d parties.

htractual

gle point

Specified conditions are mass flow rate, inlet pressure, inlet tefperature, gas composition, gas physical prjoperties,
cool|ng water temperature (as applicable), operating speed, and guide vane geometry (as applicable).
NOTE: Specified operating speed and guide vane geometry (as_applicable) are generally defined to meet the expected [discharge
pressure of the compressor.
3-1.2 Test Objectives

Adetailed written statement of the test objectives shall be developed prior to conducting the test.
3-1.8 Test Facility

A ftest facility shall be selected. See“subsection 1-1.
3-114 Test Personnel

The number of test personnel should be sufficient to ensure a careful and orderly observation of all instruménts with

timg

3-1.6 Responsibte Individual

Al

3-2

between observations to check for indications of error in instruments or observations.

h individuah shall be designated as responsible for conducting the test.

TYPES OF TESTS

Tl

conditions.

3-2.

1 Type 1 Tests

s Codedefimestwo types of test, wihithrare based o thre deviations between test comditions amd specified Operating

Type 1 tests are conducted with the specified gas and operating conditions with permissible deviations as specified by
Table 3-2.1-1. These limitations are subject to the further restriction that their individual and combined effects shall not
exceed the limits of Table 3-2.1-2. A Type 1 test shall be required for specified machine Reynolds numbers below 90,000.
No machine Reynolds number correction is applicable for Type 1 tests.

11
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Table 3-2.1-1
Permissible Deviation From Specified Operating Conditions for Type 1 Tests

Variable Symbol SI Units U.S. Customary Units Permissible Deviation, %

Inlet pressure pi Pa psia 5

Inlet temperature T; K °R 8

Speed N 1/s rpm 2

Molecular weight Mw kg/kmol Ibm/Ibmole 2

Capacity qi m3/s ft®/min 4

GENERAL [NOTES:

(a) A Typp 1 test is conducted on a gas with similar composition to the specified gas with limited deviations between test compgsitiop and
operating conditions and specified composition and operating conditions. Deviations are based on the specified values, where.préessurds and
tempgratures are expressed in absolute values.

(b) The cpmbined effect of inlet pressure, temperature, compressibility factor, and molecular weight shall not producg more than ah 8%
deviatfion in the inlet gas density.

(c) Effortf shall be made to maintain the volume reduction as close to that at specified conditions as possible through{variation of the varfables
withir} the deviations allowed.

3-2.2 Type 2 Tests

Type 2
The test

3-23 T
The se

is desirable that test conditions duplicate specified operating condifions as closely as possible. The limits in Table 3-2

speed required is often different from the specified operating condition speed.

pst Type Selection

ection of test type shall be made in advance of the test. In the.interest of minimizing uncertainty of test resu

tests are conducted subject to the limits of Table 3-2.1-2 only. The specified’gas or a substitute gas may be ysed.

ts, it
1-1

provide naximum allowable deviations of individual parametexs for Type 1 tests. The permissible deviations in Table
3-2.1-2 grovide maximum allowable deviations of the fundaniental nondimensional parameter groupings for both types.
The emphasis in conducting either a Type 1 test or a Type 2-test should be toward minimizing these deviations. The most
reliable testresults would be expected when the deviations in Tables 3-2.1-1 and 3-2.1-2 are minimized. Results of thq test
shall be palidated by applying Table 3-2.1-2 permissible deviations to the converted-to-specified values.
Table 3-2.1-2
Permissible Deviation)From Specified Operating Parameters for Type 1 and Type 2 Tests
Limit of Test Valu¢s as
Percent of Specifjed
Values [Note (1)]
Parameter Symbol Min. Maxk.

Specific vdlume ratio Vi/Vaq 95 105
Flow coefficient ¢ 96 104
Machine Mach*niumber Mm

Centrifugalicompressors See Figure 3-2.1-1

Axial compressors See Figure 3-2.1-2
Machine Reynolds number Rem

Centrifugal compressors [Note (2)] See Figure 3-2.1-3
Axial compressors where the machine Reynolds number at specified conditions is less than 100,000 ... 90 105

[Note (2)]
Axial compressors where the machine Reynolds number at specified conditionsis greater than 100,000 ... 10 200
NOTES:
(1) The limits in this table are applied to specified and converted-to-specified values. See para. 3-2.3.

(2) Minimum allowable specified machine Reynolds number is 90,000 for a Type 2 test with Reynolds number correction.

12
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Figure 3-2.1-1
Allowable Test Machine Mach Numbers for Centrifugal Compressors
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3-2/4 Calculation Procedures

Cdlculation procedures for real gases drejgiven in Section 5. See para. 3-4.1 and subsection 5-1.

NOTE: Simplified thermodynamic relationships of ideal gases shall not be used.

3-3|LIMITATIONS

3-3]1 Section Boundaries

The methods in this-Code can be applied for conversion of test results to specified operating condition r¢sults for
compressors that consist of one or more sections. Section boundaries are defined by surfaces of the compressor flow path
withlin the tested.section and cross sections of inlet and outlet flow streams. The interior of connected section boundaries
forn}s a section control volume, as depicted in Figure 3-3.1-1. The gas state and flow rate shall be established| for each
streqm, where it crosses the section boundary. In the case where power input is calculated and not directly measured, the
transfer
es.

3-3.2 Sidestreams

Compressors with sidestreams can be tested using the procedures for a Type 1 test, provided all conditions, including
those at the sidestream, meet the requirements of Table 3-2.1-1. Compressors with sidestreams can also be tested by
individual sections using the criteria for a Type 2 test.

13
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Figure 3-2.1-2
Allowable Test Machine Mach Numbers for Axial Compressors
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3-3.3 Lpakage Ratio

Leakage ratio shall be estimated for both test conditions and specified conditions. If the difference of leakage ratios
between|test conditions and specified conditions exceeds 0.02, the flow rate corrections for leakage shall be applied tp the
calculatipns of capacity and power.

The cqndition that requires flow rate corrections is represented by the following relation:

iy iy
— - |— > 0.02
Min sp in Jgest

These|corrected<conditions of the tested section shall comply with requirements defined in Table 3-2.1-2.

NOTES:

(1) Specific volume ratio may in practice differ between Type 2 test conditions and specified operating conditions due to legkage
differences. For example, as it is common to test at reduced inlet pressure, the reduced differential pressure across a sdal to
atmosphere coutd TeSUIT M ZET0 OT NegativVe [eakage. I Nerelore, SPeciiic VOIUIe ratio equality Mmay ot De achieved between Type 2
test conditions and specified conditions. Sample calculations of leakages for a back-to-back compressor are presented in
Nonmandatory Appendix B.

(2) Any leakage inside the control volume as shown in Figure 3-3.1-1 from stage shaft and impeller eye seals and seal gas flows are
normally not measured, but their effect is included through efficiency impacts.

(3) Any leakage crossing the control volume boundary as shown in Figure 3-3.1-1, such as those related to balance pistons and
multisection separation seals, may require or be selected for measurement to improve calculation accuracy.

14
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Figure 3-2.1-3

Allowable Test Machine Reynolds Numbers Departure for Centrifugal Compressors

NOTE: This will minimize the effect of uncertainties in the heat loss determination of gas power.

3-3.7 Inlet Gas Superheat Requirement
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Specified Machine Reynolds Number, Remg,
4 Mechanical Losses
hen efficiency is to be determined by shaft input power measurements, mechanical losses (see para. 5-4.7.4)shall not
ed 10% of the total test power;
F: This will minimize the effect of-uncertainties in these mechanical losses on the determination of gas power.
Components Between Sections
Valves, is
ondition
nditions
iation and

The inlet gas condition shall have a minimum of 3°C (5°F) of superheat to ensure that there is no condensation before

the

eye of the first impeller.
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Figure 3-3.1-1
Section Control Volume
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3-4.1 Test Gas Properties

The physical and thermodynamic propertiesS of the specified gas and test gas shall be known. The option of |
tabulatedl data of sufficient resolution to minimize interpolation uncertainties, an equation of state correlation, or ex

composition and molecular weight
cific heat at constant\pressure

(h) viscosity.

sing
beri-

era-

(i) iseptropic volume exponent

(j) speciiic enthalpy
(k) specific entropy
(1) acoustic velocity (sonic velocity)

3-4.2 Test Speed

The test speed shall be selected to conform to the limits of Table 3-2.1-2. The test speed shall not exceed the

safe

operating speed of the compressor. Consideration should be given to critical speeds of rotating equipment when selecting

the test speed.

Test pressures and temperatures shall not exceed the maximum allowable pressures and temperatures for the com-

pressor.
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Figure 3-5.2-1

Typical Sidestream Sections
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RAL NOTE: Permissible deviations of the test.volume flow ratio as a percent of the specified values are shown for each s

mpressors havingflows added or removed at intermediate locations (i.e., sidestreams) between the inlet
harge are handléed by treating the compressor by sections. The gas state and flow rate shall be established

compressors with sidestreams, the specified volume flow ratio and test volume flow ratio shall be maint

measure-

nts

ction.

and final
for each

hined for

each

section. Fermissible deviations Irom these ratios are listed 1n rigure 5-5.4-1.

3-5.2.1 Inthe first section of a sidestream compressor, the ratio of inlet volume flow rate q; to discharge volume flow
rate q; for the test conditions shall be held to within +5% of the volume flow ratio at the specified conditions. This is the
same tolerance that is permitted for the specific volume ratio on a conventional compressor section in Table 3-2.1-2.

3-5.2.2 Inthesecondand all subsequent sections of a sidestream compressor, the ratio of the sidestream volume flow
(e.g., g3 for the second section) to the preceding section discharge flow (e.g., g, for the second section) for the test
conditions shall be held to within #5% of the corresponding volume flow ratio at the specified conditions.
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This requirement ensures that the relationship between the test flow velocity at the sidestream flange and the
preceding discharge is maintained similar to the corresponding velocities at the specified conditions. As a result,
the test total pressures at both locations will also have a similar relationship that accurately simulates the performance
at specified conditions. The equations to calculate these flow ratios are listed in Figure 3-5.2-1.

3-5.2.3 Inthe second and all subsequent sections of a sidestream compressor, the volume flow ratio of the flow after
the mixing point (e.g., g4 for the second section) versus the flow at the section outlet (e.g., gs for the second section) for the
test conditions shall be held to the requirements of Figure 3-5.2-1.

3-5.3 Inward Sidestreams

When the sidestream flow is inward, the discharge temperature of the preceding section shall be measured priontp the
mixing of the two streams.
This t¢gmperature measurement should be made in a portion of the discharge flow stream to ensure minimizing the
effect of|the sidestream on the raw data.
Raw dpta may be affected by heat transfer between a sidestream and a mainstream flow or from fegirculation, wihich
may occlir within the flow passage.
The discharge temperature of the preceding section is needed to compute the performance and the reference mjixed
temperature for the next section inlet.

NOTE: It if possible for internal total pressures to exceed flange total pressure due to the higher internal velocities. The higher intprnal
velocities|are accompanied by a lower static pressure, which provides a pressure difference for inward flow.

3-5.3.]1 Temperature Stratification. It is common for sidestream sectional édompressors to have temperature differ-
ences befween the mainstream and sidestream. It is possible, due to these differences, for thermal flow stratificatign to
exist within the compressor sections. This stratification may result in increased uncertainty of measurements of intg¢rnal
temperatures in downstream sections. Under test conditions, the streanrtemperature differences should be maintained
as close [to specified as practical.

3-5.3.2 Performance Definition. The sectional work, efficienc¢ies, and pressures are defined between the flanggs in
each secfion.
The o1jly internal measurements needed are the sectionahdischarge temperatures for computing the mixed tempera-
ture confitions and sectional performance. When internal temperature measurements are taken by means of fotal
temperature probes, their orientation shall be aligned-to the flow angle expected at the specified point.
The tofal pressure used for calculating the sectiofial performance is assumed to be equal to the sidestream flange fotal
pressure
The infernal mixed temperature should be‘computed on a mass enthalpy basis for obtaining the inlet temperaturg for
subsequént sections.

3-5.4 Extraction Sidestreams

When [the intermediate flows are removed (i.e., bleed-off) from the compressor, they will cross a section boundlary.
The infernal temperature and pressure can be assumed to be equal to the external flange temperature and pressujre of
the primary internal stream, The ratio of flow rate restrictions in Figure 3-5.2-1 shall also apply to outward floying
sidestredms.

3-5.5 Multisection Compressors

Each spctien'of a multisection compressor shall have its own performance curve defined by a number of test poinits as
per para 3=10°5.1.

NOTE: Due to deviations in volume flow ratio between a sidestream flange and preceding section discharge at individual test points, it
may be difficult to generate smooth sectional performance curves from actual test data. The resulting performance curves may be
corrected after test by adjusting flow ratio within the permitted tolerances and using calculated values for sidestream total pressure
loss. In such cases, required corrections shall be identified and mutual agreement of these modifications shall be obtained.

3-5.5.1 The specified performance point for each section shall be tested in accordance with the volume flow ratio
limitations defined in para. 3-5.2.
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3-5.5.2 The additional test points along each section curve shall also comply with the requirements of para. 3-5.2.

NOTE: It is recognized that in some cases performance limitations at the extents of a section curve may not be able to satisfy these
conditions. In such cases, required deviations in the volume flow ratio tolerances shall be identified prior to the test and mutual
agreement of these modified deviations shall be obtained.

3-6

SAFETY

3-6.1 Compliance

The party providing the test site shall be responsible for complying with any governmental codes, regulati

nan

3-6

3-6
Té

3-6

reqy
spee

3-7

Pi
desd
desd

3-7.

M
inS
NOT
betw

(a)

(b
effec

(c
seled
the {

The following shall be in compliance with local regulations and prudent practice:
(a) the test gas with regard to flammability and/or toxicity.
(b) the test site with regard to overpressure protection. Consideration shall be given €0’ the need for reli

The party providing the test site will be responsible for establishing.the requirements of system protec

3-7.t Piping Arrangements

es, directives, or rules that are applicable to the safety of test personnel and equipment at the test sit

2 Test Gas Compliance

3 Closed-Loop Testing

st gases used in a closed loop shall be continuously monitored to avoid cambustible mixtures.

4 System Protection

irement of alarms and/or automatic shutdown devices for high.témperature, low oil pressure, compres
d, or other possible malfunctions shall be reviewed and docuntented in the test plan.

PIPING

ing arrangements required to conduct a test unider this Code are detailed in Section 4. Permissible alterng
ribed for convenience and suitability. A selection suitable for the prevailing test conditions shall be nf
ribed in the test report. The design of thé.test loop shall allow steady-state operation for all specified te

P Straight Lengths of Piping

fnimum straight lengths of pipingat the inlet, discharge, and on both sides of the flow-measuring device are
pction 4.

F: When compressors are treated as a number of individual sections, these piping requirements apply to each section. S
een sections may not occur/nhaturally in the design. When it does not, the parties to the test should elect by mutual agr
install additional piping.between the sections.

take measurements-in the available space. Consideration shall be given to any compromise in measurement accurg
[ on the final test{objective.
remove components such as external heat exchangers and replace them with the required piping. When this alte
ted, itis infportant that the removal of the component have anegligible effect on the section entry or exit flow field soasn
ection performance parameters.

ns, ordi-

h

bf valves.
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Lor over-
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3-7.

B \Intercooler Performance and Pressure Drop

Where external intercooler performance and pressure drop are known for the specified operating conditions, or are
determined on a separate test, the compressor may be tested as separate sections, and the combined performance may be
computed by the method described in Section 5.

3-8

INSTRUMENTATION

Test instruments shall be selected, calibrated, and installed in accordance with the requirements of Section 4.
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3-9 PRELIMINARY TEST

3-9.1 Pretest Inspection

If pretest inspection is of interest to either party, it shall be conducted per the requirements of ASME PTC 1 and
paras. 3-9.1.1 through 3-9.1.3.

3-9.1.1 The compressor shall be operated for sufficient time at the required conditions to demonstrate acceptable
mechanical operation and stable values of all measurements to be taken during the test.

3-9.1.2 Al instrument observations pertinent to the test shall be taken Hnring the prn]imihary test

3-9.1.3 Asetofcalculations shall be made using the preliminary test data to ensure that the correct test speedhas’been
selected,|that the test parameters required in Table 3-2.1-1 or Table 3-2.1-2, as applicable, were obtained,and thaf the
overall gerformance values are reasonable.

3-10 THST OPERATION

3-10.1 S$tabilization Time

The compressor shall be operated for a sufficient period of time at each test point to demonstrate that all variables have
stabilizefl (see subsection 3-11).

3-10.2 Test Readings

When pll variables have stabilized, the first set of readings of all essential istruments shall be taken (see para. 5-44.3).
Three o1l more sets of readings shall be taken during each test point.

3-10.3 Test Point Duration

The mjnimum duration of a test point, after stabilization, shall be.5 min from the start of the first set of readings tp the
e last reading.

When p testis only to verify a single specified condition, the test shall consist of two test points that bracket the spedified

If perfprmance curves are required to Verify the complete compressor range of operation and one specified point is

3-10.5.1 A minimum of five peints shall be used to complete the performance curve at the fixed test speed calculated
for the syjecified point and /orthefixed vane settings. A point shall be taken at the specified flow coefficient. The additjonal
points sHall consist of at least 6ne point near surge, one point in the overload range (preferably 105% or greater of the
specified flow coefficient);-and two points spaced approximately equally between the previously defined measurement
points tq complete the performance curve.

3-10.5/2 Ifpefformance curves are required to verify the complete compressor range of operation and more thar] one
specified pointisirequired, then the parties shall agree which specified points require a multipoint test per para. 3-1§.5.1
and whidh speeified points, ifany, require a test per para. 3-10.4. Amultipoint test shall be performed per para. 3-10.5 [l for
at least ore opnm'{-‘inﬂ pr\ihf_
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3-10.6 Determination of Surge

The flow at which surge occurs can be determined by slowly reducing the flow rate at the test speed until indications of
unstable or pulsating flow appear. When the surge flow has been identified, the flow should be increased slightly until
stable operation is restored so that a complete set of performance data may be taken. This process shall be repeated a
second time to demonstrate the repeatability of the initial setting.

NOTES:

(1) The severity of surge will vary widely as a function of gas density, pressure ratio, type of compressor, and capacitance of the piping
system.

(2) afion of the

pressure and/or temperature.
should be understood that a surge flow established in a shop test may not define the surge conditions that will.eccur ih the field
dlue to differences in piping configuration and system response.

(3)

3-10.7 Maximum Capacity Determination

The maximum capacity can be determined by gradually opening the discharge throttle valve'while maintaining speed,
guide vane setting, and inlet pressure until the flow remains essentially constant with decteasing discharge pressure.

3410.7.1 If the compressor is to be tested with an open discharge, the maximum-capacity may be determined by
gradually opening the inlet valve while holding speed, guide vane setting, and discharge pressure constant

3410.7.2 If maximum capacity is to be determined, the test facilities shall be designed so as not to limit maximfum flow.

3-11 TEST STABILIZATION
3-11.1 Test Readings

bilization of the test variables shall demonstrate that ang’small variations of the test readings do not|result in

bilization is demonstrated by a series of calculated values of polytropic efficiency, with the difference betfween its

here four independentinstruments are used to measure an individual data point value such asa pressure or fempera-
ture| and any recorded obsefvation is inconsistent as determined by the outlier method described in ASME FTC 19.1,
Nonmandatory Appendix-A,the data point value shall be determined from the average of the remaining observations. See

3-12.2 Fluctuation Tolerances

Alll readings for each test point shall be within the fluctuation tolerances listed in Table 3-12.2-1. Readings exceeding
the stated.tolerances shall be discarded; however, removing outliers typically avoids this situation.

3-13 ERRORS AND UNCERTAINTIES

3-13.1 Uncertainty Analysis

It should be recognized that the results of the test calculations are subject to error caused by the inaccuracies of the test
instrumentation systems and/or procedures. It is recommended that an uncertainty analysis be made prior to the test to
ensure that the test objectives can be met. The detailed procedures are given in Section 7 and ASME PTC 19.1.

3-13.2 Test Quality

The uncertainty is a measure of the quality of the test and should not be used as a measure of the quality of the machine.
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Table 3-12.2-1
Permissible Fluctuations of Test Readings

Measurement Symbol SI Units U.S. Customary Units Fluctuation, %

Inlet pressure Di Pa psia 2
Inlet temperature T; K °R 0.3
Discharge pressure Da Pa psia 2
Inlet volumetric flow Q m3/s ft3/min 0.5
Speed N 1/s rpm 0.5
Torque T N-m tt-Ibf 0.5
Electric mptor input P w hp 1
Molecular|weight MW kg/kmol Ibm/lbmole [Notes (19;(2)]
Cooling whter inlet temperature T K °R 0.3
Line voltage Volts volts 2
GENERAL [NOTES:
(a) See pgra. 5-4.3.3.
(b) A flucfuation is the percent difference between the minimum and maximum test readings divided by the average of all acceptable reaglings.
(c) Permipsible fluctuations apply to Type 1 and Type 2 tests.
NOTES:
(1) The ajlowable fluctuation for the application of specific gravity meters is 0.25%.
(2) See pgra. 4-9.3 regarding gas chromatographs.
3-14 THST LOG SHEETS

The teft log sheet shall identify the compressor manufacturer, madel, and serial number. Test location, driver iden-
tification, test instruments used, test date, and time shall be listed. Raw data as observed for each test point shall be
recorded on the test log sheet as well as the time of each set ofidata. Corrections and corrected readings shall be l{sted
separate]y in the test report.

Atthe Fompletion of the test, the log sheets shall be signed by the representatives of the interested parties. Copies df the
completg log sheets shall be furnished to the interested parties. The test report shall be completed in accordance with the

instructi

bns in Section 6.
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Section 4
Instruments and Methods of Measurement

4-1

4-2
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The locations of the pressure- and temperature-measufing stations have specific relation to the compressor

outl
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4-3
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The choice of methods provided in this Code depends on the compressor, the specified gas, and the type of test,

The Performance Test Code Supplements in the ASME PTC 19 series on instruments and)apparatus provid

METHODS

INSTRUMENTATION

Ve information concerning instruments and their use and should be consulted for such information. The se
umentation shall be determined by the uncertainty limit requirements of the test as wéll as suitability for th
itions. The instrument selection shall be justified by calculation that the uncertainty in results meets the st

ctives.

strumentation is required to determine the inlet and discharge gas states, flow rates, compressor speeds, a
guide vane positions. Depending on the method selected, additional instrumentation may be required to d

[power.

PIPING

1 Pressure- and Temperature-Measuring Stations

bt openings. The pipe sizes shall match these openings. Minimum lengths of straight pipe are mandatory fa
sure and temperature measurement stations.afid for certain flow devices. Pipe arrangements and allowab
are described in this Section. Appropriate.selections shall be made and described in the test procedure an

2 Inlet Piping

rpical inlet piping required for conipressors is outlined in Figure 4-3.2-1. The minimum straight length of inl
rmined by what is upstream of/the'inlet opening. The four static pressure taps shall be a minimum of 600 mf
ream of the inlet opening. Downstream of the pressure taps are four temperature taps displaced 45 deg
sure taps and at least 300ymm (12 in.) downstream.

special cases when atingspheric conditions satisfy the requirements, the compressor may be run withoul
as shown in Figure4-3.2-2. The inlet opening shall be protected with a screen and bellmouth suitably de
inate debris andyminimize entrance losses (see subsection 4-4). The total inlet pressure is equal to atm
sure. Temperatiire-measuring devices shall be located on the screen to measure the temperature of the air

fompressor-inlet.

r compressors with an axial inlet, the impeller may, under some conditions, produce a vortex at the pressur

bly designed for low pressure loss to prevent swirl at the pressure taps. The static pressure stations shall n

selected.

e author-
ection of
b test site
ated test

hd adjus-
btermine

inlet and
r certain
le excep-
d report.

et pipe is
n (24 in.)
from the

L an inlet
bigned to
ospheric
tream at

P station,

h could-cause substantial error in the measurement of inlet pressure. Users of this Code, by agreement, may yse vanes

bt be less

tha

four nina diqamaatarc nctraaa of tha comanraccar flanagn ac chaovn i Tignea 4.2 9 2
TOH-pPipe-ataieterSsHpstreain—er—+tne-compressor+ahfeas—SRowWwh—H—iget tmSre=S
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Figure 4-3.2-1
Inlet and Discharge Configuration

l«———— B minimum ——— > <«—— B minimum —— >
l«— A minimum — 600 mm (24 |n_)> |<— A minimum —>|
minimum
i ini 150 mm (6 in.) 300 mm (12iin.) 200 mm (8 in.) minimum
300 mm (12 in.) mlnlmumZ vt minimum K (8in.)
T T | _ T
q ——
1p ——I— - oL — oy
¥ p i‘ ¥

Inlé . Z Inlet temperature ) ) Discharge temperature

n4 t;st;:ltslcgézzsure 4 measuring stations Discharge static 4,measuring taps spacgd

9 dp P o spaced 90 deg apart pressure 90 deg apart (45 deg

€g apa (45 deg from static 4 measuring from static pressure)
pressure) taps spaced
90 deg apart
(a) Inlet Configuration (b) Discharge Configuration
Minimum Dimension Minimum Dimension

Inlet Oplening Preceded by A B Discharge Opening)Followed by A B
Straight fun 2D 3D Straight run 2D 3D
Elbow 2D 3D Elbow 2D 3D
Reducer 3D 5D Reducer: 3D 5D
Valve 8D 10D Valve 3D 5D
Flow deyice 3D 5D Flow device 8D 10D

GENERAL INOTES:
(a) For open inlet, see Figure 4-3.2-2. For open discharge, see\Figure 4-3.3-2.
(b) For vqrtex-producing axial inlet, see Figure 4-3.2-3. Fondiffusing volute with unsymmetrical flow, see Figure 4-3.3-1.
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Figure 4-3.2-2

Open Inlet
Inlet pressure
Protecting screen by barometer
mesh 25 mm
(1in.) min. Z /*_
N (7

Inlet temperature
4 measuring stations
spaced 90 deg apart

Figure 4-3.2-3
Vortex-Producing Axial Inlet

/7 See Figure 4-3.2-1 for minimum dimensions
1D min.

Inlet static pressure
4 taps spaced 1 /\F:

90 deg apatt | ‘

T 1 I
Ciog I
\

EN

T

Inlettemperature

4 measuring taps spaced |
90 deg apart (45 deg .
from static pressure) ~—— 4D min.
Straightener (per requirements
of ASME PTC 19.5)
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4-3.3 Discharge Piping

Typical discharge piping required for compressors is outlined in Figure 4-3.2-1. The minimum straight length of
discharge pipe required before and after the instrumentation is specified. The four static pressure taps are a
minimum 300 mm (12 in.) downstream of the discharge opening. The pressure taps are followed by the four temperature
taps displaced 45 deg from the pressure taps and at least 200 mm (8 in.) downstream.

When the compressor has a volute that produces unsymmetrical flow at the discharge opening, the static pressure taps
shall be a minimum of six diameters downstream as shown in Figure 4-3.3-1. The other minimum dimensions are
specified in Figure 4-3.2-2.

AL 422 9
o a5

A a—di haoroa il ot i icch g
n opea-diseharge-witheutpipe-is—showninFigure~4

Figure 4-3.3-1
Diffusing Volute Discharge With Nonsymmetric Flow

Discharge static pressure
4 measuring taps spaced
90 deg apart

See)Figure 4-3.2-1 for
/ ; minimum dimensions
T m
-
— _—-—B-_._ -— - A - e - — . ——
IIIIL i S &

6D min. ——> Discharge temperature
4 measuring taps spaced
90 deg apart (45 deg
Straightener (per from static pressure)
requirements'of ASME PTC 19.5)

Figure 4-3.3-2
Open Discharge

Discharge temperature Discharge static pressure by
4, measuring locations barometer

spaced 90 deg apart x
—

GENERAL NOTE: When discharge velocity pressure exceeds 5% of total pressure, use discharge pipe arrangement. See Figure 4-3.2-1.
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4-3.4 Typical Piping Arrangement

Figures 4-3.4-1 and 4-3.4-2 show a typical arrangement for testing with a general closed loop and closed loop with

sidestreams.

Figure 4-3.4-1
Typical Closed Loop

Compressor 3
% Inlet
measuring

Cooling water inlet temperature

Cooling water ‘ Discharging
source —p— — Pumpl Y measuring .
stations

—I_ stations
(see Figure 4-3.2-1) (see Figure 443.2-1)

Relief Venturi meter
valve /—

Cooling water discharge temperature A|
-—Q:E—-4—-—-—Geele¥-—-+-—- '
o | Valves for
Drain Drain — i 322[.“1';‘% and
Flow equalizer
| and straightener @‘
valve (see ASME PTC 19.5) "IN Relief
X valve
- \-_-_-+_-_-_} %
Flow nozzle Drain/-q-'

Nozzle measuring
arrangement
(see ASME

PTC 19.5)
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Flow equalizer

Figure 4-3.4-2
Typical Closed Loop With Sidestream

and straightener
(see ASME PTC 19.5)

—

_____ _)___l_
N

redt excridrger

D e

See para. 3.5.4

Cooling water inlet temperature

[

FIOW TOZZIE

Relief \

valve N

Inlet

(see

measuring
stations

Figure 4-3.2-1)

Compressor

E

il

p

Cooling water : Digeharging Inlet
source —p~ —=1 | Pumpl Y -~measuring | measuring
stations H j stations
Relief /’ Venturi meter: (see Figure 4-3.2-1) ! | (Z?;;_i%ure
valve | | X ’
u I o A + i |
Cooling:water discharge temperature -i—
—-—@—-—‘—-—-—Geeler—-—*-—-—— I}’ll !
i | Valves for
EF\ Drain Drain - ! char_gmg an
| venting gas
— Throttle Flow equglizer @
valve and straightener A
(see ASME PTC 19.5) "I\ Relief
L t ! valve
RO —— | = ——
| 11)
\ Flow nozzle

Nozzle measuring
arrangement
(see ASME
PTC 19.5)
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4-4 PROTECTIVE SCREENS

Compressors operating with an open inlet shall be protected with a screen or filter that is suitable for the conditions. In
general, a screen on the inlet shall be strong enough to prevent collapse in the event of accidental clogging. The mesh of a
screen shall be selected to prevent entry of foreign matter that might damage the compressor and impair its performance.
Reliable tests cannot be made on atmospheric air laden with dust, oil-fog, paint spray, or other foreign matter that may
foul the flow passage of the compressor. Protective screens shall have an open area at least two times that of the com-
pressorinlet or the nozzle pipe. When screens with very small mesh or filters are used, inlet pressure shall be measured by

static taps as provided in Figure 4-3.2-1 for straight pipe. Where screens or filters are used in a closed loop, precautions
suc ac aaaciiraranaat of 1 diffarantial pv- PEE 2PN 2PN ) rraandad

4-5| FLOW CONDITIONERS

Flpw conditioners (e.g., flow straighteners and equalizers) shall be installed per the requirements§ of ASME PTC 19.5.

4-6| PRESSURE MEASUREMENTS

4-6/1 Pressure Instrumentation

Inkstrumentation to measure pressure shall comply with the requirements providedin ASME PTC 19.2 unless otherwise
modfified in this Code. See Table 3-12.2-1 for permissible fluctuations in test mieasurements.

4-6]2 Gauge Lines

Gauge lines shall be designed to remain dry (i.e., self-draining or heated and insulated) or to hold a consigtent and
predictable level of liquid. The measured pressure shall be compensated to account for the liquid column.

4-6)3 Transducers

Transducers shall be selected with pressure ranges apprepriate for the expected test pressures.

4-6/4 Operational Stability

Operational stability shall be verified as part of the measurement system operating procedures for any automfted data
colldction equipment. See para. 3-10.1.

4-6|5 Dynamic Pressure

Dynamic pressure shall be computed based on the average velocity. See para. 5-4.3.5.

4-6/6 Raw Data Observations

Individual raw data observations of static pressure shall be recorded from four stations spaced 90 deg apart injthe same
plank, perpendicular to the flow in the pipe. See para. 5-4.1 for processing of static pressure raw data observatigns. Total
pressure probes maysbesused to measure pressure at the same stations at which the static measurements are made.

4-6{7 Inlet Pressure Measurement

Inlet pressufe’is the total pressure prevailing at the inlet of each section. Inlet pressure is the sum of the staticjpressure
and fhe dynamic pressure. Static pressure shall be measured as specified for inlet pipes in Figure 4-3.2-1 or Figurg 4-3.2-3.
Whdre-no“inlet pipe is used, as in Figure 4-3.2-2, the inlet total pressure shall be measured by a barometey.

4-6.8 Discharge Pressure Measurement

Discharge pressure is the total pressure prevailing at the discharge of each section. Discharge pressure is the sum of the
static pressure and the dynamic pressure. Static pressure shall be measured as illustrated in Figure 4-3.2-1. When no
discharge pipe is used, as illustrated in Figure 4-3.2-2, the discharge static pressure shall be measured by a barometer. If
the dynamic pressure (based on discharge opening area) exceeds 5% of the static pressure, an open discharge shall notbe
used.
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4-6.9 Total Pressure Measurement

Total pressure may be directly measured by the use of total pressure probes inserted into the flow stream (such probes
shall be properly oriented or directionally compensated to ensure proper measurement). The total pressure measure-
ment may be affected by the gas velocity at the probe versus the average gas velocity at the measurement station. In the
event of significant unresolved differences from the total pressure deduced from the static pressure and average velocity,
the static pressure-based result shall prevail.

4-6.10 Ambient Pressure and Temperature

Ambielnt pressure and temperature shall be recorded at the beginning and end of each test point. The measyring
instrumgnt shall be located at the site of the test and shall be protected from weather, direct sunlight, and flactugting
ambient conditions. Precautions shall be taken to prevent a pressure drop near the barometer, which may pe.causdd by
strong winds, compressor intakes, or ventilating fans.

4-6.11 Internal Pressure Measurements

When [the parties to the test require the section performance to be based on internal presSure measurements the
parties shall agree to the needed internal pressure measurement locations and the manner ifvwhich the measurements
will be thken.

NOTE: Duf to the many configurations of the internal passages in sidestream compressors, this Codecannot specify precisely where or
how interpal pressure instrumentation may be placed. As a guide, multiple pressure probes (either static or total) should be inserfed in
the mainstream flow. These probes should be located so the incoming sidestream does not affect the raw data (see Figure 4-7.641). It
may be difficult to make accurate internal pressure measurements at a stage discharge-sifice this is normally a region of high velocity
with localjvariations of velocity, flow angle, and pressure. This measurement uncertainty.should be reflected in the error analysis and in
the value|of the uncertainty assigned to these stations.

4-7 TEMPERATURE MEASUREMENTS

4-7.1 Temperature Instrumentation

Instrumentation to measure temperature shall comply-with the requirements provided in ASME PTC 19.3 uiless
otherwide modified in this Code. See Table 3-12.2-1 forpermissible fluctuations in test measurements. Temperdture
shall be [measured by thermocouples, resistance temperature detectors (RTDs), thermistors, or other devices with
equivaleht accuracy. The range of the devices~scales, sensitivity, and required accuracy shall be chosen for ea¢h of
the significant measurements according to the-particular need.

The temperature-measuring devices shadll ektend a sufficient distance into the fluid stream to minimize unavoidable
conductipn of heat. The devices need not*be perpendicular to the wall.

Precaytion shall be taken to avoid insertion of the temperature-measuring device into a stagnant area when measyring
the temperature of a flowing medium.

NOTE: The following general precautions are recommended when making any temperature measurement:

(a) The|nstrumentinstallationshould ensure that the effects of radiation, convection, and conduction between the temperature-sensitive elgment
and all extprnal thermal bodies (pipe wall, external portions of thermowells and thermocouple sheaths, etc.) shall have a negligible effect dn the
temperatufe reading.

(b) Insplation of those parts of a thermowell, thermocouple sheath, etc., that extend beyond the pipe outside diameter may| be a
means of|accomplishing the objective in (a).

(c) Inspme cases,ifisulation of the pipe wall near the thermowell or insulation of the section of the pipe upstream of the thermgwell
may be npcessary. Refer to ASME PTC 19.3 and ASME PTC 19.3 TW for more information.

4-7.2 Thermocouples

Junctions of thermocouples shall be silver brazed or welded. The selection of materials shall be suitable for the
temperature and the gases being measured. Calibration shall be made with the complete assembly, including the instru-
ment, the reference junction, and the lead wires. If the well is integral with the thermocouple, the well shall also be
included in the calibration.
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4-7.3 Total Temperature Measurement

Total temperature is the sum of static temperature and dynamic temperature. Normally, the actual temperature
measured is a value between static temperature and total temperature. The dynamic temperature is then corrected
for the recovery factor and added to the measured observation (see para. 5-4.4). Special temperature probes made to
measure total temperature may need little or no correction.

4-7.4 Inlet Temperature Measurement

Inlet temperature is the total temperature prevailing at the inlet of each section. When the compressor is tested with an
inleq pipe, four temperature probes shall be spaced 90 deg apart in the same plane and displaced 45 deg from the static
presgsure sensors (see Figure 4-3.2-1 or Figure 4-3.2-3). When machines are assembled with an open inletjas’|n Figure
4-3.2-2, inlet total temperature is the atmospheric temperature, and it shall be measured by four instruments atfached to
the protecting screen. Large variations caused by factors other than instrument error, such as desigg;;may reqyire more
than four measuring stations.

4-75 Discharge Temperature Measurement

Discharge temperature is the total temperature prevailing at the discharge of each<ection. When a compressor is
assembled for test with a discharge pipe, the instruments shall be located as shown in Figure 4-3.2-1 or Figure 4-B.3-1 and
spaded 90 deg apart in the same plane and displaced 45 deg from the pressure tapsZWhere the compressor is pperated
without a discharge pipe, four instruments shall be anchored to the discharge opening with a suitable projectiof into the
gas ptream.
Ldrge variations caused by factors other than instrument error may, +€quire more than four measuring dqtations.

4-756 Internal Temperature Measurements

F@r inward sidestream compressors, the only internal measurements required are the sectional discharge fempera-
turep for computing the mixed temperature conditions and seetional performance (see para. 3-5.3.2). The parties shall
agree to the needed internal temperature measurement locations and the manner in which the measurements will be
takep.

NOTE: Due to the many configurations of the internal passages in sidestream compressors, this Code cannot specify whefe or how
interjnal temperature instrumentation may be placed.

Ag a guide, multiple temperature probes should be inserted in the mainstream flow. These probes should be 1pcated so
thatfhe incoming sidestream does not affectthe raw data (see Figure 4-7.6-1). It may be difficult to make accurat¢ internal
temperature measurements at a stage discharge since this is normally a region of high velocity. This meagurement
uncgrtainty should be reflected in the.uncertainty analysis and in the value of the uncertainty assigned to these|stations.

4-8| CAPACITY MEASUREMENTS

4-8/1 Flow Measurement’ Instrumentation

Instrumentation to'mieasure flow shall comply with the requirements provided in ASME PTC 19.5 unless otherwise
modified in this Cedé.See Table 3-12.2-1 for permissible fluctuations in test measurements. Flow may be medsured by
using a flow nozzleyconcentric orifice, Venturi tube, Coriolis meter, or alternative devices of equal or better accufacy. The
interested patties shall mutually agree on the type of metering device to be used. The choice and details shall befstated in
the fest praocedure and report.

4-8,2 \Flow-Measuring Device for Flow Sections

The flow-measuring device may be located on either the inlet side or the discharge side of the compressor. The device
shall be used to determine the capacity (see subsection 2-5), which excludes losses by shaft leakage, balancing pistons,
condensation, and any specific leakage that may be inherent in the compressor design. Multiple devices shall be used for
multiple inlet or discharge flow sections.

4-8.3 Open Inlet Flow Nozzle

If a flow nozzle is used with an open inlet, a protecting screen shall be used in accordance with the instructions of
subsection 4-4. Upstream total pressure is equal to the barometric pressure.
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Figure 4-7.6-1
Typical Inward Sidestream Cross Section

|./— Location C

I Sidestream nozzle

Location A /_l_

Location B

GENERAL NOTE: Mainstream temperature and, if applicable, pressure instrumentation shall be installed between locations A and B for in
flowing sidlestream machines. Extraction sidestream machine temperature and pressure measurement shall be installed at location C

4-8.4 Qpen Discharge Flow Nozzle

A flow] nozzle may be used with an open discharge where it is permitted to discharge the gas to atmosphere
subsecti¢n 3-6).

4-9 GAS COMPOSITION

4-9.1 Gas Composition Evaluation

The g3s composition measurement 'shall be taken during the performance test at least three times as followg:

(a) bdfore starting the test.

(b) after completing the test:

(c) before performing any;measurement for the specified point. In the case where the gas is made up of three or f¢
compongnts, consistency of gas'composition during the test can be proven by the use of a specific gravity meter meas
ment for] the specified point.

ard

(see

wer
ure-

Gas conposition shall be evaluated through either automatic gas chromatograph (see para. 4-9.3) sampling or by taking

regular gas samples,

4-9.2 @as Composition Evaluation for Performance Curve

ance e, there is no need to perform the gas composition evaluation fo
test point other than the specified point at any fixed speed or fixed vane setting (see para. 3-10.5). Deviations of spe
gravity between test readings shall be within 0.25%.

4-9.3 Gas Chromatographs

Use of gas chromatographs to determine test gas composition and molecular weight is subject to a number of varia

any
cific

bles

associated with the specific design of the instrument and sampling system. Measurement uncertainty and repeatability
shall be demonstrated through measurements of highly accurate samples of similar composition to the test gas prior to

and after completion of the performance test.
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4-9.4 Test Loop Design

Exceptfor open-loop air tests, the design of the testloop shall prevent air ingress and changes in gas composition during

the test.

4-9.5 Test Loop Condensation

Precautions shall be taken when testing with a closed loop to eliminate all liquids from the gas stream an

d instru-

mentation impulse lines. When dealing with gas mixtures subject to variation, samples shall be taken at each test pointand
shall be analyzed by spectrographic or chromatographic methods. The sample shall be taken from the piping such that

therp is no condensation before the compressor or the sampling points. This analysis shall consist of identificat
congtituents, a measure of mole percent of each, and evaluation of the molecular weight. If the test gas is aif} ng
are hecessary. However, relative humidity or dewpoint shall be measured during each test point.
Inistrument lines shall be designed to ensure the effect of potential condensation is prevented,

NOTE: Although the gas under test conditions may not exhibit condensation, the gas in the instrument lines may be cooler
temylerature) and, under some conditions, condensation could occur.

4-11 SPEED MEASUREMENT

4-10.1 Continuous Speed Measurement

Inistruments shall be selected to provide a continuous indication of speed measurement, where variable-spee|
are fised.

4-11.2 Speed Measurement Instrumentation

The speed of rotation shall be measured using magnetic speed pickups, shaft encoders on the machine rotor, d
phagor probes of the compressor.

4-11 TIME MEASUREMENT

e date and time of day at which test readings are taken shall be recorded on all data records.

4-12 METHODS OF SHAFT POWER MEASUREMENT
4-12.1 Shaft Power Input

The shaft power input at the compressor coupling or the drive shaft may be measured directly by torque 1
evalhated from the following:

(a) measurement of electrical-input to a driving motor
a heat balance method

NOTE: A direct shaft meastirement method may be used as an independent measurement of absorbed power to verify sh
calcylated from other measurement methods.
4-12.2 Power Measurement Methods

The precautions, limitations, and permissible applications for each of these methods are described separa
sele¢tedimethod of shaft power measurement used shall be by mutual agreement between the parties involy

on of the
samples

i.e.,, room

d drivers

r the key

heters or

aft power

tely. The
ed in the

testingand shall be documented in the test procedure and report.

4-13 SHAFT POWER BY TORQUE MEASUREMENTS

Torque may be directly measured by devices installed in a drive shaft interposed between the driver and the com-
pressor. For tests under this Code, torque meters shall be a type suitable for calibration. The torsion member shall be

selected for readability and accuracy at the speed and load prevailing during the test.
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4-14 SHAFT POWER BY ELECTRICAL MEASUREMENTS

4-14.1 Motor Shaft Power

The shaft power input to a motor-driven compressor may be computed from measurements of the electrical input to the
motor terminals under certain conditions. The power requirement of the compressor should be more than 75% of the
motor rating. The output of a motor shall be calculated by subtracting losses from the measured electrical input or as the
product of input and motor efficiency. Motor efficiency shall be determined by an input-output test, where output is

measured on a calibrated dynamometer or other appropriate device. For motor efficiency determination, the supply line
Voltage wused for calibration shall be the same as that used for the compressor-test

4-14.2 Motor Efficiency Determination

Motorlefficiency determination by input-output measurements may notbe practical for large motors. For large mogors,
the loss thethod may be used. The segregated losses of an induction motor shall include friction and windage; core losg, I’R
loss of tHe rotor and the stator, and a load loss in accordance with applicable standards such as IEEE 112 for indu¢tion
motors gnd IEEE 115 for synchronous motors.

4-14.3 Motor Power Input Measurement

The elpctric power input to the motor shall be measured by the instruments connectéd at the motor terminals| The
detailed |nstructions for the measurement of electrical power are as given in ASME PTC19.6 and IEEE 120. The indicqting
electric neters should be selected to read above one-third of the scale range,

4-14.4 fransformers

Calculjtions of electrical power shall include calibration corrections™Mer the meter and current transformers.| The
transformers shall be measured for ratio and phase angle at the load conditions prevailing during the test.

4-15 SHAFT POWER BY HEAT BALANCE MEASUREMENTS

4-15.1 $haft Power Computation

Shaft jower may be computed from measured values‘ofthe flow rate, gas properties atinlet and discharge [and intgrnal
locationd when required by this Code (see para. 4;7.6)], heat exchange through the casing, mechanical losses, and gas
leakage loss from the shaft seals.

4-15.2 Mechanical Losses

Methofds to account for mechanicallosses are discussed in subsection 4-17. External heat loss from the casing shdll be
evaluatefl in accordance with subsection 4-16.

4-15.3 Precautions and Limitations

The h¢at balance method:shall be used with the following precautions and limitations:
(a) When the temperature rise is less than 28°C (50°F), the inlet and discharge temperatures shall be measured ith
instrumgnts suitablynselected and applied to provide combined accuracy within 1% of the temperature rise.

NOTE: Consideratiofishould be given to direct measurement of the temperature rise (such as with differential thermocouples).

(b) Evidenee'of nonuniform temperature distribution more than 2% of the temperature rise at either the inlet of the
dischargp measurement station requires one of the following procedures be used at the offending measurement stafion:
(1) Apply insulation to the piping upstream of the temperature measurement station to minimize thermal gradient.

If successful, the temperature measurement installation need not be changed.

(2) Move the temperature measurement station away from the compressor and add pipe insulation. This might be
particularly effective when temperature stratification causes the problem at a compressor discharge.

(3) Measure temperature at multiple locations along each of two diametral lines spaced 90 deg apart at the same
pipe cross section. The measured temperature is the average of the individual measurements (see para. 5-4.3 for proces-
sing of raw data).

(c) Insidestream machines, where internal temperature measurements are to be made, four locations should be used
where practical. Determination of the number of probes or measurement stations is dependent on the geometry of the
compressor.
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Definition of the number, type, and location of required internal instrumentation shall be defined in the test agenda. In
all cases, the upstream temperatures of the two streams mixing internally shall be measured. See para. 3-5.3.1 for
requirements on temperature stratification.

NOTE: Ameasurement of the downstream mixed temperature would be unreliable and should not be used for calculation purposes due
to inherent poor internal mixing conditions in a machine.

(d) The heatlosses due to radiation and convection expressed as a percent of total tested shaft power shall not exceed
5% (see subsection 4-16).

4-16—HEATLOSS
4-16.1 Heat Loss Minimization

en using the heat balance method to determine power, heat loss may be minimized by the applieation of 4 suitable
insujating material. If the compressed gas temperature rise is less than 28°C (50°F), the inlet piping; compress¢r casing,
and [exit piping shall be insulated at least to the measuring station.

NOTE: The external heat loss from the compressor section casing and relevant connecting piping may’be computed with dcceptable
accufacy from measurements of the exposed surface area, the average temperature of the surfacefand the ambient tempergture near
the sfirface. Where a hot surface temperature varies widely, as in large multistage compressorsgitis advisable to divide the dasing into
arbitrary sections and determine the area and temperature of each separately, thus obtaining*an approximate integratefd average
templerature for the section’s total surface area.

4-16.2 Cooling Fluid Measurements

ere cooling occurs between the discharge and inlet of measuring stations as part of the compressor design, neasure-
of temperatures and flow rates of the specified cooling fluids arerequired. Examples are compressors incofporating
intefstage coolers or aftercoolers as part of the compressor package being tested.

4-17 MECHANICAL LOSSES

4-17.1 Heat Produced by Mechanical Losses

en practical, the heat produced by the mechanical losses (e.g., integral gears and bearings) shall be determiped from
the temperature rise of the lubricating fluid or cooling fluid. The quantity of fluid flowing shall be determined by cplibrated
flo eters. The mechanical losses and thefrictional loss in the seals, if used, shall be determined and included ir the total
mechanical losses. Where the mechanical Iosses are well known and documented, the calculated values or the values
detefrmined from prior testing may e used by agreement by the test parties.

4-17.2 Gear Losses

ere speed-changing geats{not part of the compressor) are used between a driver and a compressor, and shaft power
is mgasured on the input/Side of the gear, it is necessary to subtract the friction and windage loss of the gear to optain the
shaft power input to the'compressor. The gear power loss to the lubricating fluid may be determined by measpiring the
rate and the tefaperature rise. The additional external loss to the atmosphere may be determined by the mgthods of
subgdection 4-16:When gearloss measurements are made on anindependent gear test, care should be taken to enfsure that

4-18.1 Calibration

All instruments used for measurement shall be currently certified by comparison with any applicable standard before
the test. Those instruments subject to change in calibrations due to use, handling, or exposure to injurious conditions shall
be compared again with standards after the test. Due consideration shall be given to temperature, humidity, lighting,
vibration, dust control, cleanliness, electromagnetic interference, and other factors affecting the calibration. Where
pertinent, these factors shall be monitored and recorded, and, as applicable, compensating corrections shall be
applied to calibration results obtained in an environment that departs from acceptable conditions.
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Table 4-18.2-1
Typical End-to-End Measurement Uncertainty

Measurement Uncertainty
Pressure 0.25%
Temperature 0.3°C (0.5°F)
Volume flow 0.5%
Gas molecular weight (for specific gravity meters, also see para. 4-9.3 for gas chromatographs) 1.0%
Torque 1.0%
Speed 0.1%
Relative hhmidity (for open-loop air tests) 2.0%

The n@imber of calibration points depends on the magnitude of the measurement’s sensitivity factor'relative t¢ the
tested pgrameter. The calibration shall bracket the expected measurement values as closely as possible. All instruments
should bl calibrated such that the expected values are approached from both a higher valuesand a lower value. [This
approach will minimize hysteresis effects.

4-18.2 Measurement Uncertainty

Typicql end-to-end measurement uncertainties for adequate precision are listed‘in Table 4-18.2-1. Further sp¢cifi-

cation shjpuld be in accordance with ASME PTC 19.1. The uncertainty of test results,may be evaluated based on specifi¢ test

requirenpents for uncertainty analysis and improvements may be made wheh necessary.

4-18.3

Temp¢
range. T
describe

4-18.4

Instru
primary
instrumg
(AC)ord
of burde
at the ap|
shall be

4-18.5

Torqu
devices §

4-19 H

For op

Femperature Instrumentation Calibration

he standard shall be suitable for the measurement range of the instruments to be calibrated. Proced
 in ASME PTC 19.3 shall be followed for checking the accuracy of temperature-measuring instrument

Flectrical Power Instrumentation Calibration

ments for measuring electric power such as watt meters, ammeters, and voltmeters shall be calibrated
standards. The zero adjustments shall be(checked. The instruments shall be examined for pivot friction
nts showing pivot friction shall not be ised. Dynamometer types may be calibrated on either alternating cuy
irect current (DC). Current transformers shall be measured for transformation ratio and phase angle at the r
1s prevailing in the circuit duringthe test. The transformation ratio of potential transformers shall be meas
proximate primary voltage and_frequency prevailing during the test. Procedures described in ASME PTC
followed.

Torque Meter Calibration

e meters shall be talibrated by applying torque with certified standard weights, load cells, or other approp
paced to cover<the working range.

UMIDITY MEASUREMENT

en-logp tests, the moisture content of inlet air shall be measured directly with a hygrometer or indirect

measuring the adiabatic wet-bulb temperature. The measurementlocation shall be downstream of any inlet-conditio

rature measurement devices shall be calibrated with certified standards at 20% intervals for the measurement

ures

p.

with
and
rent
hnge
ired
19.6

Fiate

y by
ning

device and preferably in close proximity to the dry-bulb temperature measurement. The measurement location shall be

shielded

from direct sunlight.

4-20 TORQUE MEASUREMENT

Determination of torque with a torque meter may be used as an alternative to calculate test shaft power.
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4-21 DATA ACQUISITION SYSTEM

4-21.1 Collection

Data acquisition shall be carried out in accordance with accepted practices and procedures as discussed in ASME PTC
19.22. A data collection system shall be designed to accept multiple instrument inputs and shall be able to sample and
record data from all the instruments. Refer to para. 5-4.1. The data collection systems shall be time synchronized to
provide consistent time-based data sampling and recording. All data acquisition systems shall have adequate frequency
response and bandwidth for measurement of the desired parameter.

4-21.2 Processing

The data processing system shall have the ability to process each input collected during the test and-to'calctilate test
poinjt values in accordance with Section 5.

4-21.3 Calibration

MEthods for calibrating data acquisition systems shall be in accordance with ASME PTC{9.22, Section 5 and shall be
recofrded in the testreport. Uncertainty of data acquisition systems shall be in accordanceqyith ASME PTC 19.22, $ection 6.
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Step 1
Step 2
Step 3
Step 4

Step 5| Calculate the test performance.

Step 6

Step 7| Apply the Reynolds number corrections.
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Section 5
Computation of Results

ocess of establishing compressor performance from test data involves a number of calculation steps.
e is presented in the following order:

Select and define an equation of state to be used to determine fluid thermodynamic preperties.
Select and define the polytropic computational method.

Calculate the appropriate test speed and conditions if a Type 2 test is to be perfofmed.

Process the raw test data.

Express the test performance in a nondimensional form.

This

Step 8| Use the corrected nondimensional expressions to convert performance-to specified operating conditigns.

The infportant subject of uncertainty is treated separately. The format of thig"S€ction is intended to guide the useri

basic cal

5-2 CO

Three
methods

The choice of calculation method will impact the overall uncertainty of the test. Refer to Section 7.

5-2.1 Method Selection

The p4
perform

NOTE: Se

5-2.2 S

The Sa
discharg

conditiops along with tHe‘associated temperatures, the polytropic work and efficiency are calculated from the relat

provided

MPUTATIONAL METHODS: CHOICE OF METHODS

methods to determine compressor performance parameters are defined in paras. 5-2.2 through 5-2.4. T
shall be used for both Type 1 and Type 2 test conditions. Nonmandatory Appendix C provides example probl

rty conducting the test shall select and document the choice of one of the three calculation methods used fo
nce calculations during the testing:

b subsection 7-4 for test method uncertainties.

andberg-Colby Methad

ndberg-Colby method requires only measured performance parameters at the compressor section inlet
b and the gas properti€s. Using only the values of gas specific enthalpy and entropy derived at inlet and disch

in Table 5:2.2*1.

h the

culation procedure and to present the necessary equations. Nonmiandatory Appendix E is provided as a Hack-
ground theory source with further explanation of the equations.

hese
Pms.

" the

and
arge
ions

Table 5-2.2-1
Sandberg-Colby Method Polytropic Relations
Performance Parameter Relation at Test or Specified Conditions
Polytropic work T+,
ytrop wy = (hg = ) — (Td)(sd —s)
Polytropic efficiency W T+ T \[ Gg—s)
b=ty = (5[
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5-2.3 Huntington Method

The Huntington method, as described in Table 5-2.3-1, uses an iterative procedure to calculate polytropic work and
efficiency based on measured performance parameters at the compressor section inlet and discharge, the gas properties,
and one calculated intermediate point along a polytropic path.

5-2.4 Sandberg-Colby Multistep Method

The Sandberg-Colby multistep method, as described in Figure 5-2.4-1, uses an iterative procedure to calculate poly-
tropic work and efficiency based on measured performance parameters at the compressor section inletand discharge, the

gas

T

computer-based software. Use of a demonstrated accurate software-based equation of state for thermodynamic
evalhations is required. However, in some cases, it may be acceptable to create thermodynamic'property look-

5-215 Tabulated Properties and Equations of State Methods

properties, and a large number of equal-pressure-ratio pressure steps along a polytropic path.

ermodynamic property evaluations and polytropic work and efficiency calculations shall be perfo

rmed by

property
1p tables

basdgd on an appropriate equation of state and expected gas composition to improve cofmputational efficiercy.

Te¢st uncertainty shall include an evaluation of uncertainty associated with the interpolation of property values from
looktup tables in addition to the uncertainty of direct property evaluations by thetused equation of state.

NOTE: The use of look-up tables may be considered if the same look-up table is used for the:predicted performance and quring the
design stage. The evaluation of uncertainties involved in using a look-up table, which has notbeen used for the predicted performance,
is out of the scope of this Code.
5-3(TYPE 2 TEST GAS AND TEST SPEED SELECTION
5-3]1 Test Gas Selection
The gas to be used in establishing the performance of the compressor to be tested can be the specified gas or 4 gas that
allows for similarity testing at equivalent conditions. Seé Table 3-2.1-2.
5-3]2 Test Speed Selection
The volume ratio limitation of Table 3-2.1-2 may be met by controlling the test speed. Also see para. 3-4.2 for aditional
congdiderations in selecting test speed. The-appropriate test speed is estimated from
Ny _ Wp,t
N\ wpsp
whefe
[ T+ Ty |
wp,t = [(hg = hy) = ( : )(Sd =)
: It
and
[ T+ Ty ]
Wp,sp = | (hd = hi) = ( 1 )(Sd - 5)
L Isp
with-therestrietion—that
"t = Ty,sp

NOTE: The calculation of the test speed can be affected by the actual Reynolds number correction factor (specified conditions versus

test

conditions). However, this has a small effect on speed selection and as a simplification is not used.
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Table 5-2.3-1
Huntington Method Polytropic Relations

Step Step Description at Test or Specified Conditions
1 Calculate intermediate point pressure:
by = bp;
2 Calculate first estimate of intermediate temperature:
T = JTiT;
forj=1
3 Calculate intermediate values of compressibility factor, Z3;(ps, T3,); specific entropy, s3(ps, Ts,); and constant\pressufe
specific heat, Cp3j(p3, Ts).
4 Calculate the coefficients 4, B, and C:
A = Z;—B
(zi+24-223))
B = —
0.5
() - ]
|Zd—A—B X (pd/Pi>]
C S
ln(Pd/pi>
5 Calculate a revised estimate of the intermediate point entropy:
0.5 2
A C
Zlnl & B — = B
zln( /pi) +B ( /pi) 1+ [m( /pi)]
$3j+1 =8 + (s — ;) X 5
C
L, L, — = L
Aln< d/pi> + B[( d/pl_> 1] +5 [ln( d/pi>]
6 Calculate a revised estimate of the intermediate‘peint temperature:
(s3,j+1 — 83,7
Bj+1= Tz exp — o
Pg,j
7 Iterate on the value of the intérmediate temperature, T3, by returning to Step 3 with the revised temperature until
Biv1= T _ 10-6
Bj+1
[Note (1)]
8 Once the yalue of the intermediate temperature, Ts, is found, calculate the polytropic efficiency and work as follows:
(a) polytropic efficiency
-1
(s4 = Si)/R
fy = 1+ >
Alny fa ‘1'1)[/‘““/ \ = 1]+ g[11’1/‘11/ \]
( SCVAN LS CVAN S R )

(b) polytropic work
wp = 11,(hg = hy)

NOTE: (1) Convergence normally occurs within three to five iterations of the intermediate temperature.
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Figure 5-2.4-1
Sandberg-Colby Multistep Numerical Integration Method

Select the number of steps, 7
(minimum of 5 for Type 2 test
and 10 for Type 1 test).

;

Estimate the initial value of polytropic
efficiency from the Sandberg—Colby method
or Huntington method as described in
paras. 5-2.2 and 5-2.3:

/7p,est

A

Calculate the step pressure ratio:

%”slep
P
Tp.step ~ .
p.

1

Y

Calculate the step temperature rise'initial
estimate by one of the following,methods:

- Differential Temperature Method
at,= Lt
/ n
step

- Temperature Ratio Method

AT; =1, ; (r,f'fstep *1)
where
_ tog (7, /1)
log (Pd /p[)

>
A
Starting with the compressor section inlet
conditions and defining the integration
step number as j, set

j=1
pi’j_pi and T:T;

A

Calculate the step discharge temperature
and pressure conditions:

Pa.j = Pij* Tpstep
and

=T .+ .
Td,] Tls] ATJ
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Figure 5-2.4-1
Sandberg-Colby Multistep Numerical Integration Method (Cont’d)
L@ AO i > ©F |
\

Calculate the step polytropic efficiency
using EOS-derived enthalpy and entropy
from the step inlet and discharge conditions:

(T 4+ T \| g —9
:17\1,_/ a,]lx\a,] l,j/

Mp.j
2 (hoi j ‘hi,_f)

l

Calculate the estimated polytropic
efficiency differential:

ARy =Npest =Mp,;

Yes (|\[Note (1)]

Calculatevrevised estimate of the step
discharge temperature:

wny; ey~ t)
Mp est de,j

Td,new = d,j

[Note (2)]

Set

Td,j = Td,new

A

Y

Increment calculation to the next step. Set

j=Jj+1

®@ |0 ¢ ®
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Figure 5-2.4-1

Sandberg-Colby Multistep Numerical Integration Method (Cont’d)

L@ AD ® 4
Is
) No
J < nstcp
?
Yes
Increment the step suction conditions to
the previous step discharge conditions:
Pij=Pag-n and T =Ty

Y

Calculate the final discharge
temperature diffeféntial:

AT, :Td_Td,”step

Yes |[Note (1)]

Calculate revised estimate of the
polytropic efficiency:

ATd
Mpnew = 1- T Mp est
d

[Note (2)]
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Figure 5-2.4-1
Sandberg-Colby Multistep Numerical Integration Method (Cont’d)

A® l @ ® A

Set

Mpest = Mpnew

Y

Once converged, calculate the final values
of polytropic efficiency and work (head):

Mp =1 pest
and

Wp :”p(hd _hi)

Increase the number of
steps, nye,, by 5 for
Type 2 test
and 10 for Type 1 test
and rerun the
numerical integration.

[Note (3)]

A
Has analysis been
completed more
than once?.
Set

77p701d =M pest

\J

No

Mp _np,old <

<g?
Mp

Y

Yes | [Note (4)]

Y
Solution has converged [Note (5)]!

NOTES:

(1) Convergence tolerance, &, should be held to 1 x 107 or less.

(2) Alternative root-finding algorithms may be successfully used in lieu of this scheme.

(3) Alternatively, a single multistep analysis can be provided with the identified number of steps from Table 7-4-1 with a high probability (>95%)
of listed maximum error. Uncertainty for Type 2 tests will likely be less than these values.
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Figure 5-2.4-1
Sandberg-Colby Multistep Numerical Integration Method (Cont’d)

NOTES (Cont’d)
(4) Analyses of several example cases including uncertainties associated with the pressure and temperature tolerances allowed in Table 4-18.2-1
applied to the overall uncertainty evaluation in accordance with the methods provided in Section 7 and illustrated in Nonmandatory
Appendix H demonstrate thata convergence tolerance of 1 x 10™*is adequate to eliminate added uncertainty due to the numerical integration

method.

(5) Convergence normally occurs between 10 and 25 total steps, depending on the complexity of the compression path and thermodynamic
properties.

5-3;3 Test Speed Validation

W
prey

pargdmeters is within the limits of Table 3-2.1-2.

NOT
exter
achid
the

5-4

5-4

0
(a

(d

hen the actual test conditions differ from the estimated values, the most appropriate test speed will depart
iously estimated test speed. The test speed is acceptable when the permissible deviation frem specified d

E: Predicted compressor performance characteristics are generally used to estimate the testeonditions and the test spd
t that the actual performance differs from the predicted performance, the test speed and conditions may need to be a
ve the tolerances of Table 3-2.1-2. After the test conditions are confirmed, the predicted.performance characteristics dg
est results.

CALCULATIONS FOR TEST CONDITIONS

1 Test Data Acquisition

berating data taken at test conditions is processed by the(following sequence:
Gather information.
(1) Determine the following items:
(-a) number of probes
(-b) number of readings (minimum of three)
(-¢) recording timing and sequence (see Subsection 3-10)
(2) Record ambient conditions for pressure and temperature.
Record observations for a test point as follows:
(1) Record observation for each probe (gauge data) for first reading.
(2) Repeat (1) for all subsequent readings in sequence according to timing and stability requirements
(3) Convert observations to_absolute values.
Remove outliers as per ASME 19.1, Nonmandatory Appendix A, as follows:
(1) Average all observations for each reading.
(2) Calculate S, (standard deviation) for each reading.
(3) Obtain 7 fromtASME PTC 19.1, Nonmandatory Appendix A.
(4) Calculate the ‘product zS5,.
(5) Calculaté § (absolute difference of value) of each observation from the average.
(6) If 6 jssgreater than or equal to tS§,, then the observation is an outlier.
(7) MarK,dand remove outliers.
Sumthe remaining data values for a reading and determine the arithmetic average. Repeat for each
Remove excessive fluctuations as follows:

(e

from the
perating

ed. To the
Hjusted to
not affect

reading.

{1 Calcutate the fluctuation for eacit Teading wWithout OUters (See para: 5-4-3.37-

(2) Determine the acceptable fluctuation (see Table 3-12.2-1).

(3) If the actual fluctuation is less than the allowed fluctuation, then the reading is acceptable.
(4) Remove unacceptable readings.

(f) Determine test point value as follows:

(1) Average all remaining acceptable readings without outliers.

(2) Subtract the ambient pressure (or absolute temperature) to get the final data point gauge pressure (or tempera-
ture).

(3) Convert to total conditions (see para. 5-4.3.5).

NOTE: Refer to ASME PTC 19.1 for definition of S,, T, and &.
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5-4.2 Raw Data Acceptability

The observed data shall be validated for compliance with the limitations imposed in Sections 3 and 4. Outliers shall be
excluded from observed data by the modified Thompson method found in ASME PTC 19.1, Nonmandatory Appendix A.
See Nonmandatory Appendix C for observed data treatment example calculations. Observed data so validated will be
acceptable raw data.

5-4.3 Processing Raw Data

Acceptable raw data shall be processed to provide values to be used in the computation of results.

5-4.3.
able raw
indicatin|

5-4.3.
each me

5-4.3.
is shown|
reading

where

5-4.3.
readings
for use i

5-4.3.5

dure. Sta
of static
The rg
estimate
The ay

5-4.4 T

n, = kEtal number of readings

| Calibrations and Corrections. Applicable instrument and system calibrations shall be applied to thefac

ept-

data, which becomes the corrected raw data. The need for corrections and calibrations arises from both the

g system components and measurement technique.

p Data Conversion. The corrected raw data is then averaged from the total number of observations (raw dat
hsurement station. This averaged data becomes the reading. Refer to Nonmandatory Appendix C.

B Fluctuation. Three or more readings are used to obtain the test point. The allowable fluctuation of the read
in Table 3-12.2-1. The fluctuation is computed by taking the differences of the highest reading and the lo
hind dividing by the average of all the readings.

Highest Reading — Lowest Reading

rg— X ¥00%
— Ziél (ith Reading)
ny

% Fluctuation =

@) at

ings
vest

Test Point Data. After removing raw data outliers and any¥eadings with excessive fluctuations, the remaining

are summed and averaged. This average becomes the test point data and shall be converted to total condif
h performance calculations.

Total Conditions. Unless otherwise stated, total*condition values shall be used for the computational pi
fic test point data shall be converted to total condition values. This does not preclude final presentation in tg
conditions.

lationship between static properties and'total properties is velocity dependent. Average total propertie
 herein from the average velocity at the measurement station.

erage velocity at the measurement station is given by

V= il

pstaticA

est Pressure andTemperature

ethods are proyided in paras. 5-4.4.1 and 5-4.4.2 to determine the total pressure and total temperature at thg

1s to include the'effects of velocity at the measurement location. The party conducting the test may select

ions

oce-
rms

are

test
and
ms.

fotal
e fluid

properties to compute pressures and temperatures for known state condltlons This rigorous method should resultin the
most accurate determination of the total pressure and total temperature.

5-4.4.2 Alternate Mach Number Method. Figure 5-4.4.2-1 details an alternative process to determine the test total
pressure and test total temperature based on the fluid Mach number and other fluid properties at the measurement

location.
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Figure 5-4.4.1-1
Rigorous Method to Calculate the Test Total Pressure and Temperature

Step 1. Assume that Tstatic= Tmeas as
the initial estimate of the static
temperature.

I

Step 2. Assume that the entropy at
the temperature-measuring device,
Sprobe, is equal to

Entmpy(pstaticv Tmeas)
as an initial estimate of this entropy.

Step 3. Calculate the needed
properties at the state
corresponding to

(Pstatic, Tstalic).

A

A 4

Step 4. Compute velocity at static
conditions

V=m/ (Pstatic 4)

!

Step 5. Compute kinetic energy
(static conditions)

VZ

2

ke =

'

Step 6. Compute “measured”
enthalpy

hmeas = Enthalpy(Teas, Sprobe)

Step 7. Compute static enthalpy

hstatic = hmeas _rfke

'

@ @
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Figure 5-4.4.1-1
Rigorous Method to Calculate the Test Total Pressure and Temperature (Cont’d)

©i @A

Step 8. Compute a new value of
static temperature

Tstatic new
= Temperature (Psatic, hstatic)

Step 9. Compute total enthalpy

h = hgatic + ke

Step 10. Compute static entropy
and update the value of Syrobe to
equal the static entropy

Sstatic
= Entropy( Pstatic: Tstatic,new)

Step 11. Compute total pressure
and total temperatlne

Set Tstatic = static, new.

_p b Repeat Steps 3 through 12
p = Pressure(h, syfic) until the temperature

T = Temperaturé(p, ) change is acceptable.

A

Step 12. Compare the value of Tstatic, new
with the previous value of Tstatic.
— Tytatic | < 0.05 K?

Is | Tstatic, new

Yes % tNotetHi

Set Tgeatic = static, new.

The final values of T and p are equal to
the latest computations from Step 11.

NOTE: (1) Unless the value of ryis near zero, repeat Steps 3 through 12 at least once regardless of the value of | Tsatic, new — Tstaticl-
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Figure 5-4.4.2-1
Alternative Mach Number Method to Calculate the Test Total Pressure and Temperature

Step 1. Assume that Tstatic= Tmeas as
the initial estimate of the static
temperature.

v

Step 2. Calculate the needed properties at the state
corresponding to (pstatic' Tstatic)

a = acoustic velocity (sonic velocity)
Cp = specific heat at constant pressure

Cv = specific heat at constant volume
k = ratio of specific heats (c,/c,)

ns = isentropic volume exponent

X = compressibility function

Z = compressibility factor

Pstatic = static density

v

Step 3. Compute velocity at static
conditions

m

B Pstatic 4

v

Step 4. Compute(Mach number
(static conditions)

|4

s ZRTstatic

Step_5. Compute the ratio of absolute temperatures,
Tmeas and Tstatic

nsZR(1+X)
6= (1-1)+75 [1 + (nsz_ 1)Mz] cp(ns= 1)

v

Step 6. Compute a new value of

static temperature

Tmeas

Tstatic, nel/ = 9 @

@
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Figure 5-4.4.2-1
Alternative Mach Number Method to Calculate the Test Total Pressure and Temperature (Cont’d)

@i @a

Step 7. Compute the total
temperature

V201 0 Y
Ay T 7

T = Tstatic + ZCp
i Set Tstatic = static, new
and repeat Steps 2
Step 8. Compute the total pressure through 9intirthe
( ) ng/(ng—1) temperature change is
ns — 1 'S 'S
P = Dstatic [1 + TMz] acceptable.
A

!

Step 9. Compare the value of
Tstatic, new With the previous value

of Tstatic.

Is |Tstatic, new Tstatic | <0,05 K?

Yes

Set Tstatic = Lstatic, new.

The final values of Tand p are equal to the
latest computations from Steps 7 and 8.
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5-4.4.3 Recovery Factor. The recovery factor, ry; is defined in terms of enthalpy as

rr = (hmeas — hstatic)
/ (h - hstatic)

NOTE: Nonmandatory Appendix G includes a more detailed description of the recovery factor. Refer to ASME PTC 19.3.

5-4.4.4 Test Total Pressure and Total Temperature. The test total pressure and test total temperature are deter-
mined from the measured pressure, temperature, and recovery factor using either the rigorous or alternative Mach

L. tlhad £ 0L dat A | ral
number-ethod-of NennrandateryAppendix&

5-45 Test Density and Specific Volume
The test total density is calculated from the test total pressure and test total temperature as

_|.r
A= ZRT]t

The test total specific volume is the reciprocal of the test total density

1
Vt=—

Py

5-416 Test Flow Rate

The measured flow rate is calculated according to the formulas applicable to the indicating instrument used| In some
casep, flows such as leakages may be wholly calculated rather thanimeasured when mutually acceptable methods are
available (refer to Nonmandatory Appendix B applicable to a back*to-back compressor).

544.6.1 Mass Flow Rate. Test flow rates may be expressed-as mass rate of flow at the station of interegt.

544.6.2 Volume Flow Rate. This Code uses a flow rate définition in the calculation process that has the units df volume
flow] rate. It is

m
q=—
p
whefe
| = mass flow rate
p| = total density

This definition is consistentwith'the use of total properties in the calculation procedure. It does not represent the actual
loca] volume flow rate because-it is based on total density rather than static density. All references to calculategl volume
flow] rate imply this definition unless otherwise stated.

5-4]7 Test Power

The calculation of test power depends on the method of measurement. Both shaft power and gas power may be of
interest.

5414.7(1-Shaft Power Method. When power input is measured by an instrument such as a torque meter or by ¢lectrical
powgereasurement, the shaft power is calculated using the appropriate formula. Gas power is calculated by suptracting
the parasitic losses from the shaft power (see para. 5-4.7.4 for parasitic losses).

Pet = Pt = Poaryt

5-4.7.2 Heat Balance Method. Gas power is calculated from the first law of thermodynamics applied to the com-

pressor section of interest, yielding
Pg)t = (Zout rith — Zin Mh) + st
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(Zout tih _Zin mh) = the balance of the products of mass flow rate and enthalpy for each flow stream departing and entering

the control volume associated with a section
Qg = thetotalamount of heat departing the control volume associated with the section

Shaft power is the sum of gas power plus any parasitic losses

Psh,t = Pg,t + Ppar,t

NOTE: Sep Nonmandatory Appendix E, para. E-3.11.

5-4.7.3 Casing Section Heat Transfer. The external heat loss or heat gain from the section may be computed

rom

measurements of the exposed surface area, the average temperature of the surface, and the ambient téemperatyre.

Sectio

Sectio

Sectio

eraq £ casing surface emissivity

Wherg
small ar

NOTE: Th
prior to t

5-4.7.
sections
the ener

(a) M
cated ged
from dey
lubricati

Convection Heat Transfer:
Q—conv = hconv Se [T — 1]

Radiation Heat Transfer:

4 4
Qrad =0 Scerad[Tc - T, ]

Boundary Heat Transfer:
st = Qconv + Qrad

= convection heat transfer coefficient

= heat transfer surface area of exposed compressor
= ambient temperature near compressor casing

= casing surface temperature

= Stefan-Boltzmann constant

the casing surface temperature varies-widely, the accuracy of this calculation may be improved by calculz
bas of the surface separately and summing the results. See para. 4-16.1.

e convective heat transfer coefficient.is specific to each individual installation. It should be agreed on by all parties inv
esting and should be included in(the*test procedure and report (see Nonmandatory Appendix C, para. C-3.12).

1 Parasitic Losses. ParaSitic losses are the difference between shaft power and gas power for the sectid

bf interest. Parasitic lo§ses comprise mechanical losses and other power requirements that do not contribul
by rise of the gas innthe section of interest
Ppar = Bnech * Fother

pchanical, Losses. Mechanical losses are always considered to be parasitic losses. Those losses caused by 1
rs, beatings, and/or oil seals can be estimated from the lubricating oil temperature rise. Other mechanical Iq
ices’siich as dry gas seals, nonpressurized bearings, or one or more couplings that do not contribute t

ting

lved

n or
te to

1bri-
sses
the

g\ oil temperature rise may be determined separately.

B,

mech = PmEChlube oil + PmeChnon—Iube oil

The portion of the mechanical loss evident in the lubricating oil temperature rise is given by

p = mcAt

mechyype oi]

¢ = average specific heat of the lubricating or sealing fluid
m = mass flow rate of the lubricating or sealing fluid
At = temperature rise of the lubricating or sealing fluid
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(b) Other Parasitic Losses (Power)- When the shaft power method is used, power supplied to drive auxiliary equipment
is treated as parasitic. Power supplied to sections of a multisection compressor other than the section being tested is also
considered parasitic. When the heat balance method is used and total shaft power is defined to include power to drive
auxiliary equipment, the auxiliary power requirement is treated as parasitic.

5-5 NONDIMENSIONAL PARAMETERS

The following nondimensional parameters are calculated for the test conditions to provide verification that the limits of
Table 3-2.1-2 have been met.

5-5/1 Machine Mach Number

The machine Mach number of a section is given by
Mm =U/aq;

whefe the acoustic velocity of the gas at total inlet conditions is

aj = ng ;ZRT;

5-5{2 Machine Reynolds Number

The machine Reynolds number of a section is given by
Rem = Ub/v;

(a) For centrifugal compressors, the variables are defined as follows:

b| = fluid flow passage tip width of the first impeller
Ul = velocity at the largest blade tip diameter of the first impeller of a section
v;| = kinematic viscosity of the gas at total inlet conditions‘of this section

(h) For axial compressors, the variables are defined.-as follows:

b|= chord at tip of the first-stage rotor blade

U| = velocity at the tip diameter of the leadingedge of the first-stage rotor blade of a section
v;| = kinematic viscosity of the gas at total inlet conditions of this section

5-5/3 Specific Volume Ratio

The specific volume ratio of a section is the ratio

r, = v/

5-5/4 Volume Flow Ratio

The volume flow ratio, between any two points x and y within the compressor flow path is given by

9 Py
r, = — =
q .
’ [my]
by
For compressors without sidestreams, the inlet volume to discharge volume flow ratio is limited by the specific volume
ratio limit. For sidestream compressors, the volume flow ratio limits of Figure 3-5.2-1 also apply. (See subsection 3-5.)
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5-5.5 Flow Coefficient

The flow coefficient of a section is given by
4R
- 2
p;mUD

where
#g = mass flow rate that enters the rotor and is compressed
N = the rotational speed, 1/s

U lade tip speed, calculated as follows:
= mND

(a) Fdr centrifugal compressors, D is the maximum diameter of the blade trailing edge of the first impeller in a sed
(b) Fdr axial compressors, D is the maximum diameter of the first-stage rotor blade in a section.

NOTE: Thi mass flow rate rigdiffers from the measured mass flow rate by the amount of leakage and sidestréanrflow that may
between the rotor entry and the flow measurement station. Refer to Nonmandatory Appendix E, para. E-3% for the calculation
and Figurje E-3.11-1 for a schematic representation of the mainstream and leakage flows of a section.

5-6 CALCULATIONS FOR SPECIFIED OPERATING CONDITIONS

Performance at specified conditions is calculated by the following procedures:.Certain additional nondimensi
parametgrs are calculated for the test conditions and extended to specified-eonditions.

5-6.1 Sjngle-Section Compressor

5-6.1.1 Description. The single-section compressor from inlet to outlet measurement stations experiences ng
cooling dther than radiation and convection. No gas flow is added ortemoved other than that lost through seal or bal
piston ldakage. No phase change occurs.

5-6.1.2 Calculation Procedure for Single-Section Compressors

Step 1| Calculate the following values:
(a) fflow coefficient
(b) Ipolytropic work coefficient
(c) polytropic efficiency
(d) work input coefficient
(e) total work input coefficient

The equations needed to do this(arg shown in Tables 5-2.2-1, 5-2.3-1, and 5-6.1.2-1 and Figure 5-2.4-1, and
explainefl in detail in Nonmandatoyy Appendix E. The assumption column of Table 5-6.1.2-2 shows the relation
between|the test condition values and specified condition values.

Step 2|Begin by conductinga/performance test. Compressor performance at any specified condition operating po
determinjed from at least,tivo bracketing test points. To perform the interpolation, the specified operating cond
nondimensional parameters are treated as functions of the specified operating condition flow coefficient. The speg
operating condition-nondimensional parameters for each point may be plotted as shown in Figure 5-6.1.2-1. A sm|
curve is drawn conhecting the data points. For two points, this is simply linear interpolation. Improved data interpolz
may be possible'with additional test points and nonlinear curve fitting.

Step 3| Establish the compressor performance in nondimensional terms at the specified operating condition flo

tion.

ccur
of ring

onal

gas
hnce

are
ship

ntis
tion
ified
poth
tion

interest. Frese-paramete b o-correctionfor-the-differenceinmmachine Reynoldsrumber-between-te

ating conditions and specified operating conditions, as explained in para. 5-6.3. To establish the compressor performance
in nondimensional terms, calculate a specified operating condition flow coefficient from the flow rate, speed, and inlet
conditions of interest. The remaining nondimensional performance parameters are defined from the interpolation

process in Step 2. This information is simply read from the curves of Figure 5-6.1.2-1 at the flow coefficient of inte

rest.

The compressor performance at the specified operating condition point of interest is now defined in nondimensional

terms.

Step 4. Calculate the compressor performance in the desired dimensional form. This is done by solving the nondimen-

sional parameter equations for those quantities of interest. Typical equations used to do this are shown in Table 5-6.1

54

2-2.


https://asmenormdoc.com/api2/?name=ASME PTC 10 2022.pdf

ASME PTC 10-2022

Table 5-6.1.2-1
Real Gas Nondimensional Parameters

Parameter Relation at Test Operating Conditions Equation No.
Flow coefficient 41 (5-1)
b= 2
p;”UD ’
Work input coefficient hy— by (5-2)
”m,t Z UZ \
Polytroptcwork coeffictent W (5737
Hpt = lz u? Jt
Polytiropic efficiency wy (5-4)
"ot = g =),
Tota] work input coefficient (heat balance method) O = g (hg—h)  tigg (g =) g (g = hy) (5-5) [Notq (1)]
S D T N T R Y
tity (hy — hi) gy (hsu - hi)
o 2 2
R YU R YU
+ Qy K
g XU |,
Total work input coefficient (shaft power method) Py, — Boar (5-6)
Q=
‘sh,t i Y 72 t
GENBRAL NOTE: Appropriate units and conversions must be chosen to render tlie parameters nondimensional. Further explanati¢n of these
equafions is available in Nonmandatory Appendix E.
NOTE: (1) Thisequationapplies to a particular model as presented in Nontitandatory Appendix E, para. E-3.11. Some of the terms may jot apply in

a diffierent case. The analysis presented in para. E-3.11 may be followed to develop the appropriate equation.

Table 5-6.1.2-2
Conversion of Nondimensional Parameters

Mathematical Description

Cap{city

Parameter at Converted Specified Conditions Equation No. Assumptjons
Rotqr mass flow rate /)-TEUSPDZ (5-7) (/)CSP = ¢ Remcdiy ¢
. 1 )
mR,csp = csp 4
Deliyered mass flow Tate M csp = MR, csp — MMid,sp — Msd,sp (5-8) N/A
[Note (1)]
_ fitg, csp (5-9) N/A
Gesp = P
: . 2 _ =
Polygropic work per section Wy csp = My cop Y ug, (5-10) o csp = Mo Refttcor,
Work input per section W, csp #y 5 5 (5-11) Hycsp = Hy, ¢ Remcorr, y
W =22 | £ U, -
mer rIP,CSP le csp ¥ ’]P’ csp np!t Remcorr’ n
Discharge enthalpy hd,csp = Win,csp T hi,sp (5-12) N/A
Discharge entropy 2(1 - )(hd o —hi s ) (5-13) N/A
(Sandberg-Colby method basis) op = PiespJ\GEP P Sivep [Notes (2), (3)]
’ (Td,csp + Ti,sp) ’
Discharge pressure (5-14) N/A

Fiesp = P(hd, cspr *d, csp)

[Notes (2), (3)]
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Table 5-6.1.2-2
Conversion of Nondimensional Parameters (Cont’d)

Mathematical Description

I,

Parameter at Converted Specified Conditions Equation No. Assumptions
Discharge temperature T = 1(hn s (5-15) N/A
d,csp ( d, cspr %d, csp) [Notes (2), (3)]
Total work input coefficient " (hd —n ) (5-16) [Note (6)]
(heat balance method) Qi csp = &LZ”P [Notes (4), (5)]
P ey XUy
+ fitsd, sp (hsd,sp - hi,sp)
MR, csp z Usp2
+ 1id,sp (hld,sp - hi,sp)
mR,CSP )y Usp2
" mlu,sp (hlu,sp —h i,sp)
mR,csp Z USPZ
Msu,sp (hsu.sp B hi,sp)
mR;CSP Z Usp2
_ Qe
mR,csp Z Uspz
. . 2 -
Gas powdr per section Pyosp = mR,csp'th,csp 3 Ug (5:17) N/A
Shaft power Pih,esp = Pg,csp + Boar,sp (5-18) N/A
(heat bplance method) [Note (7)]
Shaft power P = Q U +P (5-19) _ Rem,
(shaft power method) shycsp R, csp™Zsh,csp 2 iR [Note (7)] Qip,esp = Lt Remeyg,

GENERAL INOTES:

(a) Apprdpriate units and conversions must be chosen to render the proper dimensional parameters. Further explanation of the applicat
these fequations is available in Nonmandatory Appendix E.

(b) Pressyre rise can be calculated using Apcsp = Pacsp = Pispr

NOTES:

(1) Ifamgasured and corrected specified value of leakage thass flow rate (mld,sp) is available, it should be used instead of the original spe|
value.|See para. 3-3.3.

(2) Equatjons (5-13) through (5-15) must be solved simultaneously via successive substitution or some comparable iterative method to g
the cdrrect pressure and temperature at the specified value of discharge enthalpy.

(3) Consigtent use of the same or a more rigorous method to determine discharge conditions as that used to evaluate performance te
rametprs is necessary to minimize (uncertainty of results.

(4) If megsured and corrected specified values of leakage and/or sidestream mass flow rates (including ritgg o, it} sps i1y, 5p» A0 titg, o)
associpted corrected enthalpies (including hgg sy, Aigsps hiu,sp and hg,s,) of these streams are available, they should be used instead
originpl specified values,

(5) Applidable revised casing Section heat loss calculated from corrected discharge temperature should also be used.

(6) There|is no Reynolds\number correction between (2, and 2y, s, for the heat balance method.

(7) If any|test-measured parasitic losses are available, they should be used preferentially to those that may be specified. Corrections t|
measyred mechanical losses for test speed versus specified speed should also be included (see para. 5-6.4).

on of
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Figure 5-6.1.2-1
Interpolation for the Specified Condition Flow Coefficient

|
‘Q‘sp .\

5-6

54
sect

:uin,sp

[

\o

77[),Sp

Mp,sp ‘\\

¢sp

Test point #1 Test point #2

2 The Multisection Compressor

6.2.1 Description. A multisection compressor is a compressor that may be treated as a number of individyl
on compressors operating in series. The output from each section provides input to the next section. Th

bou

daries 'may be drawn to exclude intermediate components such as external heat exchangers.

The following conditions shall be met to treat a compressor as a multisection compressor:

al single-
P section

(a) It shall be possible to gather test information for each section as though it were an independent single-section
compressor. That is, the test speed, flow rate, and inlet and outlet states shall be available for each section.

In the special case of sidestream mixing internally in a compressor, the inlet mixed condition shall be determined from
the states of the incoming streams.

(b) Whenacomponentsuch as an external heat exchanger exists between sections, the performance of that component
shall be known for test operating conditions and specified operating conditions.

(c) Differences in the intermediate component performance between test operating conditions and specified oper-
ating conditions shall have a minimal and quantifiable effect on the single-section performance, i.e., a minimal and
quantifiable effect on the nondimensional performance parameters.
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5-6.2.2 Calculation Method for Multisection Compressors. The specified operating condition performance for multi-
section compressors is calculated from the specified operating condition performance of the individual calculated
sections. The basic calculation procedure for each section is the same as for single-section tests. The test data for
each section is reduced to the form of nondimensional performance parameters that apply at the specified operating
conditions. The performance of the first section is calculated the same as is done for a single-section compressor.

This yields the discharge conditions from the first section. If an intermediate component such as an intercooler exists
before the next section entry, the effects on flow rate and gas state are taken into account.

For a heat exchanger, these effects are temperature reduction, pressure drop, and condensate removal. For the case of
mixed streams, see Nonmandatory Appendix E, subsection E-5. The resulting condition becomes the specified operating

conditioh gas state at the entry to the second section. The flow coefficient calculated from the known flow rate becdmes

the inter
the rema
compong

NOTE: Th
the prece
When the
performa
What may
combine {
explicit c

5-6.3 Machine Reynolds Number Correction

5-6.3.
the inter
Reynold
results i

The fld
used to pl
recomm
sors is b

If anof

5-6.3.
Reynold
efficienc
method

ining intermediate components and sections, and on to the final discharge. Itis not necessary for an jnterme
nt to exist to treat a compressor in multiple sections. The exit of one section and entry of anothermay coin|

e specified operating condition flow coefficients for the second and subsequent sections are functions,of the performar
Hing sections. This dependence on preceding section performance is an effect commonly referredsto.as section matd
individual section performance curves are steep, and as the number of individual sections increages, the overall compr
hce becomes increasingly sensitive. It is because of this effect that it is important to follow the galculation method prese|
appear to be small differences between test operating conditions and specified operating‘conditions in each section
o show up as important effects in overall performance. Calculation methods that attempt to.mmake overall corrections wi
nsideration of the section matching effect can lead to erroneous results.

|l General. The performance of a compressor is affected by the machine Reynolds number. Frictional loss
nal flow passages vary in a manner similar to friction losses in‘pipes or other flow channels. If the mad
number at test operating conditions differs from that at specified operating conditions, a correction to the
necessary to properly predict the performance of the cdmpressor.
w patterns of axial and centrifugal compressors are relatively complex. The term “machine Reynolds numbg
rovide a basis for definition in this Code. The machine Reynolds number correction for centrifugal compreg
bnded in this Section is based on Strub et al. (1987).The machine Reynolds number correction for axial comy
psed on Carter et al. (1960).
her method of correction is used it shall be agreed on by the parties prior to the test.

P Correction Factor. Frictional losses.in'the flow passage of a compressor section are influenced by botl
number and the surface roughness of the flow passage. Related but different correction factors for, respecti
i, work coefficient, flow coefficient,work input coefficient, and total work input coefficient for the shaft p
hre defined as follows:

polating flow coefficient for the second section. The calculation process is repeated through the second)section,

iate
cide.
ce of
hing.
bSsor
hted.
may
hout

bsS in
hine
test

r’is
sors
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the
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n
p,csp
Remcorry =
Up,t
U
p,csp
Remeoy y = ——
Mp;t
Pesp
Remcorr,(p =
P

Hin, csp Remcorr, u

Hin ¢ Remeoy

Remcopy, iy =

Qg P Remeory,

Remeor 0 = =
’ Qg St Remoyy, n

The correction factors for the specified condition are related to the test condition as follows:
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(a) For Centrifugal Compressors

2
[03 + 07 Sp]
1 1 0
RemCorlw +11 - fl_
2 Pt {0.3 + 07—fJ
[se]

Remeory, y = 0.5 + 0.5Remor

The steps for determining the machine Reynolds number correction for centrifugal compressoxrs are S

Fig
(b

The limitations of Table 3-2.1-2 apply. No corrections are applied for work and flew coefficient for axial com

5.
nun
shoy
betw

5-6

W
equs

etc.
met

TF exponentjinthe preceding equation may vary with the design of bearings, thrustloads, lube oil systems, c

R””COI'I',¢ — \/R”"COIT,‘H

e 5-6.3.2-1.
For Axial Compressors

1- My, csp B Remsp

1- Myt Remy;

6.3.3 Limits of Application. Since the performance variations increase substantially as the machine
ber decreases, tests of centrifugal compressors designed for operation at low machine Reynolds
ld be tested at conditions close to those specified. Therefore, the-imaximum and minimum permissih
feen Rem, and Remyg, are shown in Figure 3-2.1-3. Also, see Nonmandatory Appendix F.
4 Mechanical Losses

hen the mechanical losses at specified operating conditions.are not known, they may be estimated from the f

tion:
NV
Boy=P, | —2L
m, $p m, Nt

he exponent j usually has a value between 2.0 and 3.0. Specific values of the exponent j or alternative cq
ods should be obtained from the dssociated equipment manufacturer.

hown in

pressors.

Reynolds
humbers
le ratios

ollowing

buplings,
lculation

59


https://asmenormdoc.com/api2/?name=ASME PTC 10 2022.pdf

ASME PTC 10-2022

Figure 5-6.3.2-1
Machine Reynolds Number Correction for Centrifugal Compressors

Step 1. Obtain the necessary information to
determine the correction factors

b = impeller tip width, m

Ra = average roughness, m

v

Step 6. Apply the following limits to Rem,:

If Rem; > upper limit for Rem,
or Rem; < lower limit for Rem,
then test conditions are unacceptable. Go back to Step

H 11 43 dat ifiad it L
r=trpellertipspeed-atspeeified-conditionsar/s
J, = impeller tip speed at test conditions, m/s
sp = kinematic viscosity of specified gas, m?/s

+ = kinematic viscosity of test gas, m?/s

Tand resefect the test condrtions.
ELSE Continue to Step 7.

v

btep 2. Calculate the machine Reynolds numbers
t the specified conditions and proposed test
onditions

Us,b Ub
Remg, = VS” Rem, = vt
sp t

Step 7. Apply the following limits to relative roughness:

b b .
If Ra < Tos then Ra = o (hydraulically=smooth)

b b
If Ra < % then Ra = % (veryixodgh)

¥

v

Ytep 3. Limit the lower value of the machine
Heynolds numbers at the specified conditions
If Rems, < 90,000 then Remg, = 90,000

Step 8. Calculate critical friction factor at infinite Rem
using the von Kafman equation

A= [1.74 - 2log;p(359)] 2

v

'

Ytep 4. Determine the lower limit for Rem;
If Remg, > 500,000 then
Ipwer limit for Rem; = 0.1 x Remgy,

HLSE lower limit for Rem, = 10%
Where

I} = —22.733 — 4.247° x logqo( Remy,) + 21.63

x logio(Remg,)

Step 9. Solve the combination of the von Karman and
€olebrook equations for A, and A, [Note (1)]

-2

Ao = [ — 2logye (14 —27 _ 2y
\/Am Remt'\/lt 2Ra
-2
Aop = [ — 2logyo (14 —27 Py
Vs Remgy\ A5y 2Ra

v

v

Step 5. Determine the upper limit for Rem,

IF Remgy~> 800,000 then

upper limit for Rem. = 100 x Rem "

Step 10. Calculate the correction factors [Note (2)]

A
1 (03+0772F
Remcorr,n = 7]_ + ( 1 - _) _

Pt ot (0.3 4 0.7 /{1—t)

Remcor, = 0.5 + 0.5Remcor, n

Remcorr,d) =+ Remcorr,p_

ELSE upper limit for Rem, = 10%
where
ul = 68.205 + 16.13 x log;9(Remy;,) — 64.008

x \/ 10glO (Remsp)

v

Step 11. The work input coefficient, u;,, is equal
to u/n and therefore the correction factor for p;, is

_ Hinesp _ ReMcorrpu

Hin,t Remcorr,n
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Figure 5-6.3.2-1
Machine Reynolds Number Correction for Centrifugal Compressors (Cont’d)

NOTES:
(1) The equations of Step 9 must be solved by successive substitution or another rooting technique. If using successive substitution, use initial
guesses of A, = Ay, = A, If using a rooting technique, find the zeroes of the following rearrangements of equations of Step 9:

\/’Tt 819 Rem; 2Ra \/’Tt VAo
L e 87 1)1

VAsp Remg, 2Ra |2, VAoco

(2) In Step 10, if the shaft power method is used, the correction factor for the total work input coefficient is

Qg csp  Remeorr
Remcorr,Q = Q =
sh,t Remeorr
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Section 6
Report of Test

6-1 CONTENTS

The report of test shall include applicable portions of the information shown in subsection 6-2 and may include dther
data as fecessary.
Copieq of the original test data log, certificates of instrument calibration, driver (motor or other type) efficiency dafa as
needed, ¢lescription of test arrangement and instrumentation, and any special written agreements\pertaining to the test
or the cqmputation of results shall be included.
When fests are run over a range of operating conditions, the results shall also be presented‘if the form of performpnce
testdatajand corresponding curves. The curves and data shall be clearly marked to denote.lise of static conditions or fotal
conditions.

6-2 TYPICAL REPORT INFORMATION

neral Information

A typifal report contains the following information:
(a) date or dates and time of test

(b) logation of test

(c) manufacturer

(d) manufacturer’s serial numbers and complete identification
(e) party or parties conducting the test

(f) representatives of interested parties

(g) detailed written statement of the test

(h) agreement made by parties to the test

(i) reference to the agreed test procedure
objectives

6-2.2 Description of Test Calculations

A desdription of test calculations’ within a typical report contains the following information:
(a) type of test
(1) [Type 1 or Type 2
(2) mumber of test points (refer to paras. 3-10.4 and 3-10.5)
(b) computational (method (refer to subsection 5-2)
(c) mg¢thod of determining fluid properties (see subsection 5-2)
(d) loss assumptions
(1) lloss€s addressed, e.g., heat transfer from casing (see para. 5-4.7.3), parasitic losses (see para. 5-4.7.4)
(2) llosses not addressed (e.g., coupling windage losses)
(e) leaKage rate corrections and assumption basis (see para. 3-3.3)

6-2.3 Description of Test Installation

A description of the test installation within a typical report contains the following information:
(a) installation details (e.g., type of compressor, configuration)

(1) number of stages

(2) diameter of each impeller

(3) tip width of the first impeller

(4) arrangement of casing or casings and piping
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(5) inlet pipe and discharge pipe sizes
(6) arrangement of intercoolers, if used
(b) description of lubricating system and lubricant properties
(c) type of shaft seals
(d) type and arrangements of driver
(e) description of cooling system and coolant properties, if used
(f) description of bearings (e.g., hydrodynamic bearings, magnetic bearings)

NOTE: Any losses associated with magnetic bearings are out of the scope of ASME PTC 10.

6-2/4 Specified Conditions and Test Conditions

A ltypical report contains the following specified conditions and test conditions:
(d) gas composition

(h) basis for evaluation of gas properties (see subsection 5-2)
(c) inlet gas state

(1) total pressure and static pressure

(2) total temperature and static temperature

(3) total density and static density

(4) relative humidity, if applicable

(d) gas flow rate

(1) inlet or discharge mass flow rate

(2) inlet or discharge volume flow rate

(e) discharge static pressure and discharge total pressure

(f] speed

6-2/5 Performance at Specified Conditions

Altypical report contains the following performance at specified conditions:
(d) polytropic work

(W) polytropic efficiency

(c) gas power

(d) calculated shaft power

(e] discharge total temperature
(f] pressure ratio

(g) volume flow ratio

(h) flow coefficient

(i] machine Reynolds number
(j] machine Mach number

6-2/6 Setup of Instruments and Methods of Measurement

spedd, camposition of gas, density, torque, and power

irement:
easuring

berature,

rocedures and facilities used for the calibration of instruments
(e) calibration data and certificates
(f) instrument accuracy

(g) method of determining power losses, if any, between the power measurement device and the compressor input

shaft
(h) description of sampling and analysis methods for test gas

6-2.7 Test Points Data (See Subsection 2-7)

A typical report contains the following test points data (after all calibrations and instrument corrections h
applied):
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(a) test point number

(b) timeline of data collection (see para. 3-10.3)
(c) speed

(d) inlet static (or total) temperature

(e) barometer reading

(f) ambient temperature at barometer

(g) measured inlet static (or total) pressure

(h) ambient dry-bulb temperature, if required
(i) ambient wet-bulb temperature, if required

(j) test gas inlet dew point temperature (see para. 3-3.7)

(k) test gas discharge dew point temperature, if applicable

(1) gag composition (see subsection 4-9)

(m) gas density, if measured (see subsection 4-9)

(n) discharge static (or total) pressure

(o) discharge static (or total) temperature

(p) flgqwmeter data, typically
(1) [pressure differential across the flowmeter
(2) Istatic pressure on the upstream side of the flowmeter
(3) Istatic temperature on the upstream side of the flowmeter
(4) fflowmeter throat diameter

(q) gas power and shaft power

(r) torque, if measured

(s) lubricant flow rate, if applicable

(t) lubricant inlet temperature, if applicable

(u) lupricant outlet temperature, if applicable

(v) me¢an compressor casing (or insulation, if applicable) surface temperature

(w) ambient temperature near casing

(x) caping surface area

(v) legkage flow rates

6-2.8 Computed Results for Each Test Point (See Paras. 3-10.4 and 3-10.5)

A typifal report contains the following computéd  results for each test point:
(a) test point number
(b) barometric pressure
(c) gap composition (see subsection 4:9)
(d) mass flow rate
(e) inlet static conditions
(1) |pressure
(2) temperature

NOTE: An iterative solutionemay be required for temperature.

(3) lothers as needed
(f) inlgt volume.flow rate
(g) avierage inlet velocity at the measurement location
(h) inlet tofalrconditions

(1) pressure

(2) lemnperature
NOTE: An iterative solution may be required for temperature.
(3) compressibility factor
(4) density
(5) enthalpy

(6) entropy
(7) others as needed

(i) capacity

(j) discharge static conditions
(1) pressure
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(2) temperature

NOTE: An iterative solution may be required for temperature.

(3) others as needed
(k) discharge volume flow rate
(1) average discharge velocity at the measurement location
(m) discharge total conditions

(1) pressure

(2) temperature

3—eompressibitity—factor
(4) density

(5) enthalpy

(6) entropy

(7) others as needed

(n) leakages

(1) mass flow rate

(2) enthalpy

(3) entropy

(0 sidestreams, if applicable
(1) total pressure

(2) total temperature

(3) compressibility factor
(4) density

(5) enthalpy

(6) entropy

(7) others as needed

(p) average mixed gas state properties for sidestream applications, if required
(q) rotor mass flow rate (see Table 5-6.1.2-2)
(1) mechanical losses

(s) heat transfer losses

(t}) gas power

() shaft power

(V) polytropic work

(w) polytropic efficiency

6-2/9 Computed Test Performance Parameters

A ftypical report contains the(following test performance parameters:
(a) polytropic work coefficient

(1) polytropic work

(2) blade tip velogity/of each impeller

(3) polytropic werk coefficient

(h) polytropicefficiency

(c) work input coefficient

(d) total work input coefficient

(1) .energy lost or gained via leakage

(2),-energy lost or gained via sidestream flows

£3)-energy lost orgainedviacasing heattransfer
(e) parasitic losses (see para. 5-4.7.4)
(1) mechanical loss
(2) other loss
(f) flow coefficient
(g) specific volume ratio
(h) volume flow ratio (if applicable, see para. 3-5.2)
(i) machine Mach number
(j) pressure ratio
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A typical report contains the following information about the machine Reynolds number correction:
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(a) test operating condition machine Reynolds number
(b) specified operating condition machine Reynolds number
(c) machine Reynolds number correction for flow coefficient

(d) machine Reynolds number correction for head

(e) machine Reynolds number correction for polytropic efficiency

(f) the following specified operating conditions:

(1) Hew--eee fhieient
(2) work input coefficient
(3) Ipolytropic work coefficient
(4) Ipolytropic efficiency
(5) Itotal work input coefficient
6-2.11 Computed Results for Specified Operating Conditions
A typifal report contains the following information about the computed results for specified operating condit
(speed and inlet gas state are given):
(a) flgw rate

(1) [capacity

)
3
)
()
(6)
(b) di
)
)
3
&)
(c) w
)
)
3
9

6-2.12

An un

6-2.13
The sy

inlet and/or discharge mass flow rate
inlet and/or discharge volume flow rate
leakage flow rate

condensate from process gas, if present
sidestream flow rates

bcharge conditions

static pressure and total pressure

static temperature and total temperature
compressibility factor

static density and total density
rk-related terms

polytropic work

polytropic efficiency

oas power

shaft power

Uncertainty Analysis

Summary of Results

Certainty analysis, if required, shall be included in the report of the test.

mmary of results includes a comparison of test results with expected values.

ions
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R4

The methodology of ASME PTC 19.1 is the standard for ASME PTC 10 tests. See Nonmandatory Appendix H fd

uncq

7-2

The scope of the uncertainty analysis required for a given test is intimately relatedto\the test objectives. The

unce
the

7-3

anti
anal
A

7-4

In|
addji
met

ASME PTC 19.1.

The uniqueness of ASME PTC 10 test objectives precludes exhaustive treatment of uncertainty in this C
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Section 7
Test Uncertainty

GENERAL

fer to ASME PTC 19.1 for test uncertainty and treatment of errors.

rtainty calculations.

SCOPE OF UNCERTAINTY ANALYSIS

rtainty analysis is subject to agreement by the parties to the test. Such agreementsshall be made prior to und
est.

METHODS OF ASME PTC 19.1

ipated that the user will refer to ASME PTC 19.1 for detailed information to apply to individual tests. The un
ysis can thereby be tailored to meet the individual test objectives.

TEST METHOD UNCERTAINTY

addition to measurement uncertainty, the calculation of polytropic work and efficiency are not exact and c
tional uncertainty for any uncertainty analysis-using ASME PTC 19.1. The maximum expected uncertainty
nod described in subsection 5-2 islisted in Table 7-4-1. These values may be used with any uncertainty analy

ME PTC 19.1 presents a step-by-step calculation procedure to be conducted before and after each test.

r sample

scope of
ertaking

bde. It is
Certainty

ntribute
for each
sis using

Table 7-4-1
Maximum Expected Uncertainty
Calculation Method Maximum Expected Uncertainty, %
Sandberg-Colby method 0.38
Huntington method 0.02
Sandberg-Colby multistep method (10 steps) 0.004
Sandberg-Colby multistep method (20 steps) 0.001

GENERAL NOTE: More than 70 different example cases referenced in the open literature were evaluated (Evans and Huble, 2017a), including a
majority that were highly nonideal gas conditions. The listed uncertainties are based on a 95% confidence level (two standard deviations) for the
evaluated cases. These uncertainty differences will be reduced for typical Type 2 test conditions. Refer to Nonmandatory Appendix C for further
details.
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NONMANDATORY APPENDIX A

USE OF TOTAL PRESSURE AND TOTAL TEMPERATURE TO

DEFINE COMPRESSOR PERFORMANCE

A-1 GENERAL
A compressor’s performance characteristics that depend on thermodynamic properties for their definition are, uhder
the provisions of this Code, based on total (stagnation) conditions. This procedure can cause confusion if the princjples
involved|are not kept clearly in mind. Compressor performance may be specified at static pressres and static tempgera-
tures or at total pressures and total temperatures, as desired, and the following explanation, serves to point ouf the
differendes between the two.
A-2 ENERGY EQUATION
When the first law of thermodynamics, written as the general energy equation,is applied to a compressor section with
the systeim boundaries defined as the interior wall of the casing and the transverse planes across the inlet and dischlarge
flanges ih the absence of leakage, the following expression results:
2 2
Vi Vd Qs A2-1
hstatic, it 71 +yt+wy = hstatic, dt+ 7 tyt .S ( )
Subscripts i and d refer to the static inlet conditions and-Static discharge conditions, respectively. The inletjand
discharge flanges may be considered to be at the same elevation so that y; and y, the elevation heads, bedome
equal. Sqlving eq. (A-2-1) for wg, gives
2 2
Vi Vi, Qb .
Wsh = hstatic, d R | — hstatic,i + |+ _S 422)
2 2 1
This result involves static enthalpies determined by static pressures and static temperatures.
A-3 TO[TAL CONDITIONS
In termns of total conditions,(eq. (A-2-2) becomes
Qs 3.
wg, = hg — hj + — A-3-1)
Subsctiipts i and d-refer to total inlet conditions and total discharge conditions, respectively, as determined by fotal
pressures and totaltemperatures. In the total process
2
Vi A-3-2
hy = hstatic,i + ( )
2
\4 (A-3-3)

d
hg = hstatic, d+t 7

The difference between static conditions and total conditions is shown graphically on an h-s diagram in Figure A-4-1.
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A-4

As
the ihternal compression process might require the use of static states intermediate to i and d. However, as show
(A-2+1) through (A-3-3), use of the total properties for tlie'external energy balance of the compressor is an
appfoximation for the following two reasons:

(a) Total enthalpy h; (atinlettotal pressure p;) is equivalent to the static enthalpy hg.sic,; (at inlet static pressut
plus| kinetic energy

A-5

The preceding.analysis can be applied only because the system boundaries were carefully defined to pred
condideratiofi-of events, thermodynamic or otherwise, taking place within the compressor proper. Studies

inte

(b)) Total enthalpy h, (at discharge.total pressure p,) is equivalent to the static enthalpy hgaticq (at inlet d
pressure pgiaricq) plus Kinetic energy

ASME PTC 10-2022

Figure A-4-1
Compressor State Points, Static and Total

Pa

COMPRESSION PROCESS

shown in Figure A-4-1, the process of compression takes place between states i and d. Some calculations 1

Vi2

2

\Zi
2

SYSTEM BOUNDARIES

nal to-the compressor section are not included within the scope of this Code.

egarding
n by egs.
pxcellent

€ pstatic,i)

ischarge

lude any
f events
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NONMANDATORY APPENDIX B
TYPE 2 PERFORMANCE TESTING OF BACK-TO-BACK
COMPRESSORS

B-1 OBJECTIVE

A sample setup and test loop arrangement used for Type 2 back-to-back compressor performance testing is descr
in this Appendix.

The objectives of the setup and piping arrangement are to

(a) eliminate division wall leakage and heat transfer effects between sections

(b) dgtermine division wall and seal balance leakage rates that shall be applied in the.conversion of test resul
specified conditions

B-2 FUNCTIONAL OPERATION OF TYPE 2 PERFORMANCE TEST

B-2.1 Compressor Section One

During performance testing of compressor section one, loop balance yalve A, as shown in Figure B-2.1-1, should be
open and loop balance valve B should be fully closed. This results in a minimum pressure differential across the div
wall, eliminating any division wall leakage that may affect the discharge temperature reading of compressor section
The discharge temperature of section two should be maintained‘as close as possible to the discharge temperatu

ibed

(s to

fully
sion
one.
re of

section dne. This can be achieved by adjusting the inlet temperature of section two, thus minimizing any heat trapsfer

effects b¢tween sections. The seal balance line valve C shouldbe fully closed. This eliminates the seal leakage from the
of sectiop two back to the inlet of section one. This requires each end seal to be referenced independently, which
require fwo seal systems to be used.

B-2.2 CQompressor Section Two

During the performance test of compressox section two, loop balance valve A should be closed, and loop balance va
should bg open. This will result in the suctjon pressure of section two being as close as possible to the discharge pres
of sectiofh one. This orientation mimic¢s how the machine will be operated in the field, where section two will be ata hi
pressure/than section one. Therefare, the discharge pressure of section two will be greater than the discharge pressu
section ojne, causing the leakageflow to cross the division wall seal. Pressure and temperature at these locations are b
measurefd while the leakageis’ allowed to return to the second section loop through the loop balance orifice.

The difference betweenthe discharge temperature of section one and the discharge temperature of section two sh
be maintgined within(10 K by adjusting the inlet temperature of section one. This will minimize the heat transfer ¢
between|sections,en-temperature readings.

Also, during thegerformance test of section two, seal balance valve C is fully open. This permits leakage to flow fron
higher-pfessuresuction of section two to the lower-pressure suction of section one. This allows for the pressure balan

nlet
may

ve B
sure
cher
re of
eing

ould
ffect

h the
cing
then

B-2.3 Evaluation Considerations

The flow across the loop balance line orifice during the performance test of section two is the summation of flow

e seal

that

passed across the division wall and the seal balance line flow. Therefore, the division wall leakage mass flow rate is equal
to the loop balance orifice mass flow rate minus the seal balance line orifice mass flow rate. Knowing these flow rates and
the upstream and downstream conditions of the division wall seal and of the end seal, the effective seal leakage area for

each seal may be calculated and used in the conversion of results to the specified conditions.
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Figure B-2.1-1
Typical Back-to-Back Compressor Type 2 Test Setup
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The upstream conditions of the division wall seal are the discharge conditions of section two. The downstream condi-
tions of the division wall seal are the discharge conditions of section one for the corresponding data point.
The upstream conditions of the end seal are the inlet conditions of section two. The downstream conditions of the seal
are the upstream conditions of the seal balance line orifice for the corresponding data point.

B-2.4 Calculation

Several different methods are available to calculate leakage mass flow across a restriction. One example method is
illustrated by eq. (B-2-1):

———

where
ASI =
CSI =

%)
~
1]

The sd
upstrean
downstr
type con
using eq
to be us

For th

seal balajnce flow. The upstream condition is.the’section two discharge condition, and the downstream pressure i

section of
tested di
then use

The C{
B-2.4-2 1

A part
the test

= |dimensionless constant representing seal type
= [pressure

1= (p1/m4) (H

tig) = CslAslph —
sifh

effective seal leakage area
nondimensional seal type constant
seal mass flow rate

specific volume calculated using pressure and temperature values

ubscripts are defined as follows:

igh pressure side (upstream of the seal)
w pressure side (downstream of the seal)
blated to seal leakage

al balance leakage mass flow is directly measured during the performance test via a flowmeter (orifice)

W density and pressure of the seal are the suction cenditions of section two observed during the test.

bam pressure is the upstream pressure at the orifice observed during the test. Knowing this data, the

stant, Cy, and the seal type reference constantng, an effective seal leakage area, Ay, may be calcul
(B-2-1) for each test point. The average value of these as-tested effective seal leakage area values is

bd in the evaluation at specified conditions:

e division wall seal, the leakage flow is thedifference between the measured loop balance flow and the meas

ne discharge pressure. The same evaluation procedure detailed earlier in this Appendixis used to establish a
vision wall effective seal leakage\area. The average value of these as-tested effective seal leakage area valu
d in the evaluation at specified conditions.

and ng values for a givén seal design are usually defined by a party conducting the test. Tables B-2.4-1]
epresent typical postitest evaluation forms.

y conducting the testuniay choose a different method of leakage evaluation. The chosen method shall be cit
Feport.

-2-1)

The
The
seal
hted
then

ired
the
has-
es is

and

ed in
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Table B-2.4-1
Sample Post-Test Leakage Evaluation for Division Wall

Loop Balance

Seal Leakage

Division Wall
Leakage Mass Flow

Upstream
Pressure

Upstream
Specific
Volume

Upstream
Specific
Volume

(Measuredat (Measuredat

Line Mass Mass Flow Rate (Loop Balance  (Measured at Discharge of Discharge Effective
Flow Rate Rate Minus Seal Discharge of Section of Section Leakage
Re i Two) Two), v, Area, Ay, m?
o. iy, Kg/s g, Kg/S g = iy — g, K8/S DPn, kKPa p;, kPa m3/kg [Note (1)]
1 0.184 0.094 0.090 871.2 660.7 0.1239 2,86% E-04
2 0.212 0.098 0.115 1007.6 668.8 0.1095 2.78% E-04
3 0.222 0.094 0.127 1098.8 667.3 0.1023 2.68% E-04
4 0.218 0.096 0.122 1145.0 664.9 04000 2.430 E-04
NOTHE: (1) Average effective leakage area to be used in calculations at specified conditions is 2.690 E-04:
Table B-2.4-2
Sample Post-Test Leakage Evaluation for'Balance Seal
Effective
Datg Balance Seal Leakage Upstream Pressure Downstream Pressure Upstream Specific Volume Leakfge Area,
Poingt Mass Flow Rate (Measured at Suction of (Measured at Seal Orifice = (Measured at Suction of Ay, m?
No.| (Measured), iy, Kg/s Section Two), p;, kPa Upstream), p;, kPa Section Two), v, m®/kg [Ngte (1)]
1 0.094 621.5 408.2 0.1481 1.942 E-04
2 0.098 627.3 415.7 0.1469 2.001 E-04
3 0.094 627.0 415.1 0.1469 1.973 E-04
4 0.096 628.3 418.7 0.1468 1.976 E-04

NOTE: (1) Average effective leakage area to be used dh,ealculations at specified conditions is 1.964 E-04.
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NONMANDATORY APPENDIX C
SAMPLE CASE CALCULATIONS

C-1 INTRODUCTION
C-1.1 Purpose

This Appendix illustrates some of the required calculations and their sequence for a sample case for ah ASME PT|C 10
Type 2 performance test of a centrifugal compressor. It does not provide a complete test report asioutlined in Sectipn 6.

C-1.2 Type 2 Test

Subse(tion 1-4 describes two types of performance tests. Calculations for each type aye similar, but additional regdtric-
tions arelimposed on a Type 1 test. Extending the calculations shown in this Appendix td.aType 1 testis notincluded Hutis
straightfprward.

Type 3 tests of a centrifugal compressor must conform to the requirements shown in Tables 3-2.1-2 and 3-12.2}1 to
adhere t¢ the rules imposed by similitude. Additional engineering design and$afety restraints that are not explicit ASME
PTC 10 rpquirements, such as pressure/temperature limits of constructionunaterials, test stand limits, and compregssor
critical speeds, should also be considered when creating a test procedure.

C-1.3 Thermodynamic Properties

Thermodynamic properties required for compressor performance evaluation shall be determined by use of an equa-
tion of state (EOS) that considers the potential for strongly vatying property behavior of the compressed fluid, i.e., g real
ber of generalized and compositional equations of state and associated mixing rules are available for the many
gases angl mixtures of gases that may be encountered diiring the application of ASME PTC 10. Users of this Code should, to
the extemt practical, apply equations of state that-have been validated for the gases, mixtures of gases, and range of
conditiops required for a particular application/Whienever possible, published validations of these equations of statelmay
be refergnced or, when not available, any proprietary validations should be summarized. Performance test result urjcer-
to EOS uncertainties should be described in the test report. Different implementations of a common EOS njight

predicteql performanceé)any Type 1 or Type 2 testing that may be completed, and evaluation and monitoring of the
comprespor during-installed operation.

C-1.3.1 Historical Labels for Gas Behavior Models and Polytropic Work. Gas state thermodynamics began histori-
cally with the-concept of a perfect gas model, then transitioned to an ideal gas model, and later transitioned to the redl gas
models dvailable today. Table C-1.3.1-1 provides a high-level definition of these three gas behavior models. The fnost
general is a real gas model as it encompasses perfect and ideal gas models and handles situations in which gas properties
vary strongly with pressure and temperature. Fluids encountered in a compressor may not be adequately represented by
the early concepts of perfect and ideal gas models. This Code requires the use of a real gas model.

Compressor analysis previously used the label “head” when referring to polytropic work developed by a compressor. In
this context, the interchangeable use of the words “head” and “work” became ingrained within the industry. ASME PTC 10
now uses only the label “polytropic work.”
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Table C-1.3.1-1
Historical Gas Models and Labels

Equation of

Gas Model Label State Treatment of Compressibility Treatment of Specific Heat
Perfect Pv = RT Constant = 1 implied Constant
Ideal Pv = RT Constant = 1 implied Function of temperature only
Real Pv = ZRT Function of pressure and temperature Function of pressure and temperature
C-2| PERFORMANCE ANALYSIS ELEMENTS

The following actions must be completed to execute a Type 2 test, determine polytropic performance test regults, and
appIr those results to obtain a compressor’s site performance at specified conditions.

(a) Select and define an EOS to be used to determine fluid thermodynamic properties.

(b) Select and define the polytropic work computational method (see subsection 5-2).

(c) Gather required physical data regarding the compressor and its specified performance.

(d) Define a Type 2 test gas, inlet conditions, discharge conditions, test speed, mass flow rates, and test design perfor-
manjce according to similitude rules.

(e) Complete the test and record the necessary measured data.

(f] Process the measured data (see para. 5-4.1).

(g) Calculate compressor as-tested performance.

(h) Convert test results to nondimensional coefficients (see Table 5-6.1.2-1).

(i] Confirm the as-tested results conform to Type 2 test requirements.

(] Apply Reynolds number corrections to as-tested nondimensional coefficients.

(k) Calculate converted test results in dimensional form by converting the corrected as-tested nondimensiorjal coeffi-
cients to specified conditions (see Table 5-6.1.2-2).

NOTE: The uncertainty sample calculations are included in Nonmandatory Appendix H.
C-3| HIGH-PRESSURE NATURAL GAS COMPRESSOR SAMPLE CALCULATIONS

Faur sets of performance calculations and/ef_parameters are presented in this subsection to show the s¢quential
prodess from conceptual compressor design:te’Type 2 tested, as-built performance. To avoid confusion witl various
ternjs labeled “specified” in this subsectioh, and to help distinguish between the four sets of values, the followling cate-
gorigs are established:

(a) Specified Performance. The first:set of values represents an original equipment manufacturer’s (OEM) predicted
design performance based on customer-specified parameters and the OEM’s hardware design. See para. 3-1|1, which
defines specified conditions that.do not change throughout the analysis process. This performance data set is|typically
proyided to a customer by/the“OEM during the purchasing phase of a project. In this Code, the word specifieq and the

subq
com|

valu
are

(b

cript sp are used toideéntify input and output values belonging to this set.

(1) The Type 2 testis intended to provide results that can be used to demonstrate how well the as-built co
pares to this spécified performance data set.

(2) Although+they are not an explicit part of an ASME PTC 10 test, the calculations to develop specified per
es are included in this Appendix (see paras. C-3.1 through C-3.3) for completeness and clarity. Some of the
hecessary for further calculations in subsequent sections in this Appendix.

) Test Design Performance. The second set of values has two parts, representing the screening of several

Typ

p 2'test gases in para. C-3.4 and the final refined T

pressor

rmance
e values

otential

from this set are the test target values established before the testand will be replaced by the actual test values from the set

desc

ribed in (c) after completion of a successful test.

(c) As-Tested Performance. The third set of values represents as-tested values, including operating conditions and
performance results. Paragraphs C-3.6 through C-3.9 cover as-tested performance. In this Code, the words as-tested and
the subscript t are used to identify input and output values belonging to this set.

(d) Converted Specified Performance. The fourth set of values deals with conversion of test results to final as-built
performance at specified conditions and is covered in paras. C-3.10 and C-3.11. In this Code, the subscript csp is used to
identify converted values, and the subscript sp is retained for the specified conditions from the setin (a) since those values
have not changed.

Calculations for heat transfer to ambient surroundings are covered in para. C-3.12.
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C-3.1 Analysis Method Decisions

C-3.1.1 Equation of State. The Type 2 performance analyses included in this Appendix use a real gas EOS package,
REFPROP (version 10), from the National Institute of Standards and Technology. REFPROP implements multiple pure-
substance, reference-quality, multiparameter equations of state for thermodynamic and transport properties of indi-
vidual fluids. REFPROP then applies mixing rules to determine mixture properties (Lemmon et al., 2018). REFPROP is
capable of addressing all thermodynamic and transport property requirements for the various gas compositions and
conditions being used in this Appendix. This Appendix uses the International Steam Table definition of 1 Btu/lbm equals
exactly 2 326 ] /kg for the relationship between U.S. Customary and SI units regarding energy (see ASME PTC 2, Table 5.4).

Tempgratare-valuesimostof-the-tablesin-thisAppendixa hown-i-degreesEahrenheit-or-degrees-Celsius-pven
though absolute values are used in the calculations. The chosen EOS package has options that handle this adjustent
automatically.

C-3.1.2 Polytropic Work Calculation Methods. Three distinct polytropic work calculation methods are identifig¢d in
this Codg for the determination of compressor thermodynamic performance. These are discussed here in ord¢r of
increasinjg complexity. Each of the three methods is applicable to both Type 2 and Type 1 testing and generally proyides
reduced uncertainty with increasing calculation complexity. The use of the more complex procedures should be comsid-
ered when the test gas conditions fall in regions where gas properties vary strongly to maintain minimal calculgtion
uncertaipties. Although uncertainties are comparable for anticipated Type 2 conditions, thexmere significant gas progerty
deviations encountered in some Type 1 tests benefit from the more complex calculation’ procedures.

The tHree different calculation methods may be summarized as follows:

(a) Sandberg-Colby Endpoint Method. This is the simplest of all the methods, requiring only values of specified ther-
modynainic properties at inlet conditions and discharge conditions. Although itis’applicable to all types of testing, ifalso
allows independent validation of the more complex methods within an acceptable error tolerance with a simple cal¢ula-
tion that] can be readily achieved with hand calculations using values of the identified properties obtainable fr¢m a
number pf thermodynamic property sources.

(b) Huyntington Method. The Huntington method will normally provide an approximate order-of-magnitude redugtion
in uncertainty from the Sandberg-Colby endpoint method for Type‘l test conditions and requires some iteration to afrive
ata solution. The Huntington method can be accommodated with a spreadsheet or numerical computer application with
the addifion of embedded thermodynamic properties.

(c) Sapdberg-Colby Multistep Method. This is the most-complex calculation method but asymptotically converges
toward pn exact solution through a numerical integration along a path of constant polytropic efficiency.|The
reduced uncertainty available from this method reguires nested iteration loops and logic achievable within custontized
computefr calculations. This method’s superior accuracy allows it to serve as the baseline for alternate calculation mefhod
comparigons, and when gas properties vary. in-an extremely strong fashion this is the desired method.

Each adf these methods relies on the use of total pressures and temperatures at inlet and discharge measurement
locationg. The use of static and/or measured values for pressures and temperatures instead of total values would legd to
greater Uncertainty and is not allowed by this Code.

Furthgr information on these €alculation methods can be found in Evans and Huble (2017b), Huntington (1985),
Sandberg (2020), and Sandberg and Colby (2013).

Reported polytropic performance in this Appendix includes all three computational methods describgd in
subsecti¢n 5-2 for compazison. The Sandberg-Colby single-step method is used to screen potential test gas composifions
prior to determining atefined test performance using the Sandberg-Colby multistep method for the selected gas. Refults
from thg Sandberg=Colby endpoint method are used for further processing to obtain site performance.
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C-3.2 Analysis Inputs for Specified Performance of OEMs

The sample Type 2 test and performance analysis described in this subsection pertains to a high-pressure natural gas
compressor. It is a single-stage, straight-through design with eight impellers and no sidestreams, similar to the sketch in
Figure C-3.2-1.

Neither seal leakage nor balance piston flows are addressed in this sample case; the inlet, rotor, and discharge mass
flows are assumed equal. Although this assumption eases some of the sample calculations, in many actual cases it can lead
to excessive uncertainty. In reality, all parties should agree how leakage calculations will be addressed in the test plan. The
heat balance method is used to determine power (see para. 5-4.7.2).

Table - provides—the-speeified-gas—composition—speeifi ions—hardware-deseription—and-mechanical
design limitations for the subject compressor. Both U. s are provided. Th for each
inpyt is also listed (OEM or user). These values are typically set by contractual agreements betweentheé QEM and

ure C-3.2-2 illustrates a pressure-temperature phase diagram for the specified gas compositien.and the r¢lation of
suctjon conditions and discharge conditions to the two-phase fluid region. Figure C-3.2-2 showsthat specified dperating
itions are in a supercritical region and are well removed from the two-phase region, thus‘avoiding the possibility of
liquid being ingested into the compressor during operation at or near specified inlet conditiens. The analysis tephniques

e term specified conditions is defined in para. 3-1.1 and includes the items highlighted in blue in Table C-3.2t 1. These
items do not change throughout the following performance analysis process. Inlet.and discharge inside pipe diameters
shoyld correspond to pressure and temperature measurement locations and‘are referred to as nozzle locations.

N¢te that measured inlet pressure and discharge pressure are shown in gaugepressure units of pounds per sqfiare inch
gauge (psig) [kilopascals gauge (kPa gauge)], and corresponding measur€d\temperatures are shown in degreeg Fahren-
heit[degrees Celsius). See Nonmandatory Appendices A and G, Figures 574.4.1-1 and 5-4.4.2-1, and the following sections
for conversion to absolute pressures and determination of static conditions and total conditions. In practice, usefs should
noteg the types of instruments used for measurement and if the spetified pressure and temperature values are presented
as sfatic, measured, or total, and should adjust the calculations’accordingly.

Figure C-3.2-1
Typical Straight-Through Centrifugal Compressor Section

Inlet Discharge
P;, T;,m Pa, Ty
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Table C-3.2-1
Specified Design for High-Pressure Natural Gas Compressor

[ U.S. Customary Units [ SI Units | [ Source |
Standard Conditions
Standard Pressure | psia 14.696 101.325  kPa ‘ ‘ User ‘
Standard Temperature F 59.00 15.00 C User
Operating Conditions
Project Identifier HP Natural Gas HP Natural Gas User
Condition Name Specified Specified User
Baromptric Pressure psia 14.700 101.353 kPa User
Ambiept Temperature F 65.00 18.33 C User
Inlet Pfessure measured psig 2505.28 17273.3 kPag User
Inlet Temperature measured F 99.99 37.77 C User
Inlet Temperature Probe Recovery Factor 0.65 0.65 OEM
Dischgrge Pressure measured psig 6483.68 44703.4 kPag User
Dischqrge Temperature measured F 279.99 137.77 C OEM
Dischgqrge Temperature Probe Recovery Factor 0.65 0.65 OEM
Rotor $peed rev/ min 10680 178.0 1/s OEM
Inlet Mass Flow Ibm / min 3900.0 29.484 kg/s User
Fluid [Composition
Methage mole fraction 0.8600 0.8600 W0é fraction User
Ethand mole fraction 0.1125 0.112§ Mole fraction User
Proparje mole fraction 0.0075 0.0045, mole fraction User
Nitrog¢n mole fraction 0.0040 Q4@ mole fraction User
Carbon dioxide mole fraction 0.0160 00160 mole fraction User
Fluid Hhysical Properties See Table C-3-3-1 OEM
Compressor Section Hardware Details
Compressor Model / Section Label HP Section HP Section OEM
Inlet Pipe Inside Diameter inches 7.090 0.1801 m OEM
Dischgrge Pipe Inside Diameter inches 5.160 0.1311 m OEM
Numbdr of Impellers 8 8 OEM
1st Impeller Diameter inches 13636 0.3464 m OEM
2nd Impeller Diameter inches 13636 0.3464 m OEM
3rd Impeller Diameter inches 13.636 0.3464 m OEM
4th | ller Di inches 13.636 0.3464 m OEM
5th Impeller Diameter inches 13.636 0.3464 m OEM
6th Impeller Diameter inches 13.636 0.3464 m OEM
7th Impeller Diameter inches 13.636 0.3464 m OEM
8th Impeller Diameter inches 13.636 0.3464 m OEM
1st Impeller Tip Width inches 0.34 0.00864 m OEM
Flow Path Surface Roughness inches 0.000125 3.1750E-06 m OEM
Compgressor Design Limits
Maximum Continuous Speed rey- min 11500 191.67 1/s OEM
1st Critical Speed rev / min 5400 90.00 1/s OEM
2nd Crjtical Speed rev/ min 13700 228.33 1/s OEM
Maximum Allowable Working Pressure psia 8300 57226 kPa OEM
Maximum Allowable Temperature F 380 193 C OEM
Minimyim Allowable Temperature F -20 -29 C OEM
Maximum Allowable Nozzle Flow Velocity ft/s 100 30.5 m/s OEM
Maximum Available Driver Power hp 15000 11185 kW OEM
Bearipg Mechanical Loss and Casing Section Heat Loss Inputs
Lube Qil Flow Rate (all bearings) gal / min 75.0 0.004732 mr3/s OEM
Lube Qil Supply Temperature F 120.0 48.89 C OEM
Lube Qil Return Temperature F 130.0 54.44 C OEM
Lube qil Specific Heat, Cp BTU/ (Ibm R) 0.46 193  kJ/(kgK) OEM
Lube Qil Density Ibm / ftA3 53.50 857.0 kg / m*3 OEM
Casind Section Surface-Area fth2 62.00 5.76 m"2 OEM
Casind Section Surface-Temperature F 223.00 106.11 C OEM
Casing Section Surface Emissivity 0.90 0.90 OEM
Ambiept Temperature/Near Casing Section F 100.00 3778  C OEM

GENERAL [NQTE: Blue highlight denotes specified conditions as per para. 3-1.1.
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Figure C-3.2-2

Phase Diagram for Specified Gas Composition
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C-3.3 Specified Performance

Performance parameters and calculations associated with specified operating conditions are shown in Table C-3.3-1.
Fluid properties are calculated with the selected EOS.

The compressor designer should ensure that the chosen EOS is valid for the specified performance conditions and the
test design performance conditions.

Measured pressures and temperatures at inlet and discharge in Table C-3.3-1 are related to static conditions and total
conditions using the rigorous method described in Figure 5-4.4.1-1. Note that static pressures and measured pressures
are equal. The calculations to develop these values are shown in Tables C-3.3-2 (Table C-3.3-2M) and C-3.3-3 (Table
h-the-risered Mach-romberand-alternative-Mach-aamberime hods—Onty o differenece afFe-feen
between|static conditions and total conditions due to the low inlet and discharge nozzle velocities shown in Table C:3.3-1.
Nozzle apd piping inside diameters were chosen to provide low fluid velocities to reduce pressure drop for the fairly dense
fluid conditions.

Inlet and discharge static function values in Table C-3.3-1 are based on static absolute pressures and\temperatyires.
Fluid velpcity refers to an average velocity at the inlet and discharge measurement locations for pressures and tempera-
tures (sde subsection 2-4).

Inlet and discharge total function values in Table C-3.3-1 are based on total absolute pressures and temperatyres.

Note that the derived ratios for pressure, temperature, and volume flow are based on.tdtal conditions.

2 and 3.
Method 1 shows a higher value for polytropic work than method 3, while fmethod 2 shows alower value than methpd 3.
Heat transfer losses are shown in Table C-3.3-1. See para. C-3.12 fotzbackground regarding determination of fheat

ensional coefficients for method 3 are shown in Table C-3.:341. See Table 5-6.1.2-1 for definitions of the ngndi-
mensionpl coefficients. Nondimensional coefficients derived from test results as shown in Table C-3.8-1 will be comppred
to the vdlues shown in Table C-3.3-1 and shall meet Type 2-test limits contained in Table 3-2.1-2.

The rigorous and alternative Mach number methods described in Figures 5-4.4.1-1 and 5-4.4.2-1 were used to dg¢ter-
mine stafic conditions and total conditions for inlet and discharge pressures and inlet and discharge temperatures ysing
the iterafive methods shown. Five iterations are shown, but most cases should converge with fewer iterations. Tdbles
C-3.3-2 (rable C-3.3-2M) and C-3.3-3 (Table C-3.3:3M) show calculations for the specified conditions. Similar calculagions
were pelfformed for the Type 2 test design and asstested performance data sets, but only the final results are includé¢d in
Tables C}3.5-2 and C-3.7-2, respectively.
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Table C-3.3-1

Specified Performance Calculations for High-Pressure Natural Gas Compressor

[ U.S. Customary Units' ][ S Units
Standard Conditions and Constants
‘Standard Pressure psia 1470 101325  KPa
Standard Temperature F 59.00 w0 C
Standard Density Air Iom/ %3 007651 12256 kg/m'3
Universal Gas Constant tIbf / (Ibmol R) 1545.35 8314462 kJ/ (kmol K)
Ge Conversion Factor (from PTC 2) ftlbm / (If 5°2) 32174 NA
Mechanical Equivalent of Heat (irom PTC 2) ftibf/ BTU 778.169 NA
Mechanical Details
st Impeller Tip Speed Tt/s 635.44 19368 mis
2nd Impeller Tip Speed ft/s 635.44 19368 m/s
3rd Impeller Tip Speed ft/s 635.44 19368 mis
4th Impeller Tip Speed ft/s 635.44 19368 m/s
5th Impeller Tip Speed ft/s 635.44 19368 mls
6th Impeller Tip Speed ft/s 635.44 19368 m/s
8th Impeller Tip Speed ft/s 635.44 19368 mis
Sum Impeller Tip Speeds Squared 2 /52 3230288 300104 mr2/s'2
Fluid Details
Mol Weight Tom / Tbmol 18.3265 kg kmol
R specific gas constant ftibf / (Ibm R) 84.3232 K/ (kg K)
Density, 1 SCF Ibm /%3 (Ibm / SCF) 0.0485 kg/Sm3
Volume, 1 SCF %3 /1bm (SCF / lom) 20614 S'3/kg
Standard Mass Flow MMSCFD 1158 Sm3/ hr
Specific Gravity (Std Cond) 0634
psia 8997 KPa
3 717
[ U.S. Customary Units' 1 [ S Units
Inlet Conditions (static, measured, total)
Temperature static F 99.97 3776 C
Temperature measured F 99.99 37771 ¢
Temperature Total F 100.00 3778 C
Pressure static absolute psia 2519.98 173747 kPa
Pressure Total absolute psia 252060 173789 kPa
Discharge Conditions (static, measured, total)
Temperature static F 279.97 13776 C
Temperature measured F 279.99 13777 C
Temperature Total F 280,00 13778 C
Pressure static absolute psia 6498.4 448047 KPa,
Pressure Total absolute psia 65000 448150 kpd
[ U.S. Customary Units ][ I Urligs
Inlet Static Functions
Density Tom/ '3 97814 56662 Kk M3
Specific Volume 3 /1bm 01022 0.8
Phase Supercritical Supercritical
Dew P F NA NA
Superh F NA NA c
Actual Volume Flow ACFM 3987 0.1882  m3/s
Fluid Velocity ft/s 24.24 mis
Specific Heat, Cp BTU/ (Ibm R) 08150 KJ/ (kg K)
Spe at, Cv BTU/ (Ibm R) 04299 ki / (kg K)
Compressibility Factor 0.7861
Dynamic Viscosity Tom/ (fts) 127E-05 kg/(ms)
Velocity of Sound fti's 4527 m
Isentropic Exponent 9527
Nozzle Mach Number 00159
Discharge Static Functions.
Tom/ "3 133100 213221
Specific Volume 3 /1bm 00751 0.0047 3k
Actual Volume Flow ACFM 2930 01383 m3ls
Fluid Velocity ft's 3363 1025 mis
BTU/ (Ibm R) 07433 31120 KJ/(kgK
BTU/ (Ibm ) 04975 20829 ki/(kgK
1.1272 14272
ic Viscos Tom / (fes) 1.83E-05 273605 kg/(ms)
Velocity of Sound g 2310 7041 mls
Nozzle Mach Number 00146 0.0146
L U.S. Customary Units ][ S Units
Inlet Total Functions
Total Density Tom/ %3 97826 156702 kg/m'3
Total Specific Volume 3 /1bm 01022 00064  m'3/kg
Total Volume Flow %3/ min 3987 0.1882  m3/s
Total Fluid Velocity 24.23 mis
Total Specific Enthalpy BTU/Ibm 300.1 Ki/kg
Total Specific Entropy BTU/Ibm R 0.8167 K/ (kg K)
Total Compressibility Factor 0.7862
Total Specific Heat, Cp BTU/ (lbm R) 08155 K/ (kgK
Total Specific Heat, Cv BTU/ (bm R) 0.4296 K/ (kg K
Total Dynamic Viscosity Iom/ (fts) 1.27E-05 kg/(ms)
Total Velocity of Sound fti's 1527
Nozzle Mach Number 00159
Machine Mach Number 0416
Machine Reynolds Nurmiber 1.38E+07
Discharge Total Functions
Total Densi Tom/ %3 133123 213243 kg/m'3
Total Specific Volume 3 /1bm 0.0751 00047 m3/kg
Totaf Volume Flow 3/ min 2930 m3/s
Total\Eluid Velocity ft/s 3362 mis
Total Specific Enthalpy BTU/Ibm 406.2 Ki/kg
Total Specific Entropy BTU/ (IbmR) 0.8831 KJ/ (kg K)
Total Compressibility Factor 1.1273
Total Specific Heat, Cp BTU/ (lbm R) 07433 K/ (kg K
Total Specific Heat, Cv BTU/ (bm R) 0.4975 KJ/ (kg K)
Total Dynamic Viscosity Ibm/fts 1.83E-05 kg/(ms)
Total Velocity of Sound fti's 2310 mis
Nozzle Mach Number 00146
[ U.S. Customary Units 1 [ S Units
Derived Total Functions
Pressure Ratio 2579 2579
Temperature Ratio 1322 1.322
Volume Ratio 1.361 1.361
Specified
Polytropic Work Sandberg-Colby - Method 1 bt /1bm 4901158 146499 KJ/kg
Polytropic Efficiency Method 1 (1 Step) o 50.353 50353 %
Polytropic Work Huntington 3 Point - Method 2 fLibf /Ibm 48985.09 146420 kJ/kg
Polytropic Efficiency Method 2 (6 Steps) % 59.281 50281 %
Midpoint Temperature Convergence S 1E-06 3TIE1S
Polytropic Work Sandberg-Colby Multi-step - Method 3 fLibf /Ibm 4899934 146462 kJ/kg
Polytropic Efficiency Method 3 (20 Steps) % 50.299 50209 %
Discharge Temperature Convergence < 1E-05 1.97€-08 1.11E-08
Efficiency S 1E05 2.78E-06 270E-06
[ U.S. Customary Units 1 [ S| Units
Bearing and Casing Section Heat Transfer Losses
hp 582
BTU/ (hr 2 R) 0.87 (2K)
BTU/hr 6603
BTU/hr 11388.80
Section Boundary Total Heat Loss hp 7.07
[ U.S. Customary Units 1 [ S Units
Work and Power
Gas Spe for bt /lbm 82576 20683 ki/kg
Gas Power (Heat Balance Method) hp 9766 7283 K
Shaft Power (Heat Balance Method) hp 9824 7326 K
Based upon Sand! by Multi-step - Method 3
1361 1361
Polytropic Efficiency 0.5930 05930
Polytropic Work Coefficient 0.4880 0.4830
Flow Coefficient 00103 0.01
Work Input Coefficient 08225 08225
0.8231 0.8231
0416 0416
Machine Reynolds Number 1.38E+07 1.38E+07
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Table C-3.3-2
Calculation of Total Conditions for Specified Performance: Inlet — U.S. Customary Units

HP Natural Gas Specified Inlet U.S. Customary Units

Input Values Results
Mole Weight Ibm / Ibmol 18.3265 Temperature
Temperature measured F 99.989 Static 99.970 F
Recovery Factor 0.65 Measured 99.989 F
Pressure measured static psig static 2505.28 Total 100.000 F
Barometric Pressure psia 14.70
Mass Flow Ibm/min 3900 Pressure
Nozzle Diameter inches 7.09 Measured static gauge 2505.28 psig

G g P

Pressure measured absolute psia 2519.98 Total absolute 2520.60 psia
Phase Supercritical
Universal Gas Constant BTU/ (Ib mol R) 1.986
Specific Gas Constant BTU/ (Ibm R) 0.10837
Gc Conversion Factor ft Ibm / (Ibf s2) 32.174
Mechanical Equivalent of Heat ft Ibf / BTU 778.169

Rigorojis Method Calculated Values

Units Initial Estimate 1st Iteration 2nd lteration 3rd lteration 4th iteratiori 5th Iteration

Assumed Temperature static F 99.99 gmmh 9997968 99.97479 99.97223 99.97089 99.9701
Assumed Entropy at probe BTU/ (IbmR) 0.817240 = 0.817226 0.817219 0.817215 0.817213 0.81 7213
Density Ibm / ft"3 9.780655 9.780998 9.781177 9.781271 9.781320 9.78134
Volume Flow ftA3 / min 398.7 398.7 398.7 398.7 398.7 398.%
Nozzle Velocity ft/s 2424 2424 2424 24.24 2424 24.24
Acoustic Velocity ft/s 1526.68 1526.67 1526.67 1526767 1526.67 1526.61
Mach Number 0.0159 0.0159 0.0159 0:0159 0.0159 0.0159
Kinetic Energy BTU /lbm 0.011734 0.011733 0.011733 0.011732 0.011732 0.011737
Enthalpy measured BTU /lbm 300.2774 300.2734 300.2713 300.2702 300.2696 300.2694
Enthalpy static BTU /Ibm 300.2698 300.2658 300.2637 300.2626 300.2620 300.2617
Temperature static new F 99.97968 99.97479 99.97223 99.97089 99.97019 99.96983
Enthalpy total BTU/Ibm 300.2815 300.2775 300.2754 300.2743 300.2738 300.2734
Entropy static BTU/ (Ibm R) 0.817226 wmmp  0.817219 0817216 0.817213 0.817212 0.817213
Temperature static difference F 0.00935 0.00489 0.00256 0.00134 0.00070 0.00037
Total Pressure psia 2520.6001 2520.6000 2520.6000 2520.6000 2520.6000 2520.600
Total Temperature F 100.0099 100.0050 100.0024 100.0011 100.0004 100.000

Alterngtive Mach Number Method Calculated Values

Units Initial Estimate 1st Iteration 2nd lteration 3rd lteration 4th iteration 5th Iteration

Assumed Temperature static F 99.99 -) 9996942 99.96942 99.96942 99.96942 99.9694
Compressibility 0.786176 01786145 0.786145 0.786145 0.786145 0.78614
Specific Heat at Constant Pressure  BTU / (Ibm R) 0.81552 0.81555 0.81555 0.81555 0.81555 0.8155!
Specific Heat at Constant Volume ~ BTU / (Ibm R) 0.42958 0.42958 0.42958 0.42958 0.42958 0.4295
Acoustic Velocity ft/s 1526.68 1526.67 1526.67 1526.67 1526.67 1526.6
Density Ibm / ft"3 9.780655 9.781374 9.781374 9.781374 9.781374 9.78137.
Isentropic Exponent 1.95252 1.95265 1.95265 1.95265 1.95265 1.9526
Compressibility Function X 1.09800 1.09813 1.09813 1.09813 1.09813 1.0981
Volume Flow ftA3 / min 398.7 398.7 398.7 398.7 398.7 398.
Nozzle Velocity ft/s 24.24 24.24 24.24 24.24 24.24 242
Mach Number 0.0159 0.0159 0.0159 0.0159 0.0159 0.015
Theta Bracket Value 1.000120 1.000120 1.000120 1.000120 1.000120 1.00012
Theta Exponent Value 0.449277 0.449235 0.449235 0.449235 0.449235 0.44923
Theta 1.000035 1.000035 1.000035 1.000035 1.000035 1.00003
Temperature static New F, 99.96942mm 99.96942 99.96942 99.96942 99.96942 99.9694.
Temperature static difference 3 0.01962 0.00000 0.00000 0.00000 0.00000 0.0000!
Total Pressure psia 2520.6005 2520.6004 2520.6004 2520.6004 2520.6004 2520.600:
Total Temperature F 99.9996 99.9996 99.9996 99.9996 99.9996 99.999
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Table C-3.3-2M

Calculation of Total Conditions for Specified Performance: Inlet — S| Units

HP Natural Gas Specified Inlet Sl Units

Input Values Results
Mole Weight kg / kmol 18.3265 Temperature
Temperature measured (03 37.772 Static 37.761 (03
Recovery Factor 0.65 Measured 37.772 [}
Pressure measured static kPag static 17273.30 Total 37.778 (03
Barometric Pressure kPa 101.35
Mass Flow kg/s 29.484 Pressure
Nozzle Diameter m 0.1801 Measured static gauge 17273.30 kPag
et " bt 42324 P,

- - a

Pressure measured absolute kPa 17374.65 Total absolute 17378.93 7\ HPa
Phase Supercritical Y V
Universal Gas Constant kJ / (kmol K) 8.314 (L
Specific Gas Constant kJ / (kg K) 0.45369 Q

Rigorous Method Calculated Values (\

Units Initial Estimate 1st Iteration 2nd lteration 3rd lteration 4th itbﬂtM 5th Itgration

Assumed Temperature static [} 37.77 qmm  37.76649 37.76377 37.76234 07.76160 3f.76121
Assumed Entropy at probe kJ / (kmol K) 3.4193 =) 3419274 3.419244 3.419229 3.419220 3p19216
Density kg / m*3 156.67 156.68 156.68 156.61 156.68 156.68
Volume Flow m”"3 /s 0.18819 0.18818 0.18818 0.1881 0.18817 18817
Nozzle Velocity m/s 7.39 7.39 7.39 % 7.39 7.39
Acoustic Velocity m/s 464.21 464.21 464.21 1 464.21 464.21
Mach Number 0.0159 0.0159 0.0159 159 0.0159 0.0159
Kinetic Energy kJ / kg 0.027293 0.027291 0.027290 % 27290 0.027289 0027289
Enthalpy measured kJ / kg 697.9781 697.9688 697.9640 ?\ 697.9614 697.9601 697.9594
Enthalpy static kJ /kg 697.9604 697.9511 697.9462& 697.9437 697.9424 697.9417
Temperature static new C 37.76649 mm 37.76377 37.762 37.76160 37.76121 31.76100
Enthalpy total kJ / kg 697.9877 697.9784 697297 697.9710 697.9697 697.9690
Entropy static kJ / (kmol K) 3419274 wemp 3.419244 QZZQ 3.419220 3.419216 3419214
Temperature static difference C 0.00520 0.00272 Q@O(ﬂ 42 0.00075 0.00039 .00020
Total Pressure kPa 17378.9278 17378.9276 \\ 17378.9275 17378.9274 17378.9274 173[8.9273
Total Temperature C 37.7833 37.780%} 37.7791 37.7784 37.7780 7.7778

Plternative Mach Number C d Values (0.

Units Initial Estimate 1st I@v 2nd lteration 3rd Iteration 4th iteration 5th Itgration

Assumed Temperature static C 37.77 -) 078 37.76078 37.76078 37.76078 3[.76078
Compressibility 0.786176 $.786145 0.786145 0.786145 0.786145 0}786145
Specific Heat at Constant Pressure  kJ / (kg K) 3.41212 3.41226 3.41226 3.41226 3.41226 41226
Specific Heat at Constant Volume kJ / (kg K) 1.79738 ; \Q 1.79737 1.79737 1.79737 1.79737 79737
Acoustic Velocity m/s 465.33%] 465.33 465.33 465.33 465.33 465.33
Density kg / m"3 156.671 156.682583 156.682582 156.682582 156.682582 156682582
Isentropic Exponent 1.“\@ 1.95265 1.95265 1.95265 1.95265 95265
Compressibility Function X N |1 00 1.09813 1.09813 1.09813 1.09813 .09813
Volume Flow m*3/s . c) 18819 0.18817 0.18817 0.18817 0.18817 18817
Nozzle Velocity m/s \\ 7.39 7.39 7.39 7.39 7.39 7.39
Mach Number C) 0.0159 0.0159 0.0159 0.0159 0.0159 0.0159
Theta Bracket Value . 1.000120 1.000120 1.000120 1.000120 1.000120 1§000120
Theta Exponent Value . 0.449550 0.449508 0.449508 0.449508 0.449508 049508
Theta @ 1.000035 1.000035 1.000035 1.000035 1.000035 1§000035
Temperature static New O 37.76078m 37.76078 37.76078 37.76078 37.76078 3[.76078
Temperature static difference é) 0.01091 0.00000 0.00000 0.00000 0.00000 .00000
Total Pressure C) “kPa 17378.9277 17378.9273 17378.9273 17378.9273 17378.9273 17318.9273
Total Temperature f\ C 37.7776 37.7776 37.7776 37.7776 37.7776 7.7776
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Table C-3.3-3
Calculation of Total Conditions for Specified Performance: Discharge — U.S. Customary Units

HP Natural Gas Specified Discharge U.S. Customary Units

Input Values Results
Mole Weight Ibm / Ibmol 18.3265 Temperature
Temperature measured F 279.988 Static 279.966 F
Recovery Factor 0.65 Measured 279.988 F
Pressure measured static psig static 6483.68 Total 280.000 F
Barometric Pressure psia 14.70
Mass Flow Ibm / min 3900 Pressure
Nozzle Diameter inches 5.16 Measured static gauge 6483.68 psig

- g P

Pressure measured absolute psia 6498.38 Total absolute 6500.00 psia
Phase Supercritical
Universal Gas Constant BTU/ (Ib mol R) 1.986
Specific Gas Constant BTU/(Ibm R) 0.10837
Gc Conversion Factor ft Iom / (Ibf s72) 32.174
Mechanical Equivalent of Heat ft Ibf / BTU 778.169

Rigoroyis Method Calculated Values

Units Initial Estimate 1st Iteration 2nd Iteration 3rd lIteration 4th iteration 5th lteration

Assumed Temperature static F 279.99 4™ 279.96827 279.96602 279.96576 279.96573 279.96573
Assumed Entropy at probe BTU/(Ibm R) 0.883671 0.883651 0.883649 0.883648 0.883648 0.883644
Density Ibm / ftA3 13.310469 13.310870 13.310916 13.310921 13.310922 13.310924
Volume Flow ftA3 / min 293.0 293.0 293.0 293.0 293.0 293 (
Nozzle Velocity ft/s 33.63 33.63 33.63 33.63 33.63 33.69
Acoustic Velocity ft/s 2310.03 2310.04 2310.04 2310704 2310.04 2310.04
Mach Number 0.0146 0.0146 0.0146 0.0146 0.0146 0.0144
Kinetic Energy BTU /1bm 0.022583 0.022581 0.022581 0.022581 0.022581 0.02258
Enthalpy measured BTU/Ibm 406.4546 406.4529 406.4527 406.4527 406.4527 406.4521
Enthalpy static BTU/lbm 406.4399 406.4383 406.4381 406.4380 406.4380 406.438(
Temperature static new F 279.96827 m= 279.96602 279.96576 279.96573 279.96573 279.96579
Enthalpy total BTU /Ibm 406.4625 406.4608 406.4606 406.4606 406.4606 406.460
Entropy static BTU/(Ibm R) 0.883651 ===  (0.883649 0.883648 0.883648 0.883648 0.88364
Temperature static difference F 0.01974 0.00225 0.00026 0.00003 0.00000 0.0000
Total Pressure psia 6500.0001 6500.0000 6500.0000 6500.0000 6500.0000 6500.0001
Total Temperature F 280.0025 280.0003 280.0000 280.0000 280.0000 280.000

Alternagtive Mach Number Method Calculated Values

Units Initial Estimate 1st Iteration 2nd lteration 3rd lteration 4th iteration 5th Iteration

Assumed Temperature static F 279.99 gqmp 279.96573 279.96573 279.96573 279.96573 279.9657
Compressibility 1.127183 1427178 1.127178 1.127178 1.127178 112717,
Specific Heat at Constant Pressure  BTU / (Ibm R) 0.74379 0.74379 0.74379 0.74379 0.74379 0.7437
Specific Heat at Constant Volume BTU/(lbmR) 0.49784 0.49783 0.49783 0.49783 0.49783 0.49783
Acoustic Velocity ft/s 2310.03 2310.04 2310.04 2310.04 2310.04 2310.04
Density Ibm / ft"3 13.310469 13.310922 13.310922 13.310922 13.310922 13.310924
Isentropic Exponent 2.35914 2.35925 2.35925 2.35925 2.35925 2.3592:
Compressibility Function X 012887 0.12887 0.12887 0.12887 0.12887 0.1288
Volume Flow ftA3 / min 293.0 293.0 293.0 293.0 293.0 293.
Nozzle Velocity ft/s 33.63 33.63 33.63 33.63 33.63 33.6
Mach Number 0.0146 0.0146 0.0146 0.0146 0.0146 0.014
Theta Bracket Value 1.000144 1.000144 1.000144 1.000144 1.000144 1.00014:
Theta Exponent Value 0.321795 0.321784 0.321784 0.321784 0.321784 0.32178.
Theta 1.000030 1.000030 1.000030 1.000030 1.000030 1.00003!
Temperature static New F 279.96573 8 279.96573 279.96573 279.96573 279.96573 279.9657
Temperature static difference 3 0.02228 0.00000 0.00000 0.00000 0.00000 0.0000!
Total Pressure psia 6500.0011 6500.0011 6500.0011 6500.0011 6500.0011 6500.001
Total Temperature F 280.0000 280.0000 280.0000 280.0000 280.0000 280.000
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Table C-3.3-3M
Calculation of Total Conditions for Specified Performance: Discharge — Sl Units

HP Natural Gas Specified Discharge Sl Units
Input Values Results
Mole Weight kg / kmol 18.3265 Temperature
Temperature measured C 137.771 Static 137.759 C
Recovery Factor 0.650 Measured 137.771 [}
Pressure measured static kPag static 44703.38 Total 137.778 [}
Barometric Pressure kPa 101.35
Mass Flow kg/s 29.484 Pressure
Nozzle Diameter m 131.06 Measured static gauge 44703.38 kPag
Mot 40c " bt aatk TV “Pa
Pressure measured absolute kPa 44804.73 Total absolute 44815.93 Pa
Phase Supercritical
Universal Gas Constant kJ / (kmol K) 8.314
Specific Gas Constant kd / (kg K) 0.45369
Rigorous Method Calculated Values
Units Initial Estimate 1st lteration 2nd lteration 3rd Iteration 4th itewation 5th Itdration
Assumed Temperature static C 137.77 -‘ 137.76014 137.75889 137.75875 187.75873 13].75873
Assumed Entropy at probe kJ / (kmol K) 3.6973 3.697195 3.697186 3.697185 3.697184 3p97184
Density kg / m*3 213.21 213.22 213.22 213.22 213.22 213.22
Volume Flow m*3/s 0.13828 0.13828 0.13828 0.13828 0.13828 13828
Nozzle Velocity m/s 10.25 10.25 10.25 d025 10.25 10.25
Acoustic Velocity m/s 703.30 703.31 703.31 QX1 703.31 703.31
Mach Number 0.0146 0.0146 0.0146 20146 0.0146 0.0146
Kinetic Energy kJ / kg 0.052528 0.052524 0.052524 9.052524 0.052524 052524
Enthalpy measured kJ / kg 944.7812 9447773 944.7768 944.7768 944.7768 944.7768
Enthalpy static kJ / kg 944.7470 944.7431 944.7427 944.7426 944.7426 944.7426
Temperature static new [} 137.76014 == 137.75889 137.7587% 137.75873 137.75873 131.75873
Enthalpy total kJ / kg 944.7995 944.7957 9447952 944.7952 944.7952 944.7952
Entropy static kJ / (kmol K) 3.69720 = 3.69719 369718 3.69718 3.69718 .69718
Temperature static difference C 0.01097 0.00125 9700014 0.00002 0.00000 .00000
Total Pressure kPa 44815.9287 44815.9281 44815.9280 44815.9280 44815.9280 44815.9280
Total Temperature C 137.7792 137.777Y 137.7778 137.7778 137.7778 1$7.7778
Miternative Mach Number Method Calculated Values
Units Initial Estimate 1st Iteditarr 2nd lteration 3rd lteration 4th iteration 5th Itqration
Assumed Temperature static C 137.77 13R/6873 137.75873 137.75873 137.75873 131.75873
Compressibility 1.127183 1.127178 1.127178 1.127178 1.127178 11127178
Specific Heat at Constant Pressure  kJ / (kg K) 3.11201 3.11201 3.11201 3.11201 3.11201 11201
Specific Heat at Constant Volume kJ / (kg K) 2.08296 2.08293 2.08293 2.08293 2.08293 .08293
Acoustic Velocity m/s 704.10. 704.10 704.10 704.10 704.10 704.10
Density kg / m"3 213.2132§7 213.220511 213.220511 213.220511 213.220511 213p20511
Isentropic Exponent 28594 2.35925 2.35925 2.35925 2.35925 35925
Compressibility Function X 0.12887 0.12888 0.12888 0.12888 0.12888 .12888
Volume Flow m"3 /s 013828 0.13828 0.13828 0.13828 0.13828 13828
Nozzle Velocity m/s 10.25 10.25 10.25 10.25 10.25 10.25
Mach Number 0.0146 0.0146 0.0146 0.0146 0.0146 0.0146
Theta Bracket Value 1.000144 1.000144 1.000144 1.000144 1.000144 1j000144
Theta Exponent Value 0.321990 0.321979 0.321979 0.321979 0.321979 0p21979
Theta 1.000030 1.000030 1.000030 1.000030 1.000030 1§000030
Temperature static New C 137.75873 137.75873 137.75873 137.75873 137.75873 13].75873
Temperature static difference C 0.01238 0.00000 0.00000 0.00000 0.00000 .00000
Total Pressure kPa 44815.9284 44815.9280 44815.9280 44815.9280 44815.9280 448]15.9280
Total Temperature C 137.7778 137.7778 137.7778 137.7778 137.7778 197.7778
. . .
C-3{4 Test Gas-Selection Screening and Test Design
(a) Test Conditions Versus Specified Conditions
(1) General. Operating conditions for a Type 2 test must conform to test stand physical limits, which can |be lower
than spécified conditions, especially for pressure, temperature, speed, and power. The high-pressure natural gas com-
pressor’specified inlet pressure of 17375 kPa (2,520 psia) would require a very expensive test stand arrangement to
duplicate site conditions. A much lower suction pressure can be used with a different test gas to obtain equivalent

performance by applying methods of similitude.
(2) Equality of Coefficients
(-a) Anacceptably designed Type 2 test must satisfy equality of test versus specified nondimensional coefficients
within the limits shown in Table 3-2.1-2.
(-1) specific volume ratio: r,; = r, 5 * 5%
(-2) flow coefficient: ¢, = ¢, + 4%
(-3) machine Mach number: between upper and lower limits shown in Figure 3-2.1-1
(-4) machine Reynolds number: between upper and lower limits shown in Figure 3-2.1-3
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(-b) Equality of the following two nondimensional coefficients can also be used in the test design process as
follows:
(-1) polytropic efficiency: n, = 1,
(-2) polytropic work coefficient: u,, = up,
(b) Selection of Test Gas
(1) General. Atestgas composition mustbe selected to begin the design of the Type 2 test. This is usually an inert gas
or amixture of inert gases. For this high-pressure natural gas sample case, four fluids were screened to find a suitable test
composition: carbon dioxide, nitrogen, a 50/50 mol% mixture of carbon dioxide and nitrogen, and refrigerant R134a.
Once a test gas is selected as outlined in (c), refined calculations will be performed to determine target values for test

design

)

performance.

|

equired Variables. For this sample calculation, it is assumed that all compressor hardware-related dimen§

are identiical between specified conditions and test conditions. The following six variables need to be determined for

of the fo
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ur potential test gases:

1) inlet total pressure

p) inlet total temperature

r) discharge total pressure

/) discharge total temperature

) compressor inlet mass flow

f) compressor rotating speed

Procedure. The following steps can be used to determine acceptable valuesfor the six variables in (2),
1. Choose inlet conditions to accommodate easily achievable values within'normal test stand capabilities
let pressure should be above atmospheric pressure to ensure no atmoSpheric air leakage into the system.
ure should be well within the capabilities of any inlet cooler when'accounting for ambient temperatureg
heat load.

2. Once inlet conditions are set, adjust the test discharge conditiens to achieve equal nondimensional value
olume ratio and polytropic efficiency. The discharge total.pressure and temperature can be found sim
lising a classical nonlinear optimization algorithm suchas can be found in common mathematical softy
. Judicious initial guesses for the discharge condition\values could speed up the solution process.

3. Checktheresulting discharge conditions against.compressor and test stand limits. If any discharge pressu
ure limits are exceeded, the inlet conditions mustberevised or the gas composition changed before procee
4. Set the compressor test speed by equating'the’specified and test polytropic work coefficients and solvin|
d.

5. Determine the mass flow rate that wilksatisfy specified and test flow coefficient equality. Perform mad
number and machine Mach number checks for specified and test conditions to confirm satisfactory design
pst according to Figures 3-2.1-1 and‘3-2.1-3.

6. Reexamine compressor andtest stand mechanical limits in light of the proposed test design parame
7. If any required test critefia are not satisfied, modify inlet conditions and repeat the process or invest
pbther test gas composition,
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The rig
to be eq

ected Gas: Carbon Dioxidé. Table C-3.4-1 shows a successfully designed Type 2 test for the high-pressure na

performance values that must be matched within the allowable limits imposed by Table 3-2.1-2. The sped
s are repeated\from Table C-3.3-1 in the left column of values. Calculations for the Type 2 test design are sh
ddle columnyof values. The gas composition and test design input adjustable variables are highlighted in

m{ressor that will uselearbon dioxide for the test gas. The table lists not only potential test conditions but als

ht column shows the ratio of test/specified values for the nondimensional performance parameters. Eachis
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hal.to/1.00 within a reasonable tolerance, which signifies a well-designed Type 2 test.

Hum

acceptable values for performance and mechanical aspects. All proposed test values are acceptable, however, a refined
analysis of test conditions and test design performance with carbon dioxide is included in subsection C-3.5.
(d) Comparison of Test Gas Compositions. Table C-3.4-2 provides a comparison of the four Type 2 test gas compositions

that were investigated to be used for the high-pressure natural gas case.

(1) Nitrogen was rejected as a test gas because the test Reynolds number was below the acceptable range.

(2) Carbon dioxide was accepted as the test gas.

(3) The mix of 50% carbon dioxide and 50% nitrogen (mol%) was rejected because the required operating speed
was too close to the compressor’s first critical speed according to rotor-dynamic restraints that are beyond the purview of
ASME PTC 10.
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(4) Refrigerant R134awas rejected because the test Reynolds number was below the acceptable range. Also, the test
inlet-to-discharge temperature rise was less than 50°F and the power consumed during the test was very low. These two
items could lead to increased uncertainty.

(e) Parasitic Losses. Parasitic losses are not considered in this preliminary test design but are included in the refined
test design shown in Table C-3.5-1. Total pressures and temperatures must be used in these calculations.

Table C-3.4-1
Type 2 Preliminary Test Design

87

HP Natural Gas Case U.S. Customary Units U.S Customary Units
Specified Test Design Test J/Sppcified
Potential Test Gas C02
l:st Impeller Diameter inches 13.636 13.636
st Impeller Tip Width inches 0.34 0.34
umber of Impellers 8 8
nlet Pressure Total Absolute psia 2520.60 300.00
nlet Total Temperature F 100.00 100.00
nlet Total Specific Volume ftA3 / Ibm 0.10222 0.41160
nlet Total Enthalpy BTU /Ibm 300.073 214.420
nlet Total Entropy BTU/ (Ibm R) 0.81667 0.51625
nlet Total Viscosity Ibm /fts 1.27E-05 1.06E-Q5
nlet Speed of Sound ft/s 1526.83 85266
nlet Gas Phase Supercritical Superhéated gas
nlet Gas Dew Point F NA -1.12
nlet Gas Superheat F NA 101.124
Discharge Pressure Total Absolute psia 6500.00 487.76
Discharge Total Temperature F 280.00 201.59
Pischarge Total Specific Volume ft*3 / Ibm 0.07512 0.30247
Pischarge Total Enthalpy BTU /Ibm 406.189 234.888
Pischarge Total Entropy 0.88306 0.52988
Bpecific Volume Ratio vd / vi 1.36082 1.36082 1.00000
Pressure Ratio 2.57875 1.62585
“otal Enthalpy Change (Specific Gas Work)  BTU / Ibm 106.116, 20.469
otal Entropy Change 0.06689 0.01363
A\verage Inlet & Discharge Temp R 649670 610.463
Polytropic Work ftIb f/lbm 4901158 9453.81
Polytropic Efficiency 0159353 0.59353 1.00000
[Compressor Rotating Speed rev / min 10680.0 4691.2
nlet Mass Flow Ibm / min 3900.0 4254
nlet Volume Flow ftA3 /min 398.67 175.11
nlet Nozzle Velocity 24.24 20.10
[Tip Speed 1st Impeller ft/s 635.44 279.12
BUM of Tip Speeds "2 ftr2 / sh2 3230288 623249
[Gas Power (Neglecting Heat Transfer) hp 9759.0 205.3
Polytropic Work Coefficient 0.48804 0.48804 1.00000
Flow Coefficient 0.01031 0.01031 1.00q00
ork Input Coefficient 0.82247 0.82226 0.99970
lachine Mach Number 0.4162 0.3273
lachine Reynolds Number 1.38E+07 1.81E+06
Minimum Test Maximum
Acceptable Design Acceptable
Value Value Value
olume Ratio Allowable Range % 95.00 OK 100.00 OK 105.00
Flow Coefficient Allowable Range % 96.00 OK 100.00 OK 104.00
lachine Reynolds Numbef Minimum Value 9.00E+04 OK 1.81E+06 NA
Reynolds Number Allowable Range 1.38E+06 OK 1.81E+06 OK 1.38E+09
lach Number Allowable Range 0.26 OK 0.33 OK 0.60
laximum Continuous,Speed rev/ min NA 4691 OK 11500
Est Critical Spéed Avoidance Range rev/ min 4860 OK 4691 OK 5940
nd Critical Speed’Avoidance Range rev / min 12330 OK 4691 OK 15070
aximum-Allewable Working Pressure psia NA 487.76 OK 8300.00
orking-Femperature Allowable Range F -20.00 OK 100 to 202 OK 380.00
aximum”Allowable Nozzle Flow Velocity ft/s NA 20.10 OK 100.00
inimum Allowable Inlet Fluid Superheat F 5.00 OK 101.12 NA
| Maximum Available Driver Power hp NA 1065 OK 2500



https://asmenormdoc.com/api2/?name=ASME PTC 10 2022.pdf

HP Natural Gas Case

ASME PTC 10-2022

Table C-3.4-2
Screening Criteria Comparison for Potential Test Gas Compositions

U.S. Customary Units

U.S. Customary Units

US. Customary Units

U.S. Customary Units

Test Design Test Design Test Design Test Design
N2+C02;50/50
Potential Test Gas N2 co2 N2;C0O2|.5;.5 R134a
1st Impeller Diameter inches 13.636 13.636 13.636 13.636
1st Impeller Tip Width inches 0.34 0.34 0.34 0.34
Number of Impellers. 8 8 8 8
Inlet Pressure Total Absolute psia 300.00 300.00 300.00 100.00
Inlet Total Temperature F 100.00 100.00 100.00 100.00
Inlet Total Specific Volume ft*3 /1bm 0.71386 0.41160 0.53511 0.51076
Inlet Total Enthalpy BTU /lbm 136.995 214.420 185.355 182.595
Inlet Total Entropy BTU/(bmR) 1.42629 0.51625 0.90982 0.41903
Inlet Total Viscosity Ibm/fts 1.25E-05 1.06E-05 1.18E-05 8.23E-06
Inlet Speed of Sound ft/s 119175 85268 400308 49158
Inlet Gas Phase Superheated gas Superheated gas Superheated gas Superheated gas
Inlet Gas Dew Point F -250.45 -1.12 -45.32 79.16
Inlet Gas Superheat F 350.450 101.124 145.321 20.841
Discharge Pressure Total Absolute psia 555.53 487.76 51373 140.38
Discharge Total Temperature F 291.15 201.59 234.42 132.08
Discharge Total Specific Volume ft*3 /1bm 0.52458 0.30247 0.39323 0.37534
Discharge Total Enthalpy BTU /lbm 184.938 234.888 215573 188.084
Discharge Total Entropy BTU /(bm H) 1.45603 0.52988 0.92941 0.42291
Specific Volume Ratio vd /vi 1.36082 1.36082 1.36082 1.36082
Pressure Ratio 1.85176 1.62585 1.71242 1.40384
Total Enthalpy Change BTU /bm 47.943 20.469 30.218 5.489
Total Entropy Change BTU/(bmH) 0.02974 0.01363 0.01959 0.00388
Average Inlet & Discharge Temp R 655.247 610.463 626.882 575.711
Polytropic Work ftib f lbm 2214315 9453.81 13956.78 2535.01
Polytropic Efficiency 0.59353 0.59353 0.59353 0.59353
Compressor Rotating Speed rev/min 7179.5 4691.2 5699.9 24292
Inlet Mass Flow Ibm / min 375.4 4254 397.6 177.5
Inlet Volume Flow ftA3 /min 268.00 175.11 212.77 90.68,
Inlet Nozzle Velocity 30.76 20.10 24.42 1041
Tip Speed 1st Impeller ft/'s 42717 279.12 339.13 144.53
SUM of Tip Speeds "2 fth2/s*2 1459790 623249 920098 167924,
Gas Power (Neglecting Heat Transfer) hp 4244 205.3 2833 23.0
Polytropic Work Coefficient 0.48804 0.48804 0.48804 0.48804
Flow Coefficient 0.01031 0.01031 0.01031 0.01031
Work Input Coefficient 0.82226 0.82226 0.82227 0.82226
Machine Mach Number 0.3584 0.3273 0.3388 0.2940
Machine Reynolds Number 1.35E+06 1.81E+06 1.53E+06 9.74E+05
Test Test Test Test

Design Design Design Design

Value Value Value Value
Volume Ratio Allowable Range % OK 100.00 OK OK 100.00 OK OK 100.00 OK OK 100.00 OK
Flow Coefficient Allowable Range % OK 100.00 OK OK 100.00 OK OK 100.00 OK OK 100.00 OK
Reynolds Number Allowable Range NOT OK 1.35E+06 OK OK 1.81E+06 OK OK 1.53E+06 OK NOT OK 9.74E+05 OK
Mach Number Allowable Range OK 0.36 OK OK 0.33 OK OK 0.34, OK OK 029 OK
Maximum Continuous Speed rev/min 7180 OK 4691 OK 5700 OK 2429 OK
1st Critical Speed Avoidance Range rev/min OK 7180 OK OK 4691 OK NOT OK 5700 NOT OK| OK 2429 OK
2nd Critical Speed Avoidance Range rev/min OK 7180 OK OK 4691 OK OK 5700 OK OK 2429 OK
Maximum Allowable Working Pressure psia 555.53 OK 487.76 OK 513.73 OK 140.38 OK
Working Temperature Allowable Range F OK 100 to 291 OK OK 100 to 202 OK OK/ 100 to 234 OK OK 100 to 132 OK
Maximum Allowable Nozzle Flow Velocity ft/s 30.76 OK 20.10 OK 24.42 OK 10.41 OK
Minimum Allowable Inlet Fluid Superheat F OK 350.45 OK 101.12 OK 145.32 OK 20.84
Maximum Available Driver Power hp 424 OK 205 OK 283 OK 23 OK
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C-3.5 Test Design Performance With Carbon Dioxide Test Gas

The Type 2 test design parameters are shown in Table C-3.5-1, and the test fluid’s phase diagram is shown in Figure
C-3.5-1. Test conditions do not encroach on the two-phase region for the carbon dioxide test gas. Table C-3.5-2 shows the

calculations for the compressor’s predicted performance when tested.

Table C-3.5-1
Test Design for High-Pressure Natural Gas Compressor Using Carbon Dioxide

[ U.S. Customary Units Sl Units
Standard Conditions
Standard Pressure l psia 14.696 101.325 kPa
Standard Temperature F 59.00 15.00 C
Operating Conditions
Project Identifier HP Natural Gas HP Natural Gas
Condition Name CO2 Test Design CO2 Test Design
Barometric Pressure psia 14.700 101.353 kPa
Ambient Temperature F 65.00 18.33 C
Inlet Pressure measured psig 285.28 1966.9 kPag
Inlet Temperature measured F 100.00 37.78 C
Inlet Temperature Probe Recoyery Factor 0.65 0.65
Discharge Pressure measured psig 472.98 3261.1 kRag
Discharge Temperature measured F 201.58 94.21 C
Discharge Temperature Probe Recovery Factor 0.65 0.65
Rotor Speed rev/ min 4691 78.12 1/s
Inlet Mass Flow Ibm / min 425.4 B3.294 kg/s
Fluid Composition
[carbon Dioxide | [mole fraction 1.0000 1.0000 __mole fraction
Compressor Section Harglware Details
Compressor Model / Section Label HP Section HP Section
Inlet Pipe Inside Diameter inches 7.090 0.18 m
Discharge Pipe Inside Diametef inches 5,160 0.13 m
Number of Impellers 8 8
1st Impeller Diameter inches 13.636 0.3464 m
2nd Impeller Diameter inches 13.636 0.3464 m
3rd Impeller Diameter inches 13.636 0.3464 m
4th Impeller Diameter inches 13.636 0.3464 m
5th Impeller Diameter inches 13.636 0.3464 m
6th Impeller Diameter inches 13.636 0.3464 m
7th Impeller Diameter inches 13.636 0.3464 m
8th Impeller Diameter inches 13.636 0.3464 m
1st Impeller Tip Width inches 0.34 0.00864 m
Flow Path Surface Roughness inches 0.000125 3.175E-06 m
Compressor Design Limifs
Maximum Continuous Speed revy/ min 11500 191.67 1/s
1st Critical Speed rev / min 5400 90.00 1/s
2nd Critical Speed rev/ min 13700 228.33 1/s
Maximum Allowable Working Hressure psia 8300 57226 kPa
Maximum Allowable Temperatgire F 380 193 C
Minimum Allowable Temperature F -20 -29 C
Maximum Allowable Nozzle Fiqw Velocity ft/s 100 30.5 m/s
Maximum Available Driver Powler hp 1200 895 kW
Bearing Mechanical Loss and"Casing Section Heat Loss Inputs
Lube Oil Flow Rate (all bearingps) gal / min 75.0 0.00473 m*3/s
Lube Oil Supply Temperature F 120.0 48.89 C
Lube Oil Return Temperature F 127.0 52.78 C
Lube Oil Specific Heat, Cp BTU/ (Ibm R) 0.46 1.93 kJ / (kg K)
Lube Oil Density Ibm / ftA3 53.50 857.0  kg/m"3
Casing Section Surface Area ftr2 62.00 5.76 mh2
Casing Section Surface Temperature F 180.00 82.22 C
Casing Section Surface Emissivity 0.90 0.90
Ambient Temperature Near Casing Section F 90.00 32.22 C
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Figure C-3.5-1
Phase Diagram for Test Gas Composition
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Table C-3.5-2

Test Design Performance Calculations for High-Pressure Natural Gas Compressor Using Carbon Dioxide

Test Design Performance Calculations for High-Pressure Natural Gas Compressor Using Carbon Dioxide

[ u.

. Customary Units SI Units ]
Standard Conditions and Constants
Standard Pressure psia 1470 01325  kPa
Standard Temperature F 50.00 1500 C
Standard Density Air om /'3 0.07651 1225 kg/m3
Universal Gas Constant bt / (ool R) 154535 8314462 kJ/ (kmol K)
Ge Conversion Factor (from PTC 2) ftibm/ (1 5°2) 32.174 NA
Equivalent of Heat (from PTC 2) bt /BT 778160 NA
Mechanical Details
st impeller d s 279.11 mis
2nd Impeller Tip Speed ftis 27911 mis
3rd Impeller Tip Speed ftis 279.11 mis
4th Impeller Tip Speed ftis 279.11 mis
™ 4
6th Impeller ftis 279.11 mls
7th Impeller Tip Speed ftis 279.11 mis
8th Impeller Tip Speed ftis 279.11 mls
Sum Impeller Tip Speeds Squared 2157 623203 2152
Fluid Details
[Mol Weight Tom/ Tomol 44.0098 44.0098 kg / kmol
R specific gas constant bt/ (om R) 35.1138 0.1889
Density, 1 SCF om/ 1%3 (Ibm / SCF) 0.1169 18719
Volume, 1 SCF 3/ 1bm (SCF / o) 8.558 05342
Standard Mass Flow MMSCFD. 52 6181
Specific Gravity (Std Cond) 1527 1527
Critical Pressure psia 10700 73773 kPa
Critical 13 87.8 310 ¢
Inlet Conditions (static, measured, total)
Temperature static F 99,99 c
Temperature measured F 100.00 c
Temperature Total F 100.00 c
Pressure static absolute psia 299.98 kPa
Pressure Total absolute psia 300,01 kPa
Discharge Conditions (static, measured, total)
Temperature static F 20156 9420 C
Temperature measured F 201.58 9421 C
Temperature Total F 201.59 9422 C
Pressure static absolute psia 487.68 33624 kPa
Pressure Total absolute psia 487.76 33630 kPa
[ U.S. Customary Units SI Units ]
Inlet Static Functions
Density Tom/ 103 24294 kg
Specific Volume 3 /1bm 04116 3 /kg
Phase Superheated gas s
Dew Point F 1276
Superheat F 101.11
Actual Volume Flow ACFM 175.1 3/ min
Fluid Velocity /s 1064 mis
Specific Heat, Cp BTU/ (Ibm R) 02416 K/ (kg K
Specific Heat, Cv BTU/ (b R) 0.1708 K/ (kg K)
Compressibility Factor 0.9048
Dynamic Viscosity fom (it s) 1.06E-05 Pas
Velocity of Sound fils 853 mls
Isentropic Exponent 12708
Nozzle Mach Number 00125
Discharge Static Functions
Density Tom/ 13 33057 kg P
Specific Volume 3 /1bm 03025 mig, ¥,
Actual Volume Flow ACFM 1287 BN
Fluid Velocity ft/s 1477 /s
Specific Heat, Cp BTU/ (Ibm R) 0.2504 N / (kg K)
Specific Heat, Cv BTU/ (Ibm R) 01812 T (kg K)
Compressibility Factor 09149
Dynamic Viscosity o (it s) 1.26E-05 Pas
Velocity of Sound ftls 92 mis
Nozzle Mach Number 00159
Inlet Total Functions
y Tom/ "3 2429 38919
Total Specific Volume 3 /1bm 04116 0.0257
Total Volume Flow 3 /min 4750
ftis 1062
BTU/Ibm 2144
BTU/ (Ibm R) 05163
0.9048
BTU/ (Ibm R) 02417 kI / (kg K)
BTU/ (Ibm R) 0.1709 )/ (kg K)
o/ (ft s) 1.06E-05 Pas
Total Velocity of Sound ftls 853 mls
Nozzle Mach Number 00125
Machine Mach Number 0.327
Machine Reynolds Number 1.81E+06 181E+06
Discharge Total Functions.
Total Density 167 / 1, 3.3062 52.960
i 3/ lpm 03025 0.0189
3 Limin 1286 364
ftls 1476 4498 mis
BTU/lbm 2349 546.4
BTU/ (Ibm R) 05299 22185
09149 0.9149
BTU/ (Ibm R) 0.2504 10484
BTU/ (bm R) 01812 0.7585
o/ (it s) 1.26E-05 1.88E+01
Total Velocity of Sound ftls 928 2830 mis
Nozzle Mach Number 00159 00159
Derived Total Fufictigns
Pressure Ratio 1626 1626
Temperature Ratio 1182 1182
Volume R: 1.361 1361
[ U.S. Customary Units I Units 1
Test Design
Polytropic Work/Saridberg-Colby Method 1 bt/ Tom, 9453.24 28256 kI/kg
Polytropic Efficiency Method 1 (1 Step) % 50.347 59347 %
Polftropic\Wark Huntington Method 2 [y 9467.28 K Ikg
Polytropic Efficiency Method 2 (3 points, 2 steps) % 50.396 %
Miggoint Temperature Convergence < 1E-06 0.00E+00
Poljtropic Work Sandberg-Colby Multi-step Method 3 bt/ om 9469.88 K Ikg
Polytropic Efficiency Method 3 (20 Steps) % 50.412 %
charge SIEQS 1.55E.06
Efficiency <1E-05 3ATE-06
Bearing and Casing Section Heat Transfer Losses
Bearing Mechanical Losses hp 207
Convective Heat Transfer Coefficient BTU/ (hr 2 R) 081
Section Convective Heat Transfer BTU/hr 4495 w
Section Radiative Heat Transfer BTU/hr 7282
Section Boundary Total Heat Loss hp 463 w
Work and Power
Specific Gas Work bt/ om, 15929 4761 Ki/kg
Gas Power (Heat Balance Method) hp 210 156 KW
Shaft Power (Heat Balance Method) hp 251 187w
Test Design Based upon Multi-step Method 3
Specific Volume Ratio 1.361
Polytropic Efficiency 0.5941
Polytropic Work Coe 04889
Flow Coeffi 00103
Work Input Coefficient 0.8223
0.8409 0.8409
0327 0.327
Machine Reynolds Number 1.81E+06 1B1E+06
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C-3.6 Measured Test Data and Processing

Data collected and recorded in the course of compressor testing was processed according to the procedure outlined in
para. 5-4.1 prior to calculating performance results. It is assumed that successful end-to-end signal calibrations were
performed prior to test initiation. Raw data observations for each performance input variable were recorded from each
single- or multiple-measuring instrument (probe) and atleast three sequential readings of all instruments were required.
Ifthree or more instruments are used for a single variable such asinlet static pressure, the individual observations shall be
investigated for outliers (see ASME PTC 19.1, Nonmandatory Appendix A). All readings must be investigated for excessive
fluctuations (see Table 3-12.2-1 and para. 5-4.3.3).

caraal

Paragraph C-3.6.1 contains
inlet measured temperature ad
and processed test point data
compared to the test design v

C-3.6.1 Test Inlet Pressure
inlet pressure and temperaturg
inlet temperature sample calc

C-3.6.1.1 Inlet Pressure C
calibrations and corrections as
raw data for five readings collg
para. 3-10.3. Note that the ob

Barometric pressure has be
Table C-3.6.1.1-2. Absolute va
The calculations shown in Ta
19.1, Nonmandatory Appendix

e | £ P AcGlAC Al-aR faori atxaaaciead oot
etailed-samples-of-the-precessingsequencefor-inletmeasured-static gatige-pressure-and
cording to the procedure outlined in para. 5-4.1. Paragraph C-3.6.2 shows the measured
that has been prepared for use in test performance calculations. These values can be
alues in Table C-3.5-2.

and Temperature Processing. Table C-3.6.1-1 shows the necessary information for test
processing. The inlet pressure sample calculation is described in para. C-3.6.1.1 and the
hlation is described in para. C-3.6.1.2.

hlculation Sample. The test stand’s data acquisition system has performed any necessary
required by para. 5-4.3.1 such that the values in Table C-3.6.1.1-1 represent the corrected
cted sequentially over a 5-min period after stable operation was achieved aecording to
bervations for reading 5 have a much larger range than the other readings.

bn added to the gauge pressure observations to obtain absolute pressures as shown in
ues must be used to test for outliers and fluctuations.

ble C-3.6.1.1-3 are based on the modified Thompson Tau technique discissed in ASME PTC
A, which is intended to identify observations that are more than'two standard deviations

away from the mean. Values

r T can be found in ASME PTC 19.1.

Raw pressure data observations excluding outliers for five readings are shown in Table C-3.6.1.1-4. Verification of

fluctuation compliance for the five readings is shown in Table C-3.6.1.1-5.

Actual fluctuation values for|each reading are calculated according to para. 5-4.3.3-ahd are expressed as percentages.
Permissible fluctuation percenfages are listed in Table 3-12.2-1. If a reading’s actual fluctuation is less than the permis-
sible fluctuation, the reading is|acceptable. In Table C-3.6.1.1-5, readings 1 through 4 are acceptable and reading 5 is not
acceptable. Reading 5 is excluded from consideration to determine a test point value for compressor inlet absolute test
pressure.

The remaining readings (1 through 4) are averaged to determine thejtest point value of 2 069.26 kPa (300.12 psia) as
shown in Table C-3.6.1.1-6. If qutliers and fluctuations had not been.addressed, the test point value would have been 2
069.60 kPa (300.71 psia), intrjoducing an error of 0.2% for this‘example.

The compressor inlet absolufe test pressure value must be-converted to total conditions in a similar manner as shown in
Table C-3.3-1 (see also Nonmandatory Appendices A and'G).

Table C-3.6.1-1
Necessary Information

Numbeér of Probes
4
4

Barometric Pressure, in. Hg (psia)
29.726 (14.70)
29.726 (14.70)

Variable Being Processed Number of Readings
5

5

Inlet static gauge pressure

Inlet measured temperature

TolleL o2 0-1-1_3
Tdultt L"o.U.1.171

Recorded Raw Data Observations for Compressor Inlet Static Pressure for a Test Point

Measured p; Gauge Pressure Test Observations, psig

Probe Number Reading 1 Reading 2 Reading 3 Reading 4 Reading 5
1 285.29 285.48 285.52 285.28 284.83
2 285.66 286.09 285.47 285.39 285.82
3 285.47 285.58 285.39 285.31 290.82
4 285.35 285.36 285.50 285.27 291.39
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Table C-3.6.1.1-2

Raw Data Observations Converted to Absolute Values

pi Absolute Pressure Test Observations, psig

Probe Number Reading 1 Reading 2 Reading 3 Reading 4 Reading 5

1 299.9 300.18 300.22 299.98 299.53

2 300.36 300.79 300.17 300.09 300.52

3 300.17 300.28 300.09 300.01 305.52

4 300.05 300.06 300.20 299.97 306.09

Table C-3.6.1.1-3
Test for and Remove Outliers on a per-Reading Basis
Reading 1 Reading 2 Reading 3 Reading 4 Reading.6

Average of All Observations (per Reading) psia 300.14 300.33 300.17 300.01 302:92
S, Standard Deviation (per Rgading) psia 0.1625 0.3205 0.0572 0.0537 3.3695
T from Table A-2.2-1 of PTC 19.1 1.425 1.425 1.425 1.425 1.425
T*S, (per Reading) 0.2316 0.4567 0.0814 0.0766 4.8016
4 1 = ABS VAL(Observation 1| - Average) 0.1533 0.1458 0.0500 0.0300 3.3850
8 2 = ABS VAL(Observation 2 - Average) 0.2167 0.4608 0.0000 0.0767 2.3950
4 3 = ABS VAL(Observation 3 - Average) 0.0267 0.0458 0.0800 0.0033 2.6050
8 4 = ABS VAL(Observation 4 - Average) 0.0900 0.2692 0.0300: 0.0433 3.1750
81- 1*S, -0.0783 -0.3109 -0.0314 -0.0466 -1.4166
52- 1*S, -0.0150 0.0041 -0.0814 0.0001 -2.4066
83- TS, -0.2050 -0.4109 -0.0014 -0.0733 -2.1966
84 - TS, -0.1416 -0.1876 -0.0514 -0.0333 -1.6266
Observation 1 Check for Outliers OK OK OK OK OK
Observation 2 Check for Outliers OK Outlier OK Outlier OK
Observation 3 Check for Outliers OK OK OK OK OK
Observation 4 Check for Outliers OK OK OK OK OK

Legend:
Sy = standard deviation ff
6

T

the absolute differer

a function of the nu

GENERAL NOTES:
(a) Apositive orzero value for 4
probe 2 and reading 4, pro

br a reading

nber of probes being uSed to measure a single variable

observations shall be cleaifly stated\invthe test report.

(b) Ifonlyone ortwo probesar
compliance with allowable

ce between an individual @bservation and the average for a reading

ach sum (6 - 7S,)indicates the observation is an outlier. Outliers are marked with a yellow highlight for reading 2,
be 2. Thesé observations are eliminated from the respective readings before further processing. Any rejected

usedfora variable, itis not possible to identify outliers, and data processing should skip forward to verification of
fluctirations on a per-reading basis.
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Table C-3.6.1.1-4
Raw Data Observations Excluding Outliers

Observation With Outliers

Excluded Reading 1, psia Reading 2, psia Reading 3, psia Reading 4, psia Reading 5, psia
1 299.99 300.18 300.22 299.98 299.53
2 300.36 Outlier 300.17 Outlier 300.52
3 300.17 300.28 300.09 300.01 305.52
4 300.05 300.06 300.20 299.97 306.09

Table C-3.6.1.1-5
Verification of Fluctuation Compliance

Averages Excluding [Outliers, Permissible Reading Acceptable Readings,
Reading psia Actual Reading Fluctuation, % Fluctuation, % psia
1 300.14 0.12 2.00 300.14
2 300.18 0.07 2.00 300.18
3 300.17 0.04 2.00 300.17
4 299.99 0.01 2.00 299.99
5 302.92 2.17 2.00 0.00

Table C-3.6.1.1-6
Determination of Test Point Value, p;, Excluding Outliers and Rejected Readings Due'to Fluctuations

Absolute Pressyre, psia (kPa) Static Pressure, psig (kPa)
300.12 (2J069.26) 28542, (1967.90)

C-3.6.1.2 Inlet Temperatyre Calculation Sample. The data acquisition system has performed any necessary cali-
brations and corrections as reqpiired by para. 5-4.3.1 such that the valuesin Table C-3.6.1.2-1 represent the corrected raw
data for five readings collected| sequentially over a 5-min period after'stable operation was achieved according to para.
3-10.3.

Avalue 0of 273.15°C (459.67°F) has been added to the measured temperature observations to obtain absolute tempera-
tures in kelvin (degrees Rankine) as shown in Table C-3.6.1.2-2. Absolute values must be used to test for outliers and
fluctuations.

The calculations shown in Taple C-3.6.1.2-3 are based on the modified Thompson Tau technique discussed in ASME PTC
19.1, Nonmandatory Appendix|A, which is intended'to identify observations that are more than two standard deviations
away from the mean. Values fpr 7 can be found\in ASME PTC 19.1.

Raw temperature data observations excluding outliers for five readings are shown in Table C-3.6.1.2-4. Verification of
fluctuation compliance for thq five readings is shown in Table C-3.6.1.2-5.

Actual fluctuation values for|each reading are calculated according to para. 5-4.3.3 and are expressed as percentages.
Permissible fluctuation percenfages ate listed in Table 3-12.2-1. If a reading’s actual fluctuation is less than the permis-
sible fluctuation, the reading is pcceptable. In Table C-3.6.1.2-5, readings 1 and 3 through 5 are acceptable and reading 2 is
not acceptable. Reading 2 is ex i i i i i
test temperature.

The remaining readings (1 and 3 through 5) are averaged to determine the test point value of 310.93 K (559.68°R) as
shown in Table C-3.6.1.2-6. If outliers and fluctuations had not been addressed, the test point value would have been
310.93 K (559.67°R).

The compressor inlet absolute temperature value must now be converted to total conditions in a similar manner as
shown in Table C-3.3-1 (see also Nonmandatory Appendices A and G).
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Table C-3.6.1.2-1
Recorded Raw Data Observations for Compressor Inlet Measured Temperature for a Test Point

Inlet Measured Temperature T; Test Data, °F

Probe Number Reading 1 Reading 2 Reading 3 Reading 4 Reading 5
1 100.85 100.95 100.85 100.35 99.85
2 99.20 99.65 99.85 99.85 99.85
3 99.35 99.85 100.15 99.85 100.25
4 100.15 96.65 99.55 99.85 100.65

Table C-3.6.1.2-2
Converted Raw Data Observations to Absolute Values

Inlet Absolute Temperature T; Test Data, °R

Probe Number Reading 1 Reading 2 Reading 3 Reading 4 Reading 5
1 560.52 560.62 560.52 560.02 559.52
2 558.87 559.32 559.52 559.52 559.52
3 559.02 559.52 559.82 559.52 559.92
4 559.82 558.52 559.22 559,52 560.52

Table C-3.6.1.2-3
Test for and Remove Outliers on a per-Reading, Basis

Reading 1 Reading 2 Reading 3 Reading 4 Reading 5
Average of All Observations (per Reading) R 559.56 559.50 5569.77 559.65 559.87
S, Standard Deviation (per Readihg) R 0.7641 0.8643 0.5560 0.2496 0.4719
T from Table A-2.2-1 of PTC 19. 1.425 1.425 1.425 1.425 1.425
T*S, (per Reading) 1.0889 1.2316 0.7922 0.3557 0.6724
3 1 = ABS VAL(Observation 1 - Average) 0.9611 1.1233 0.7489 0.3744 0.3495
8 2 = ABS VAL(Observation 2 - Average) 0.6865 0.1747 0.2496 0.1248 0.3495
3 3 = ABS VAL(Observation 3 - Average) 0.5367 0.0250 0.0499 0.1248 0.0499
8 4 = ABS VAL(Observation 4 - Average) 0.2621 0.9736 0.5492 0.1248 0.6490
81- 1*S, -0.1278 -0.1082 -0.0433 0.0187 -0.3229
82- 1S, -0.4024 -1.0568 -0.5426 -0.2309 -0.3229
33- 1*S, -0.5522 -1.2066 -0.7423 -0.2309 -0.6225
34 - 1*S, -0.8268 -0.2580 -0.2430 -0.2309 -0.0234
Observation 1 Check for Outliers OK OK OK Outlier OK
Observation 2 Check for Outliers OK OK OK OK OK
Observation 3 Check for Outliers OK OK OK OK OK
Observation 4 Check for Outliers OK OK OK OK OK

Legend:
Sy = the standard deviation for a reading

6 = the absolute difference between an individual observation and the average for a reading
T = a function of the number of probes being used to measure a single variable

GENERAL NOTES:

(a) Apositive or zero value for each sum (6 - S5,) indicates the observation is an outlier. An outlier is marked with a yellow highlight for reading 4,
probe 1. This observation is eliminated from the respective reading before further processing. Any rejected observations shall be clearly
stated in the test report.

(b) Ifonlyone ortwo probesare used foravariable, itis not possible to identify outliers, and data processing should skip forward to verification of
compliance with allowable fluctuations on a per-reading basis.
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Table C-3.6.1.2-4

Raw Data Observations Excluding Outliers

Observation With Outliers

Excluded Reading 1, °R Reading 2, °R Reading 3, °R Reading 4, °R Reading 5, °R
1 560.52 560.62 560.52 Outlier 559.52
2 558.87 559.32 559.52 559.52 559.52
3 559.02 559.52 559.82 559.52 559.92
4 559.82 558.52 559.22 559.52 560.52

Table C-3.6.1.2-5

Verification of Fluctuation Compliance

Averages Excluding

Permissible Reading Fluctuation,

Reading Outliers, °R Actual Reading Fluctuation, % % Acceptable Readings, °R
1 559.56 0.29 0.30 559.56
2 559.50 0.37 0.30 0.00
3 559.77 0.23 0.30 559.77
4 559.52 0.00 0.30 55952
5 559.87 0.18 0.30 559.87

Determination of Test

Table C-3.6.1.2-6

Point Value, T;, Excluding Outliers and Rejected Readings Due.to Fluctuations

Absolute Measured

Temperature, °R (K)

Measured Temperature, °F (°C)

559.68

310.93)

100:01 (37.78)
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C-3.6.2 Test Data Results Prepared for As-Tested Performance Calculations. Table C-3.6.2-1 lists the measured,
processed, and recorded performance input for the Type 2 test point when the compressor was operated using carbon
dioxide. Compressor hardware dimensions are the same as the specified design.

Mass flows for any seal leakage or balance piston flows have not been included due to the initial assumption that the
inlet, rotor, and discharge mass flows are equal.

Comparison of the as-tested data point values to the test design values shows the compressor speed was slightly lower
and the mass flow was slightly higher than predicted.

Table C-3.6.2-1
Type 2 As-Tested Data Point

[ U.S. Customary Units [ Sl Units
Type 2 Test Operating Confditions
Condition Name CO2 As Tested CO2 As Tested
Barometric Pressure psia 14.70 101.35 kPa
Ambient Temperature F 65.00 18.33 C
Inlet Pressure measured psig 285.28 1966.94 kPag
Inlet Temperature measured F 100.01 37.78 C
Discharge Pressure measured psig 474.00 3268.11 kPag
Discharge Temperature measufed F 203.10 95.06 G
Rotor Speed rev/ min 4676 77.93 Ns
Inlet Mass Flow Ibm / min 435 3.289, Kg/s
Fluid Composition
[carbon Dioxide | [mole fraction 1.0000 4.0000 _ mole fraction

Type 2 Test Bearing Mechgnical and Casing Section Heat Loss Inputs

Lube Oil Flow Rate (all bearingg) gal / min 70.0 0.265 m*"3 /s
Lube Oil Supply Temperature F 118.0 47.78 C

Lube Oil Return Temperature F 126.0 52.22 C

Lube Oil Specific Heat Cp BTU / (Ibm R) 0.46 1.93 kJ / (kg K)
Lube Oil Density Ibm / ftA3 535 857.0 kg / m"3
Casing Section Surface Area ftr2 62.0 5.76 mh2
Casing Section Surface Tempefature F 184.0 84.44 C

Casing Section Surface Emissiyity 0.90 0.90

Ambient Temperature Near Caging Section F 103.0 39.44 C
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C-3.7 Type 2 As-Tested Performance

Based on the test data listed in Table C-3.6.2-1, the compressor test performance was calculated in the same manner as
shownin Table C-3.5-2. A comparison of test design and as-tested inletand discharge conditions is shown in Table C-3.7-1.
As-tested inlet conditions are very close to test design. However, as-tested discharge conditions show higher tempera-
tures and pressures than test design. Table C-3.7-2 illustrates a comparison of test design and as-tested performance.
Minor differences between test design and as-tested values are seen for polytropic work and efficiency; these differ-
ences are due to the slightly elevated discharge conditions mentioned earlier. Somewhat larger percentage differences

are seen for parasitic losses and power; however, these are reasonable values and do not invalidate the test.
tara 4 10 23 ~f1] than

The as-tested section heat lopsisE6%-oftheshafepowerwhich-meets the reqrirementefpara—4153{dotessthan

5%.

Table C-3.7-1
Comparison of Test Design and As-Tested Inlet and Discharge Conditions

[ Test Design | As Tested | [ Difference
[ us.C y Units | U.S.C y Units |
Inlet Conditions (static, measured, total)
Temperature static deg F 99.99 100.00 deg F 0015
Temperature measured deg F 100.00 100.01 deg F 0.015
Temperature Total deg F 100.00 100.01 deg F 0.015
Pressure static absolute psia 299.98 299.98 psia 0.000
Pressure Total absolute |psia 300.01 300.01 psia 0.001
Discharge Conditions (static, measured, tptal)
Temperature static deg F 201.56 203.08 deg F, 1.519
Temperature measured deg F 201.58 203.10 deg F. 1.520
Temperature Total deg F 201.59 203.11 déeg'R, 1.520
Pressure static absolute psia 487.68 488.70 psia 1.020
Pressure Total absolute psia 487.76 488.78 _ \(psia 1.024
[ Sl Units ] | Sl Units
Inlet Conditions (static, measured, total)
Temperature static deg C 37.77 37.78 deg C 0.008
Temperature measured deg C 37.78 37.78 deg C 0.008
Temperature Total deg C 37.78 37.79 deg C 0.008
Pressure static absolute kPa 2068.3 2068.3 kPa 0.000
Pressure Total absolute kPa 2068.5 2068.5 kPa 0.010
Discharge Conditions (static, measured, tptal,
Temperature static deg C 94520 95.05 deg C 0.844
Temperature measured deg C 94.21 95.06 deg C 0.844
Temperature Total deg C 94.22 95.06 deg C 0.845
Pressure static absolute kPa 3362.4 3369.5 kPa 7.033
Pressure Total absolute kPa 3363.0 3370.0 kPa 7.058
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Table C-3.7-2

Comparison of Test Design and As-Tested Performance

[ Test Design Performance | [ As Tested Performance ] [ Difference |

[ U.S. Ct y Units ] us.C y Units 1 % |
Test Design Performance
Polytropic Work Sandberg-Colby Method 1 ft Ibf / lbm 9453.24 9507.96 ft Ibf / Ibm 0.58
Polytropic Efficiency Method 1 (1 Step) % 59.347 58.669 % -0.68
Polytropic Work Huntington Method 2 ft Ibf / Ibm 9467.28 9522.62 ft Ibf / Ibm 0.58
Polytropic Efficiency Method 2 (3 points, 2 steps) % 59.396 58.720 % -0.68
Midpoint Temperature Convergence < 1E-06 0.00E+00 3.73E-16
Polytropic Work Sandberg-Colby I\Iulti-step Method 3 ft Ibf / Ibm 9469.88 9525.37 ft Ibf / Ibm 0.59
Polytropic Efficiency Method 3 (2( Steps) % 59.412 58.737 % -0.68
Discharge Temperature Convergerjce < 1E-05 1.55E-06 2.04E-06
Efficiency Convergence < 1E-05 3.47E-06 4.50E-06
Bearing and Casing Section Heat Tjransfer Losses
Bearing Mechanical Losses hp 40.7 43.4 hp 6.67
Convective Heat Transfer Coefficieht BTU/ (hr ft*2 R) 0.81 0.77 BTU/ (hr ft*2 R) -4.22
Section Convective Heat Transfer BTU/ hr 4495 3875 BTU /hr -13.79
Section Radiative Heat Transfer BTU/ hr 7282 6831 BTU/hr -6.20
Section Boundary Total Heat Loss hp 4.63 4.21 hp -9.10
Compressor Work and Power
Specific Gas Work ft Ibf / Ibm 15929 16206.24 ft Ibf / Ibm 174
Gas Power (Heat Balance Method) hp 210 218 hp 3.82
Shaft Power (Heat Balance Method| hp 251 261 hp 4.28

[ Sl Units | Sl Units | % |
Polytropic Work Sandberg-Colby Method 1 kJ / kg 28.256 28.420 kJ / kg 0.58
Polytropic Efficiency Method 1 (1 Btep) % 59.347 58.669 % -0.68
Polytropic Work Huntington Methofi 2 kJ / kg 28.298 28.464 kJ / Ky 0.58
Polytropic Efficiency Method 2 (3 points, 2 steps) % 59.396 58.720 %, -0.68
Midpoint Temperature Convergende < 1E-06
Polytropic Work Sandberg-Colby Multi-step Method 3 kJ / kg 28.306 28472 kJ / kg 0.59
Polytropic Efficiency Method 3 (2( Steps) % 59.412 88.737 % -0.68
Discharge Temperature Converger|ce < 1E-05 2.15E-06 1.99E-06
Efficiency Convergence < 1E-05 4.04E-06 3.70E-06
Bearing and Casing Heat Transfer | osses
Bearing Mechanical Losses kW 30.4 324 kw 6.67
Convective Heat Transfer Coefficieht KW / (m?2 K) 46 4.4 KW / (m"2 K) -4.22
Section Convective Heat Transfer W 1316 1135 w -13.79
Section Radiative Heat Transfer W 2132 2000 w -6.20
Section Boundary Total Heat Loss KW 3.45 3.13 kW -9.10
Compressor Work and Power
Gas Specific Work kJ / kg 47.61 48.44 kd / kg 1.74
Gas Power (Heat Balance Method) kW 156 162 kw 3.82
Shaft Power (Heat Balance Method| KW 187 195 kw 4.28
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C-3.8 As-Tested Nondimensional Performance

The nondimensional Type 2 as-tested results are shown in Table C-3.8-1. The coefficients are based on the equations in
Table 5-6.1.2-1.

Table C-3.8-1
As-Tested Nondimensional Results

U.S. Customary Units || Sl Units

As Tested Non-Dimensional Coefficiepts Based upon Sandberg-Colby Multi-step Method 3

Specific Volume Ratio 1.360 1.360
Flow Coefficient 0.0106 0.0106
Work Input Coefficient 0.8421 0.8421
Polytropic Work Coefficient 0.4949 0.4949
Polytropic Efficiency 0.5874 0.5874
Total Work Input Coefficient 0.8586 0.8586
Machine Mach Number 0.326 0.326
Machine Reynolds Number 1.80E+06 1.80E+06

C-3.9 Type 2 Test Confirmation

The Type 2 test results mustfmeet the criteria listed in Table 3-2.1-2 to ensure the compressortest results conform to
this Code’s requirements and dan be used to determine site performance at specified conditions. Table C-3.9-1 lists the
specified and as-tested values for the four operating parameters. All four are within acceptable deviation ranges. Thus, a
successful Type 2 test is confirmed.

Figures C-3.9-1 through C-3)9-3 provide graphical confirmation of the Type 2.test'results. Figure C-3.9-1 shows the
tested and specified flow coeffirient ratios versus the tested and specified ratios of specific volume ratios. An acceptance
region is shown inside the bluefbox. The red dot is the actual data from the spedified conditions and as-tested results. The
graph shows the as-tested flow foefficient was approximately 3% high and the as-tested volume ratio was about 0.1% low
compared to specified values. This Code allows deviations within the.région encompassed by the blue box since small
departures from true model sinpilitude are considered acceptable if other Type 2 test criteria are met. Figures C-3.9-2 and
C-3.9-3 show the as-tested maghine Mach number and machinetReynolds number superimposed on copies of Figures
3-2.1-1 and 3-2.1-3, respectively. In both cases, the as-tested yalues are seen to appropriately lie between the lower and
upper limit lines.

Table C-3.9-1
Specified-and As-Tested Operating Parameters
Parameter Cifteria Specified As Tested Results Acceptable?
Frpm Table 3:2-2 Values Minimum Tested Maximum
Acceptable Values Acceptable
Specific Volume Ratio Specified.#/- 5% 1.361 1.293 1.360 1.429 Yes
Flow Coefficient Specified +/-4% 0.0103 0.0099 0.0106 0.0107 Yes
Machine Mach Number See Figure 3-2-1 0.416 0.256 0.326 0.598 Yes
Machine Reynolds Number See Figure 3-2-3 1.38E+07 1.38E+06 1.80E+06 1.38E+09 Yes
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Figure C-3.9-1
As-Tested Flow Coefficient and Volume Ratio

Type 2 Test Acceptance Criteria — Volume Ratio and Flow Coefficient

110
——Aceptable region ® HP natural gas compressor
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Figure C-3.9-2
As-Tested Machine Mach Number

1.20
Upper Limit: ’,-"’ s
1.00 Mm, = (0.286 + 0.75 x Mm,,) for Mm,, < 0.86 —-* i
Mm, = (Mmg, + 0.07) for Mmg, > 0.86 o 47
0.80 _ - / .
‘\;\‘“\\ =
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compilessor g ’,/
0.60 S L 4
/,/' ’/' \>6\\
X 1 «@‘
e // 1”’ \,0
0.40 e <] o
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0.20 o Mm, = (1.266 x Mmg, — 0.271) for Mm,, =0.215 to 0.86
’/’ Mm, = (Mmg, — 0.042) for Mmg, >0.86
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Specified Machine Mach Number, Mmg;
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Figure C-3.9-3

As-Tested Machine Reynolds Number

1.E+12 ¢
Upper Limit:
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ds Number Corrections

C-3.10.1 As-Tested Reynolds Number Corrections. Testing at a Reynolds number different from the specified value
requires corrections to be applied to as-tested values for the following nondimensional coefficients:

(a) flow coefficient
(b) work input coefficient

(c) polytropic work coefficient

(d) polytropic efficiency

(e) total work input coefficient

LBiguea O £ 29 1

Equations for these correct

This Code uses the machine R
machine Reynolds number, thg
these corrections and the wor
correction method used is basg
analogy to pipe friction factors
values of friction factors are d
equations shown in Figure 5-6,
factors. Table C-3.10.1-1 summ

Be—aralictad in H

ns-are-tistedinFigure 56321+
eynolds number. In general, if the test machine Reynolds number is less than the specified
flow coefficient, polytropic work coefficient, and polytropic efficiency are increased by
k input and total work input coefficients are decreased by the correction factors. The
d on Strub et al. (1987) and Nonmandatory Appendix F. The correction method uses an
that are impacted by flow path surface relative roughness and Reynolds number. Three
brived from equations that represent a Moody diagram for pipe friction. Solution of the
3.2-1 requires an iterative direct substitution method to determine two of the correction
hrizes the results for the high-pressure natural gas compressor sample case. The corrected

values represent expected coeffficient values at the site rated conditions. Note that the correction factors for werk-input

and total work input coefficie

hts are equal.

C-3.10.2 Perfect Test Trengls for Reynolds Number Corrections. Figures C-3.10.2-1 through C-3.10:2-4 illustrate

“perfect test” trends for machi
ness, the ratio of test machine
trends shown and discussed he

he Reynolds number correction factors. The variables investigated wére relative rough-
Reynolds number to specified machine Reynolds number, and immpeller tip width. The
re pertain to the sample high-pressure natural gas compressor used in this Appendix and

may not represent trends fou

hd in other machines.

Data for the figures was genprated assuming a so-called perfect test in which the specified and as-tested nondimen-
sional performance coefficienty were set equal except for the machine Reynolds numbers'(Rem). This removes any test
design and/or testing errors solthat Reynolds number correction trends can be independently investigated. The specified
Rem was Kept constant while the test Rem was varied to provide a machine Reynglds number ratio covering allowable
range limits. Three values of gelative roughness and two values of impeller flow passage tip width were used.

For the coefficients in Figurep C-3.10.2-1 through C-3.10.2-3, as flow passage-surface roughness is increased, the effect
of Reynolds number corrections decreases at constant impeller tip width Asimpeller tip width is increased, the effect of
Reynolds number corrections Jncreases at constant roughness. In otherwords, for this pipe friction analogy model, the

need for Reynolds number corr
when tested at low machine F

ections appears to be more prevalent inlarger compressors with smoother flow passages
eynolds numbers.

Table C-3.10.1-1
As-Tested Reynolds Number Corrections

Given Data At Infinite Rem At Specified Rem At As Tested Rem Correction Factor Corrected Value
Impeller Tip Width (b2) inches 0.34 0.34

Roughness (Ra) inches 0.000125 0.000125

Relative Roughness (Ra/b2) 0.0003676 0.0003676

Friction Factor A 0:015597389 0.015646998 0.015962388

Flow Coefficient 0.0103 0.0106 1.0024 0.0106
Work Input Coefficient 0.8225 0.8421 0.9952 0.8380
Polytropic Work Coefficient 04880 04949 0649 OHOTS
Polytropic Efficiency 0.5930 0.5874 1.0098 0.5931
Total Work Input Coefficient 0.8231 0.8586 0.9952 0.8544
Machine Reynolds Number 1.38E+07 1.80E+06

104



https://asmenormdoc.com/api2/?name=ASME PTC 10 2022.pdf

Polytropic Efficiency Correction Factor

Polytropic Work Correction Factor

ASME PTC 10-2022

Figure C-3.10.2-1
Reynolds Number Correction Trend — Polytropic Efficiency — Perfect Test

Polytropic Efficiency Correction for a Perfect Test
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Figure C-3.10.2-3

Flow Coefficient Correction for a Perfect Test
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Figure C-3.10.2-4
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C-3.11 Conversion of As-Tested Performance to Specified Conditions

The corrected as-tested nondimensional coefficients from Table C-3.10.1-1 are used to determine the converted speci-
fied performance according to Table 5-6.1.2-2. The lower section of Table C-3.11-1 shows the results based on the inputs
listed in the upper section of the table. The values shown represent the final as-built performance when installed at the site
in terms of total pressures and temperatures.

Determination of discharge values for total entropy, total pressure, and total temperature must be determined by
iterative techniques. Mechanical and heat transfer losses were assumed to be equal to the design values for this sample
calculation but could be recalculated based on mechanical testing or vendor or user experience.

Haltao-thaoratartaaccflan—dira-ta-thadnit

In this sample case, the
leakage flows. In actual pra|
the values for gas power

These results represent
measured test data point |
could be interpolated acc

For specified inlet cond
given design input paramg
curacies. For variable-spe
activity on a selected targe
mass flow. For any guaran
taken into account.

Table C-3.11-2 illustrate
Gas composition, inlet pre
mass flow are based on the
rise, 0.46% high in total ter]
was shown to accurately 1
meet all of the desired desi
to change variables such a
deviation values.

If the OEM had run an ij
could have been discovere]
mance prior to a witness

Comparison of polytrop
performance values. Withd

Lixz naA-a flox ol o rat 1A ardua tao +h 2l d icion-taign o
elivered-massflowrate-is-equal-to-the- retermassflow-due-to-the-initial- deecision-to-ignere
ctice, the leakage flows should be included. Ifleakage had been considered, it would also impact
hnd shaft power.
bpecified site inlet conditions without any overarching system controller activity. Had a second
een recorded at a lower “bracketing” capacity, performance results at the specified capacity
rding to para. 5-6.1.2, Step 2.
tions and rotor speed, the converted specified mass flow rate is approximately 3% highFor
ters, design discharge parameter deviations can result from design and manufacturingdnac-
bd or variable guide vane compressors, in practice, this deviation could trigger aicdntroller
L variable to operate at the exact value of the desired parameter such as discharge pressure or
tee considerations, which are beyond the scope of this Code, the controller agtivity could be

5 a comparison of the specified design performance with the converted specified performance.
ssure, inlet temperature, and compressor speed are held identical. Discharge conditions and
ns-tested converted results. The compressoris 2.77% high in flow, 2.23% high in total pressure
hperature rise, and 6.61% high in shaft power. This illustrates thateven though the Type 2 test
epresent the compressor’s capabilities in Table C-3.9-1, the resulting site operation may not
bn parameters. System controller adjustments mentioned eatlier in para. C-3.11 could be used
b speed or inlet guide vane position to mitigate the impactof the flow and discharge pressure

iternal pretest prior to a scheduled customer witness test, the speed and flow discrepancies
d. It would then have been possible to adjust the test design speed and predicted test perfor-
test, which could result in a better match,

c efficiency values shows a difference of.<0.06% between specified and converted specified
ut the Reynolds number correction discussed in para. C-3.10, the difference would be -0.63%.
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