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FOREWORD
(This Foreword is not a part of ASME PTC 10-1997.)

PTC 10 was last revised in 1965 and it has been reaffirmed many times in the intervening
period. The PTC 10 Committee has been in various states of activity for approximately
the past 20 years. During that time the Code has been completely rewritten to be far more

C)\P:dlldtuly LLIL} IIdtulC.

The performance testing of compressors is complicated by the need in virtually every
case to consider and make correction for the differences between the test and specified
conditions. The techniques used to do so are based upon the rules of fluid-dynamic
similarity. Some familiarity with this fundamental technique will be a significant aid to
the users of PTC 10.

Compressors and exhausters come in all sorts of configurations. A very simple-case is
a single section compressor with one impeller, and single inlet and outlet flanges: Many
more complex arrangements exist with multiple inlets, outlets, impellers,_sections, in-
tercoolers and side seams. Typical gases handled are air, its constituents;yand various
hydrocarbons. Tests are commonly run in the shop or in the field, atspeeds equal to or
different from the specified speed, and with the specified or a substitute gas. In order to
handle this vast array of possibilities PTC 10 reduces the problem.fe the simplest element,
the section, and provides the instructions for combining multiple.sections to compute the
overall results.

Uncertainty analysis can play a very important role in.compressor testing, from the
design of the test to interpretation of the test results. Incall but the very simplest of cases
the development of an analytic formulation, i.e., in>simple equation form, for overall
uncertainty computation is formidable. The test uncertainty will always be increasingly
more complex to evaluate with the complexity~of the compressor configuration, and by
the very nature of the test will be a functiomof the performance curves.

The modern personal computer is readily capable of completing the calculations re-
quired. The Committee developed software and used it to perform both the basic code
calculations and uncertainty analysis computations for a wide range of possible compressor
configurations.

This Code was approved bythe PTC 10 Committee on January 18, 1991. It was approved
and adopted by the Council-as a standard practice of the Society by action of the Board
on Performance Test Godes on October 14, 1996. It was also approved as an American
National Standard by the ANSI Board of Standards Review on April 22, 1997.
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NOTICE

All Performance Test Codes MUST adhere to the requirements of PTC 1, GENERA
INSTRUCTIONS. The following information is based on that document and is includ
here for emphasis and for the convenience of the user of this Code. It is expected that the
Code user is fully cognizant of Parts I and III of PTC | and has read them prior to applyinlg
this Code.

—_

. ASME Performance Test Codes provide test procedures which yield tesults of the highes
level of accuracy consistent with the best engineering knowledge~and practice currently
available. They were developed by balanced committees representing all concerned interests.
They specify procedures, instrumentation, equipment operating requirements, calculatio
methods, and uncertainty analysis.

=

When tests are run in accordance with this Code, the test results themselves, without adjust-
ment for uncertainty, yield the best available indication of the actual performance of th
tested equipment. ASME Performance Test«€ddes do not specify means to compare thos
results to contractual guarantees. Therefore, it i$ recommended that the parties to a commercial
test agree before starting the test and’ preferably before signing the contract on th
method to be used for comparing the test results to the contractual guarantees. It is beyon
the scope of any code to determiné.or interpret how such comparisons shall be made.

o o

[*W ¢

Approved by Letter Ballot #95-1 and BPTC Administrative Meeting of March 13-14, 1995
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COMPRESSORS AND EXHAUSTERS

ASME PTC 10-1997

SECTION 1 — OBJECT AND SCOPE

1.1 OBJECT

nally piped intercoolers and for compressors with

The object of this Code is to provide a test
procedurg to determine the thermodynamic perform-
ance of an axial or centrifugal compressor or ex-
hauster dging work on a gas of known or measurable
propertied under specified conditions.

This Cqde is written to provide explicit test proce-
dures which will yield the highest level of accuracy
consisten{ with the best engineering knowledge and
practice qurrently available. Nonetheless, no single
universal [value of the uncertainty is, or should be,
expected |to apply to every test. The uncertainty
associated with any individual PTC 10 test will
depend ypon practical choices made in terms of
instrumerftation and methodology. Rules are pro-
vided to gstimate the uncertainty for individual tests.

1.2 SCOPE

1.2.1 General. The scope of this Code includes
instructiops on test arrangement and instrumentation,
test procpdure, and methods for evaluation: .and
reporting [of final results.

Rules dqre provided for establishing the, following
quantities, corrected as necessary to represent ex-
pected performance under specified operating condi-
tions with the specified gas:

(a) qudntity of gas delivered

(b) prepsure rise produced

(c) he

(d) shaft power requited

(e) effigiency

(f) surge point

(g) chdke point

Other than_providing methods for calculating me-

interstage side load inlets or outlets.

Internally cooled compressors are included-pro
vided that test conditions are held nearly identical
to specified conditions.

Compressors, as the name implies, are usuall
intended to produce considerable density chang
as a result of the compression‘process. Fans ar
normally considered to be airef gas moving device
and are characterized by-minimal density change.
A distinction between sthe” two at times may b
unclear. As a very rough guide, either PTC 10 o
PTC 11 may be used”for machines falling into th
approximate préssure ratio range of 1.05 to 1.2.

The methods of PTC 10, which provide for th
pronounced, éffects of density change during com
pression, have no theoretical lower limit. However
practical” considerations regarding achievable accu
racy become important in attempting to apply PT(
0 to devices commonly classified as fans. Fo
example, the low temperature rise associated wit
fans may lead to large uncertainty in power require
ment if the heat balance method is chosen. Fan
also may require traversing techniques for flow an
gas state measurements due to the inlet and discharg
ducting systems employed. Refer to PTC 11 on Fan
for further information.

T

o= = v T~ T (v W —= (U

7 I 4 R~ = 4]

1.3 EQUIPMENT NOT COVERED BY THIS
CODE

The calculation procedures provided in this Cod
are based on the compression of a single phas
gas. They should not be used for a gas containin

WYy

chanical powet Iuaaca, this—Code—does—not—cover
rotor dynamics or other mechanical performance
parameters.

1.2.2 Compressor Arrangements. This Code is de-
signed to allow the testing of single or multiple casing
axial or centrifugal compressors or combinations
thereof, with one or more stages of compression
per casing. Procedures are also included for exter-

suspended solids or any liquid, when liquid could
be formed in the compression process, or when a
chemical reaction takes place in the compression
process.

This does not preclude the use of this Code on
a gas where condensation occurs in a cooler provid-
ing the droplets are removed prior to the gas entering
the next stage of compression.
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FOREWORD
(This Foreword is not a part of ASME PTC 10-1997.)

PTC 10 was last revised in 1965 and it has been reaffirmed many times in the intervening
period. The PTC 10 Committee has been in various states of activity for approximately
the past 20 years. During that time the Code has been completely rewritten to be far more
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The performance testing of compressors is complicated by the need in virtually every
case to consider and make correction for the differences between the test and specified
conditions. The techniques used to do so are based upon the rules of fluid-dynamic
similarity. Some familiarity with this fundamental technique will be a significant aid to
the users of PTC 10.

Compressors and exhausters come in all sorts of configurations. A very simple-case is
a single section compressor with one impeller, and single inlet and outlet flanges: Many
more complex arrangements exist with multiple inlets, outlets, impellers,_sections, in-
tercoolers and side seams. Typical gases handled are air, its constituents;yand various
hydrocarbons. Tests are commonly run in the shop or in the field, atspeeds equal to or
different from the specified speed, and with the specified or a substitute gas. In order to
handle this vast array of possibilities PTC 10 reduces the problem.fe the simplest element,
the section, and provides the instructions for combining multiple.sections to compute the
overall results.

Uncertainty analysis can play a very important role in.compressor testing, from the
design of the test to interpretation of the test results. Incall but the very simplest of cases
the development of an analytic formulation, i.e., in>simple equation form, for overall
uncertainty computation is formidable. The test uncertainty will always be increasingly
more complex to evaluate with the complexity~of the compressor configuration, and by
the very nature of the test will be a functiomof the performance curves.

The modern personal computer is readily capable of completing the calculations re-
quired. The Committee developed software and used it to perform both the basic code
calculations and uncertainty analysis computations for a wide range of possible compressor
configurations.

This Code was approved bythe PTC 10 Committee on January 18, 1991. It was approved
and adopted by the Council-as a standard practice of the Society by action of the Board
on Performance Test Godes on October 14, 1996. It was also approved as an American
National Standard by the ANSI Board of Standards Review on April 22, 1997.
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NOTICE

All Performance Test Codes MUST adhere to the requirements of PTC 1, GENERA
INSTRUCTIONS. The following information is based on that document and is includ
here for emphasis and for the convenience of the user of this Code. It is expected that the
Code user is fully cognizant of Parts I and III of PTC | and has read them prior to applyinlg
this Code.

—_

. ASME Performance Test Codes provide test procedures which yield tesults of the highes
level of accuracy consistent with the best engineering knowledge~and practice currently
available. They were developed by balanced committees representing all concerned interests.
They specify procedures, instrumentation, equipment operating requirements, calculatio
methods, and uncertainty analysis.

=

When tests are run in accordance with this Code, the test results themselves, without adjust-
ment for uncertainty, yield the best available indication of the actual performance of th
tested equipment. ASME Performance Test«€ddes do not specify means to compare thos
results to contractual guarantees. Therefore, it i$ recommended that the parties to a commercial
test agree before starting the test and’ preferably before signing the contract on th
method to be used for comparing the test results to the contractual guarantees. It is beyon
the scope of any code to determiné.or interpret how such comparisons shall be made.

o o

[*W ¢

Approved by Letter Ballot #95-1 and BPTC Administrative Meeting of March 13-14, 1995
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COMPRESSORS AND EXHAUSTERS

ASME PTC 10-1997

SECTION 1 — OBJECT AND SCOPE

1.1 OBJECT

nally piped intercoolers and for compressors with

The object of this Code is to provide a test
procedurg to determine the thermodynamic perform-
ance of an axial or centrifugal compressor or ex-
hauster dging work on a gas of known or measurable
propertied under specified conditions.

This Cqde is written to provide explicit test proce-
dures which will yield the highest level of accuracy
consisten{ with the best engineering knowledge and
practice qurrently available. Nonetheless, no single
universal [value of the uncertainty is, or should be,
expected |to apply to every test. The uncertainty
associated with any individual PTC 10 test will
depend ypon practical choices made in terms of
instrumerftation and methodology. Rules are pro-
vided to gstimate the uncertainty for individual tests.

1.2 SCOPE

1.2.1 General. The scope of this Code includes
instructiops on test arrangement and instrumentation,
test procpdure, and methods for evaluation: .and
reporting [of final results.

Rules dqre provided for establishing the, following
quantities, corrected as necessary to represent ex-
pected performance under specified operating condi-
tions with the specified gas:

(a) qudntity of gas delivered

(b) prepsure rise produced

(c) he

(d) shaft power requited

(e) effigiency

(f) surge point

(g) chdke point

Other than_providing methods for calculating me-

interstage side load inlets or outlets.

Internally cooled compressors are included-pro
vided that test conditions are held nearly identical
to specified conditions.

Compressors, as the name implies, are usuall
intended to produce considerable density chang
as a result of the compression‘process. Fans ar
normally considered to be airef gas moving device
and are characterized by-minimal density change.
A distinction between sthe” two at times may b
unclear. As a very rough guide, either PTC 10 o
PTC 11 may be used”for machines falling into th
approximate préssure ratio range of 1.05 to 1.2.

The methods of PTC 10, which provide for th
pronounced, éffects of density change during com
pression, have no theoretical lower limit. However
practical” considerations regarding achievable accu
racy become important in attempting to apply PT(
0 to devices commonly classified as fans. Fo
example, the low temperature rise associated wit
fans may lead to large uncertainty in power require
ment if the heat balance method is chosen. Fan
also may require traversing techniques for flow an
gas state measurements due to the inlet and discharg
ducting systems employed. Refer to PTC 11 on Fan
for further information.

T
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1.3 EQUIPMENT NOT COVERED BY THIS
CODE

The calculation procedures provided in this Cod
are based on the compression of a single phas
gas. They should not be used for a gas containin

WYy

chanical powet Iuaaca, this—Code—does—not—cover
rotor dynamics or other mechanical performance
parameters.

1.2.2 Compressor Arrangements. This Code is de-
signed to allow the testing of single or multiple casing
axial or centrifugal compressors or combinations
thereof, with one or more stages of compression
per casing. Procedures are also included for exter-

suspended solids or any liquid, when liquid could
be formed in the compression process, or when a
chemical reaction takes place in the compression
process.

This does not preclude the use of this Code on
a gas where condensation occurs in a cooler provid-
ing the droplets are removed prior to the gas entering
the next stage of compression.
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1.4 TYPES OF TESTS

This Code contains provisions for two different
types of tests. A Type 1 test must be conducted on
the specified gas with a limited deviation between
test and specified operating conditions. A Type 2
test permits the use of a substitute test gas and
extends the permissible deviations between test and
specified operating conditions.

COMPRESSORS AND EXHAUSTERS

configuration is used, this shall be agreed upon in
writing prior to the test by the participating parties.
However, no deviations may be made that will
violate any mandatory requirements of this Code
when the tests are designated as tests conducted in
accordance with ASME PTC 10.

The mandatory rules of this Code are characterized
by the use of the word “shall.” If a statement is of
an advisory nature it is indicated by the use of the

115 PERFORMANCE RELATION TO
GUARANTEE

This Code provides a means for determining the
performance of a compressor at specified operating
cpnditions. It also provides a method for estimating
e uncertainty of the results. The interpretation of
e results relative to any contractual guarantees is
eyond the scope of this Code and should be agreed
pon in writing prior to the test by the participating
arties.

— -
=~

T Cc O

-—d

L6 ALTERNATE PROCEDURES

Definitive procedures for testing compressors are
described herein. If any other procedure or test

word “should” or is stated as a recommehdation.

1.7 INSTRUCTIONS

The Code on General dnstructions, PTQ 1, shall
be studied and followed where applicable. The
instructions in PTC 19:shall prevail over ot1er ASME
Performance TestcCodes where there is any conflict.

1.8 REFERENCES

Unless otherwise specified, references|to other
Codes refer to ASME Performance Test Codgs. Litera-
ture references are shown in Appendix D.
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SECTION 2 — DEFINITIONS AND DESCRIPTION

BA

OF TERMS

5IC SYMBOLS AND UNITS

Symbol Description Units

A Flow channel cross sectional area ft2

a Acoustic velocity ft/sec

b Tip width ft

C Coefficient of discharge dimensionless

C Molal specific heat (Appendix B only) Btu/lbm - mole °R

c Specific heat Btu/lbm °R

Cp Specific heat at constant pressure Btu/Ibm °R

Cy Specific heat at constant volume Btu/lbm °R

D Diameter in.

d Diameter of fluid meter in.

e Relative error dimensionless

f Polytropic work factor dimensionless

8¢ Dimensional constant, 32.174 Ibm ft/lbf - sec?

H Molal enthalpy Btu/Ibm-mole

HR Humidity ratio lbm H,O/lbm dry air

h Enthalpy Btu/lbm

h, Coefficient of heat transfer for casing and Btu/hr - ft2 - °R
adjoining pipe

J Mechanical equivalent of heat, 778.17 ft Ibf/Btu

K Flow coefficient dimensionless

k Ratio of specific heats, c,/c, dimensionless

log Comnion logarithm (Base 10) dimensionless

In Naperian (natural) logarithm dimensionless

MW Molecular weight lbm/lbmole

Mm Machine Mach number dimensionless

M Fluid Mach number dimensionless

m Polytropic exponent for a path on the p-T dimensionless
diagram

m Mass (Appendix B only) Ibm

N Rotative speed rpm

n Polytropic exponent for a path on the p-v dimensionless
diagram

n Number of moles (Appendix B only) Ib - mole

ns Isentropic exponent for a path on the p-v dimensionless
diagram

P Power hp

p Pressure psia

pv Velocity pressure psi

Qext Other external heat losses Btu/min

Qm Total mechanical losses (equivalent) Btu/min

3
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Q Heat transfer from the section boundaries Btu/min

Qs External seal loss equivalent Btu/min

q Rate of flow ft3/min

R Gas constant ft - Ibf/lbm - °R

RA, RB, RC Machine Reynolds number correction dimensionless
constants

Re Fluid Reynolds number dimensionless

Rem Machine Reynolds number dimensionless

RH Relative humidity percentage

Ry Reduced pressure dimensionless

R: Reduced temperature dimensionless

r Pressure ratio across fluid meter dimensionless

r Recovery factor dimensionless

I Pressure ratio dimensionless

Iq Flow rate ratio dimensionless

It Temperature ratio dimensionless

ry Ratio of specific volumes dimensionless

S Molar entropy Btu/lbm - mole - °R

Se Heat transfer surface area of exposed ft?
compressor casing and adjoining pipe

s Entropy Btu/lbm - °R

T Absolute temperature °R

t Temperature °F

u Internal energy Btu/lbm

U Blade tip speed ft/sec

v Velocity ft/sec

v Specific volume ft3/lbm

w Work per unit mass ft - Ibf/lbm

w Mass rate of flow [bm/min

X Compressibility function dimensionless

X Mole fraction dimensionless

Y Compressibility function dimensionless

y Elevation head or potential energy ft - [bf/lbm

z Compressibility factor as used in gas law, dimensionless
144 pv = ZRT

B Diameter ratio of fluid meter, d/D; dimensionless

y Isentropic exponent dimensionless

d Partial derivative dimensionless

/ Efficiency dimensionless

M Absolute viscosity Ibm/ft sec

Hin Work input coefficient dimensionless

Hp Polytropic work coefficient dimensionless

Hs Isentropic work coefficient dimensionless

v Kinematic viscosity ft?/sec

p Density lbm/ft3

)y Summation dimensionless

T Torque Ibf-ft

€ Surface roughness in.

Q Total work input coefficient dimensionless

¢ Flow coefficient dimensionless
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Subscripts

a Ambient

a,b,c,j Component of gas mixture (Appendix B
only)

av Average

c Casing

corr  Correction
crit.  Fluid’s critical point value

d C

da Dty air

db Dry-bulb

des  Design

dg Dyy gas

8 Gas

hb Heat balance

i Compressor inlet conditions
lu Lgakage upstream

Id Lgakage downstream
m Gas mixture

p Pglytropic

rotor  Flpw location reference
s Isentropic

sh SHaft

sp Sgecified conditions
su siglestream upstream
sd silestream downstream
sv Saturated vapor

t Test conditions

wb  Wet-bulb

1, In  Upstream of fluid meter
2, 2n  Downstream or at throat of fluid meter

a Compressor inlet conditions (static,
Appendix A only)
v Compressor discharge conditions {static,

Appendix A only)
static  Static
meas. Measured

Superscripts

(y Condition atdischarge pressure with
entropy.equal to inlet entropy
() Determined at static conditions

ASME PTC 10-1997

2.2.2 Gage Pressure. The gage pressure is that
pressure which is measured directly with the existing
barometric pressure as the zero base reference.

2.2.3 Differential Pressure. The differential pres-
sure is the difference between any two pressures
measured with respect to a common reference (e.g.,
the difference between two absolute pressures).

pressure measured in such a manner that no effe
is produced by the velocity of the flowing fluid.

2.2.5 Total (Stagnation) Pressure. The total (stagna
tion) pressure is an absolute or gage. pressure th
would exist when a moving fluid .i§ brought to re
and its kinetic energy is converted to an enthalp
rise by an isentropic process from the flow condition
to the stagnation conditionsin" a stationary body of
fluid the static and total pressures are equal.

2.2.6 Velocity (Kinétic) Pressure. The velocity (ki
netic) pressure is the difference between the totj:
pressure and the/static pressure at the same poi

in a fluid.

2.2.7 |Inlet Total Pressure. The inlet total pressure
is theabsolute total pressure that exists at the inle
measuring station (see para. 4.6.8). Unless specifi
eally stated otherwise, this is the compressor inle
pressure as used in this Code.

L

—

2.2.8 Inlet Static Pressure. The inlet static pressur¢
is the absolute static pressure that exists at the inle
measuring station (see para. 4.6.7).

-

2.2.9 Discharge Total Pressure. The discharge total
pressure is the absolute total pressure that exists jt
the discharge measuring station (see para. 4.6.9).
Unless specifically stated otherwise, this is the com
pressor discharge pressure as used in this Code.

14

2.2.10 Discharge Static Pressure. The discharge
static pressure is the absolute static pressure that
exists at the discharge measuring station (see paral.
4.6.7).

2.2 PRESSURES

2.2.1 Absolute Pressure. The absolute pressure is
the pressure measured above a perfect vacuum.

2.3 TEMPERATURES

2.3.1 Absolute Temperature. The absolute temper-
ature is the temperature measured above absolute
zero. It is stated in degrees Rankine or Kelvin. The
Rankine temperature is the Fahrenheit temperature
plus 459.67 and the Kelvin temperature is the Celsius
temperature plus 273.15.
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2.3.2 Static Temperature. The static temperature
is the temperature determined in such a way that no
effect is produced by the velocity of the flowing fluid.

2.3.3 Total (Stagnation) Temperature. The total
(stagnation) temperature is 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
tp the stagnation condition. Tn a stationary body o
uid the static and the total temperatures are equal.

.3.4 Velocity (Kinetic) Temperature. The velocity
(kinetic) temperature is the difference between the
tptal temperature and the static temperature at the
easuring station.

.3.5 Inlet Total Temperature. The inlet total tem-
erature is the absolute total temperature that exists
t the inlet measuring station (see para. 4.7.7). Unless
pecifically stated otherwise, this is the compressor
inlet temperature used in this Code.

.3.6 Inlet Static Temperature. The inlet static tem-
erature is the absolute static temperature that exists
t the inlet measuring station.

.3.7 Discharge Total Temperature. The discharge
tal temperature is the absolute total temperature
at exists at the discharge measuring station \(see
ara. 4.7.8). Unless specifically stated otherwise,
is is the compressor discharge temperature as used
ip this Code.

2.3.8 Discharge Static Temperature. The discharge
qtatic temperature is the absolite static temperature
that exists at the discharge-measuring station.

2.4 OTHER GAS\(FLUID) PROPERTIES

2.4.1 Density, Density is the mass of the gas per
ygnit volume:It is a thermodynamic property and is
determinéd at a point once the total pressure and
mperature are known at the point.

ume occupied by a unit mass of gas. It is a thermody-
namic property and is determined at a point once
the total pressure and temperature are known at the
point.

2.4.3 Molecular Weight. Molecular weight is the
weight of a molecule of a substance referred to that
of an atom of carbon-12 at 12.000.

COMPRESSORS AND EXHAUSTERS

2.4.4 Absolute Viscosity. Absolute viscosity is that
property of any fluid which tends to resist a shearing
force.

2.4.5 Kinematic Viscosity. The kinematic viscosity
of a fluid is the absolute viscosity divided by the
fluid density.

2.4.6 Specific Heat at Constant Pressure. The spe-

i = T)p is the
change in enthalpy with respect to tempegrature at
a constant pressure,

2.4.7 Specific Heat at Constanit Volume] The spe-
cific heat at constant volume, (¢,) = (Qu/dT), is the
change in internal energy withrespect to temperature
at a constant specific, velume.

2.4.8 Ratio of Specific Heats. The ratio ¢f specific
heats, k, is equalfo cp/c..

2.4.9 Acoustic Velocity (Sonic Velocity). A pres-
sure wave’ or acoustic wave of infinitesimal ampli-
tude is\ described by an adiabatic and [reversible
(isentropic) process. The corresponding acpustic ve-
locity for such waves in any medium is jgiven by:

2.4.10 Fluid Mach Number. The Fluid Mach num-
ber is the ratio of fluid velocity to acousti¢ velocity.

2.5 MACHINE CHARACTERISTICS

2.5.1 Capacity. The capacity of a compressor is
the rate of flow which is determined by |delivered
mass flow rate divided by inlet total depnsity. For
an exhauster it is determined by the inlet ass flow
rate divided by inlet total density. For didestream
machines, this definition must be applied to individ-
ual sections.

2.5.2 Flow Coefficient. The flow coeffitient is a
i 7 ; mpressed
mass flow rate divided by the product of inlet
density, rotational speed, and the cube of the blade
tip diameter. Compressed mass flow rate is the net
mass flow rate through the rotor.

2.5.3 Pressure Ratio. Pressure ratio is the ratio of
the absolute discharge total pressure to the absolute
inlet total pressure.
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2.5.4 Pressure Rise. Pressure rise is the difference
between the discharge total pressure and the inlet
total pressure.

2.5.5 Temperature Rise. Temperature rise is the
difference between the discharge total temperature
and the inlet total temperature.

2.5.6 Volume Flow Rate. The volume flow rate as

. . . . . M n . .

used in t d v sor operation becomes unstable. This occurs when
X . . Oow 15 reduc nd the compre ck pressun

by local total density. It is used to determine volume ed a pressor back pre

flow ratig.

2.5.7 Volume Flow Ratio. The volume flow ratio
is the rafio of volume flow rates at two points in
the flow |path.

2.5.8 Specific Volume Ratio. The specific volume
ratio is the ratio of inlet specific volume to discharge
specific yolume.

2.5.9 Machine Reynolds Number. The Machine
Reynolds|number is defined by the equation Rem =
Ub/v, where U is the velocity at the outer blade
tip diamdter of the first impeller or of the first stage
rotor tip fliameter of the leading edge, v is the total
kinemati¢ viscosity of the gas at the compressor
inlet, and b is a characteristic length. For centrifugal
compressors, b shall be taken as the exit width at
the outer| blade diameter of the first stage impeller.
For axial [compressors, b shall be taken as the chord
length at|the tip of the first stage rotor blade. These
variables| must be expressed in consistent units.to
yield a dimensionless ratio.

2.5.10 Machine Mach Number. The ‘Machine
Mach number is defined as the ratio ofithe blade
velocity fat the largest blade tip diameter of the
first impgller for centrifugal machines or at the tip
diameter |of the leading edge of the first stage rotor
blade for[axial flow machinestothe acoustic velocity
of the gds at the total inlet-conditions.

NOTE: Thiq is not to be canfused with local Fluid Mach number.

2.5.11 $tage. Alstage for a centrifugal compressor
is compr|sed of a'single impeller and its associated
stationary flow passages. A stage for an axial com-
pressor i ing
blades and its associated statlonary blades and flow
passages.

2.5.12 Section. Section is defined as one or more
stages having the same mass flow without external
heat transfer other than natural casing heat transfer.

2.5.13 Control Volume. The control volume is a
region of space selected for analysis where the flow

ASME PTC 10-1997

streams entering and leaving can be quantitatively
defined as well as the power input and heat exchange
by conduction and radiation. Such a region can be
considered to be in equilibrium for both a mass
and energy balance.

2.5.14 Compressor Surge Point. The compressor
surge point is the capacity below which the compres-

3
exceeds the pressure developed by the compressqr
and a breakdown in flow results. This immediately
causes a reversal in the flow direction and reducegs
the compressor back pressure. The moment this
happens regular compression is resumed and the
cycle is repeated.

2.5.15 Choke Point. The choke point is the point
where the machine is rup-at'a given speed and the
flow is increased until maximum capacity is attained.

2.6 WORK, POWER, AND EFFICIENCY
These definitions apply to a section.

2.6.1 _dsentropic Compression. Isentropic compres-
sion“as used in this Code refers to a reversible,
adiabatic compression process.

2.6.2 Isentropic Work (Head). Isentropic wo
(head) is the work required to isentropically compregs
a unit mass of gas from the inlet total pressure angd
total temperature to the discharge total pressure.
The total pressure and temperature are used

in the gravitational potential energy of the gas |s
assumed negligible.

2.6.3 Polytropic Compression. Polytropic compres-
sion is a reversible compression process between
the inlet total pressure and temperature and the
discharge total pressure and temperature. The total
pressures and temperatures are used to account for
the compression of the gas and the change in
the kinetic energy of the gas. The change in the

grd
The polytroplc process follows a path such that the
polytropic exponent is constant during the process.

2.6.4 Polytropic Work (Head). Polytropic work
(head) is the reversible work required to compress
a unit mass of gas by a polytropic process from the
inlet total pressure and temperature to the discharge
total pressure and temperature.
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2.6.5 Gas Work. Gas work is the enthalpy rise of
a unit mass of the gas compressed and delivered
by the compressor from the inlet total pressure
and temperature to the discharge total pressure and
temperature.

2.6.6 Gas Power. Gas power is the power transmit-
ted to the gas. It is equal to the product of the
mass flow rate compressed and the gas work plus

COMPRESSORS AND EXHAUSTERS

station, the characteristic length D is the inside pipe
diameter at the pressure measuring station and the
kinematic viscosity, v is that which exists for the
static temperature and pressure at the measuring
station. The pressure and temperature measuring
stations for flow metering calculations shall be speci-
fied as in Section 4 and the accompanying illustra-
tions. The variables in the Reynolds number must
be expressed in consistent units to yield a dimen-

t L 4+ £ kb P
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6.7 Isentropic Efficiency. The isentropic effi-
ency is the ratio of the isentropic work to the gas
ork.

6.8 Polytropic Efficiency. The polytropic effi-
ency is the ratio of the polytropic work to the gas
ork.

6.9 Shaft Power (Brake Power). The shaft power
rake power) is the power delivered to the compres-
or shaft. It is the gas power plus the mechanical
gsses in the compressor.

=N S ON SO0N
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2(6.10 Isentropic Work Coefficient. The isentropic
work coefficient is the dimensionless ratio of the
entropic work to the sum of the squares of the
blade tip speeds of all stages in a given section.

216.11 Polytropic Work Coefficient. The polytropic
ork coefficient is the dimensionless ratio of. the
lytropic work to the sum of the squares of-the
ade tip speeds of all stages in a given section.

N T T

6.12 Mechanical Losses. Mechanical losses are
e total power consumed by frictional losses in
integral gearing, bearings, and seals.

-~
=—

6.13 Work Input Coefficient. The work input
pefficient is the dimensionless ratio of the enthalpy
se to the sum of the squares of the tip speeds of
| stages in a givep-section.

16.14 Total Work Input Coefficient. The total
ork input cpefficient is the dimensionless ratio of
he total work”input to the gas to the sum of the
nuares 0f the blade tip speeds of all stages in a

S h = 0O N

—_

ga v

2.7 MISCELLANEOUS

2.7.1 Fluid Reynolds Number. The Fluid Reynolds
number is the Reynolds number for the gas flow in
a pipe. It is defined by the equation Re = VD/v,
where the velocity, characteristic length, and static
kinematic viscosity are to be used as follows: velocity
V is the average velocity at the pressure measuring

sionless ratio.

2.7.2 Dimensional Constant. The dimiensipnal con-
stant, gc, is required to account for the| units of
length, time, and force. It is equal-to 32.174 ft-lbm/
Ibf - sec2. The numerical value is unaffectgd by the
local gravitational acceleration.

2.7.3 Specified Operating Conditions. The speci-
fied operating conditions are those cond|tions for
which the compressor performance is to pe deter-
mined. Refer to 'paras. 6.2.3 and 6.2.4.

2.7.4 Test Operating Conditions. The test pperating
conditions are the operating conditions prevailing
during ‘the test. Refer to paras. 6.2.7 and|6.2.8.

2.7.5 Equivalence. The specified operating condi-
tions and the test operating conditions, for the pur-
pose of this Code, are said to demonstrat¢ equiva-
lence when, for the same flow coefficient the ratios of
the three dimensionless parameters (specifit volume
ratio, Machine Mach number, and Machine [Reynolds
number) fall within the limits prescribed in Table 3.2.

2.7.6 Raw Data. Raw data is the recorded observa-
tion of an instrument taken during the tejt run.

2.7.7 Reading. A reading is the average of the
corrected individual observations (raw data) at any
given measurement station.

2.7.8 Test Point. The test point consists| of three
or more readings that have been averaged and fall
within the permissible specified fluctuatiop.

2.7.9 Fluctuation. The fluctuation of a specific

ven-Section. measurement is defined as the highest reading minus
the lowest reading divided by the avera%e of all

2.8 INTERPRETATION OF SUBSCRIPTS

2.8.1 Certain values for thermodynamic state and
mass flow rate are used in the computation of the
dimensionless performance parameters M, Re, r,, ¢,
ip wi, mp and Q. Unless otherwise specifically
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stated, the thermodynamic total conditions are used.
The subscripts used in these equations are interpreted
as follows.

2.8.1.1 The subscript “i” on thermodynamic state
variables denotes inlet conditions. For single entry
streams it refers to conditions at the section inlet
measurement station. For multiple inlet streams it
refers to a calculated mixed state. See para. E.5 of
Appendix E.

2.8.1.2 The subscript “d” on thermodynamic
state variables denotes discharge conditions. It refers
to conditions at the mainstream discharge measure-
ment station.

2.8.1.3 The subscript “rotor” is used on mass
flow rate to denote the net mass flow rate compressed
by the rotor. Its determination requires that all mea-
sured flows and calculated leakages are considered.
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SECTION 3 — GUIDING PRINCIPLES

3.1 PLANNING THE TEST

3.2 TYPES OF TESTS

3.1.1 Bgfore undertaking a test in accordance with
the rules ppf this Code, the Code on General Instruc-
tions, PTIC 1, shall be consulted. It explains the
intended |use of the Performance Test Codes and is
particularly helpful in the initial planning of the test.

3.1.2 When a test is to be conducted in accordance
with this| Code, the scope and procedures to be
used shall be determined in advance. Selections of
pipe arrapgements, test driver, instruments, and test
gas, if applicable, shall be made. Estimates of the
probable |uncertainty in the planned measurements
should bg made.

3.1.3 The scope of the test shall be agreed to by the
interested parties. This may be dictated in advance by
contractupl commitments or may be mutually agreed
upon prigr to the start of the test. This Code contains
procedures for a single point performance test and
gives guiglance on determining a complete performs
ance curye.

3.1.4 Specified conditions, that is, mass flow’ rate,
inlet conflitions of pressure, temperature)-humidity,
dischargg pressure, cooling water temperature if ap-
plicable, |speed, gas properties, and input power
expected|shall be defined.

3.1.5 Aldetailed written statement of the test objec-
tives shal| be developed prior to conducting the test.

3.1.6 A|test facility’ shall be selected. Typically
this is tHe manufacturer’s test stand or the user’s
installatign_site.

This Code defines two types of test which;ar
based on the deviations between test and specifie
operating conditions.

3.2.1 Type 1 tests are conducted with the specifie
gas at or very near the specified operating conditiong.
Deviations in the specified gas,and operating condji-
tions are subject to the limitations imposed by Table
3.1. These limitations are“subject to the furthg
restriction that their individdal and combined effect
shall not exceed the-limits of Table 3.2.

14
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3.2.2 Type 2 tests are conducted subject to th
limits of Table"3.2 only. The specified gas or

substitute gas.may be used. The test speed required

often different from the specified operating conditio
speed.

< w»n W (D

3.2.3 The selection of test type shall be made i
advance of the test. In the interest of maximizin
accuracy of test results it is desirable that test cond
tions duplicate specified operating conditions a
closely as possible. The limits in Table 3.1 provid
maximum allowable deviations of individual param
eters for Type 1 tests. The limitations of Tabl
3.2 provide maximum allowable deviations of th
fundamental dimensionless parameter groupings fo
both types. The emphasis in conducting either
Type 1 or Type 2 test should be toward minimizin
these deviations. The most reliable test results woul
be expected when the deviations in both tables ar
minimized.

D »n 1 JQ I

114

M L0 & = 0

3.2.4 Calculation procedures are given in Sectio
5 for gases conforming to Ideal Gas Laws and fq
Real Gases. Where the compressibility values depa
from the limits prescribed in Table 3.3 the alterna
]

o]

—

3.1.7 The number of test personnel should be
sufficient to assure a careful and orderly observation
of all instruments with time between observations
to check for indications of error in instruments or
observations.

3.1.8 An individual shall be designated as responsi-
ble for conducting the test.

1

Calculation procedures provided for Reat Gase
be used. These alternate procedures apply to calcula-
tions for either Type 1 or Type 2 tests.

3.3 LIMITATIONS

3.3.1 Compressors constructed with liquid cooled
diaphragms, or built-in heat exchangers, shall be
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TABLE 3.1
PERMISSIBLE DEVIATION FROM SPECIFIED OPERATING CONDITIONS FOR

TYPE 1 TESTS

Permissible

Variable Symbol Units Deviation
Inlet pressure pi psia 5%
Inlet temperature Ti °R 8%
Speed N rpm 2%
Molecular weight MW Ibm/lbmole 2%
Cooling temperature °R 5%

difference

Coolant flow rate gal/min 3%
Capacity qgi ft3/min 4%

GENERAL NOTES:

(a) Type 1 tests are to be conducted with the specified gas. Deviations are based on the specified values
where pressures and temperatures are expressed in absolute values.

(b) The combined effect of inlet pressure, temperature and molecular weight shall not produce more
than an 8% deviation in the inlet gas density.

(c) The combined effect of the deviations shall not exceed the limited of Table 3.2:.E60ling temperature
difference is defined as inlet gas temperature minus inlet cooling water temperature.

TABLE 3.2
PERMISSIBLE DEVIATION FROM SPECIFIED OPERATING PARAMETERS FOR
TYPE 1:AND 2 TESTS

Limit of Test Values as Percent of
Design Values

Specific volume ratio

Flow coefficient

Machine Mach number
Centrifugal compressors

Axial compressors

Machige Reynolds number
Centrifugal compressors [Note (1)]

Axial compressors where the Machine
Reynolds number at specified condi-
tions is below 100,000

Axial compressors where the Machine

Parameter Symbol Min Max
VilVg 95 105
& 96 104

See Fig. 3.3

Mm See Fig. 3.4

Rem See Fig. 3.5
90 105

[Note (1)}

at cpprifipd condi 10

200

tions is above 100,000

NOTE:

(1) Minimum allowable test Machine Reynolds number is 90,000.

12
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TABLE 3.3
LIMITS OF DEPARTURE FROM IDEAL GAS LAWS OF SPECIFIED AND TEST
GASES
Maximum Allowed Range for Allowed Range for
Pressure Ratio Function X Function Y
Ratio k max/k min Min Max Min Max
1.4 1.12 -0.344 0.279 0.925 1.071
2 1.10 -0.175 0.167 0.964 1.034
4 1.f\0 f\.f\7’) r\_r\71 r\.onz 1.f\17
8 1.08 -0.041 0.050 0.988 1.011
16 1.07 -0.031 0.033 0.991 1.008
32 1.06 -0.025 0.028 0.993 1.006
GENERAL NOTES:
(a) Where:

X = I(ﬂ) -land Y = B(B_v) (See Figs. 3.6 and 3.7)
v\aT/p Wop/T

(b) Maximum and minimum values of k shall apply to both the specified and test gas over the/complete
range of conditions.

(c) When these limits are exceeded by either the specified gas or the test gas at any_peint along the
compression path real gas calculation methods shall be used for that gas. Ideal or reabgas method may

be used if these limits are not exceeded.

tested on the specified gas and at the operating
conditions specified for the inlet pressure, inlet tem-
perature |and speed, and with the flow rate and
the temperature specified for the cooling fluid. The
fluctuatigns of the test readings shall be controlled
within the limits of Table 3.4. The results shall be
computef by the methods provided for a Type(1
test, and| reported “as run.”

3.3.2 The methods of this Code may be applied
for convprsion of test results to specified-operating
condition results for compressors_which may be
treated 4s one or more sections, A’section is that
portion pf a compressor where/ no intermediate
stream lg¢aves or enters between one impeller inlet
and the[same or another following impeller dis-
charge. Jee Table 3.2. Heat exchangers are excluded
from the| interior of.the section boundaries. Section
boundarfes are jndicated diagrammatically in Fig.
3.1. The|gas statevand flow rate shall be established
for each [stréam’ where it crosses the section bound-
ary. The|power absorbed and heat loss or gai
natural ambient heat transfer must also be deter-
mined.

3.3.3 Compressors with externally piped intercool-
ers may be given a Type 1 test or they may be
tested by individual sections using a Type 2 test.

3.3.4 Compressors with inlet or outlet sidestreams
may be tested using the procedures for a Type 1

13

test providing all conditions, including those at the
sidestréam, meet the requirements of Table 3.|.
Compressors with sidestreams may also be testqd
by individual sections utilizing the criteria for
Type 2 test.

<8

3.3.5 Where condensation can take place betwegn
compression sections; for example, intercooled com-
pressors handling moist air; the capacity shall he
measured at the compressor discharge. (For atmp-
spheric exhausters the flow shall be measured pt
the inlet.) Care shall be taken to assure that thefe
is no liquid carry-over from the intercoolers.

3.3.6 Volume flow ratios may in practice differ
between test and specified operating conditions dye
to leakage differences. For example, it is commqgn
to test at reduced inlet pressure and the reduced
differential pressure across a seal to atmosphefe
could result in zero or negative leakage. As a resu
volume flow ratio equality can not be achieved
between test and specified conditions.

Therefore, it shall be necessary to estimate the
leakage ratio; that is, the leakage mass flow divided
by the inlet mass flow for both test and specified
conditions. If the leakage ratio difference between
test and specified is significant, these effects shall
be applied to the calculations of capacity and power.
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TABLE 3.4
PERMISSIBLE FLUCTUATIONS OF TEST READINGS'
Measurement Symbol Units Fluctuation

Inlet pressure pi psia 2%
Inlet temperature T; °R 0.5%
Discharge pressure Pd psia 2%
Nozzle differential Ap

pressure psi 2%
Nozzle temperature T °R 0.5%
Speed N pm 0.5%
Torque T Ibf - ft 1%
Electric motor input kw 1%
Molecular weight MW Ibm/Ibmole 0.25%
Cooling water inlet T

temperature °R 0.5%-~[Note (2)]
Cooling water flow

rate gal/min 2%
Line voltage volts 2%

GENERAL NOTES:

{a) A fluctuation is the percent difference between the minimum and maximunrtest reading divided by
the average of all readings.

(b) Permissible fluctuations apply to Type 1 and Type 2 tests.

NOTES:
(1) See para. 5.4.2.3.
(2) See para. 4.16 for further restrictions.

Power in

| Test Multiple
— 1 section | exit
Sr—- boundary

R | streams
Multiple —
entry I
streams
—l

Heat transfer

FIG. 3.1 SECTION CONTROL VOLUMES
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In many cases it is not practical to measure the
leakage flow and it is permissible to use calculated
values of leakage for test and specified conditions.

3.3.7 Where the efficiency is to be determined by
shaft input power measurements the bearing and
seal losses should not exceed 10 percent of the
total test power. This will minimize the effect of
uncertainties in the bearing and seal loss determina-

ASME PTC 10-1997

speeds of rotating equipment in selecting the test
speed.

Test pressures and temperatures shall not exceed
the maximum allowable pressures and temperatures
for the compressor.

tion of gas power.

3.3.8 Hvaluation of performance of components
between| sections, if any, such as heat exchangers,
piping, valves, etc., is generally beyond the scope
of this Code and shall be agreed upon by parties
to the test. The specified operating condition per-
formance of such components or the technique
for corrgction of test results to specified operating
conditiops shall be agreed upon by parties to the test.

3.3.9 \WWhen power is to be determined by the heat
balance| method, the heat losses due to radiation
and corjvection, expressed in percent of the total
shaft power, shall not exceed 5 percent.

3.3.10 [For Type 2 tests, the inlet gas condition
shall haye a minimum of 5°F of superheat.

3.4 TEST GAS AND SPEED

3.4.1 The physical and thermodynamic propetties
of the specified and test gas shall be known. The
option df using tabulated data, an equation™of state
correlatipn, or experimental determination as a
source for these properties shall be )agreed upon
prior to|the test.

3.4.2 The following physical properties of the test
gas throughout the expectéd pressure and tempera-
ture range shall be known-or accurately determined:

(a) mplecular weight

(b) specific heat-at Constant pressure (cp)

(c) rafio of specific heats (c,/c,)

(d) cqmpressibility factor (2)

(e) dgwipoint

3.5

3.5.1 Section Treatment. Compressors Chavihg
flows added or removed at intermediate 'focatiops
between the inlet and final discharge.are handled
by treating the compressor by sections. The gas stdte
and flow rate shall be established. for each strejm
where it crosses the section botndary.

INTERMEDIATE FLOW STREAMS

3.5.2 It is necessary to.‘maintain a consistenty
between specified volume flow rate ratio and test
volume flow rate ratio. for each section. Permissigle
deviations from these ratios are listed in Fig. 3.3.

As an example) in the first section of a multisectipn
compressor, the ratio of inlet volume flow rate fto
discharge ‘volume flow rate for the specified apd
test conditions must be held to within =5 percent
which'is the same as that required for conventior|al
compressors in Table 3.2. In addition, it is required
that the ratio of first stage section discharge flqw
rate to second section inlet volume flow rate
the specified and test conditions be held to within
+10 percent. This is required so that the tofal

flow rate to discharge volume flow rate for specifi
and test conditions must be held to within
percent.

rate to sidestream inlet volume flow rate ratio
specified and test conditions must be held to =]0
percent. Finally, the ratio of the discharge volume

flow_rate of the section being te xt

(f) viscostty

(g) isentropic exponent
(h) enthalpy

(i) acoustic velocity

3.4.3 The test speed shall be selected so as to
conform to the limits of Table 3.2. The test speed
shall not exceed the safe operating speed of the
compressor. Consideration should be given to critical

15

[=]
sidestream volume flow rate must also be held to
*10 percent.

This requirement is most important in the second
section of a three section machine where both inlet
and discharge total pressures are being determined
at the sidestream flanges and velocity similarities
are necessary for test accuracy. Code requirements
are also described in equation form in Fig. 3.2.
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3.5.3 Inward Sidestreams. When the sidestream
flow is inward, the discharge temperature of the
preceding section shall be measured prior to the
mixing of the two streams. This temperature measure-
ment shall be made in a portion of the discharge
flow stream where the sidestream cannot affect the
raw data. Raw data may be affected by heat transfer
from a cold sidestream to a hot mainstream flow
or from recirculation which may occur within the
flow pagsage. The discharge temperature is needed
to comppite the performance of the preceding section
and to fompute the reference mixed temperature
for the pext section inlet.

It is ppssible for internal total pressures to exceed
flange toftal pressure due to the higher internal veloci-
ties. The higher internal velocities are accompanied
by a lower static pressure which provides a pressure
differende for inward flow.

3.5.4 Temperature Stratification. It is common for
sideload] sectional compressors to have temperature
differendes between the mainstream and sidestream.
When testing all sections of a multisection compres-
sor {thrge or more sections) simultaneously, large
differendes between the sidestream and mainstream
temperafures may occur. It is possible, due to these
differendes, for thermal flow stratification to exist
within the compressor sections. This stratification
may reshlt in inaccurate measurements of internal
temperatures in downstream sections. Under test
conditiops, the stream temperature differences
should Be maintained as close to specified s, prac-
tical.

3.5.5 Herformance Definition. The'sectional head,
efficiendies, and pressures are. defined flange to
flange. The only internal measurements needed are
the sectfonal discharge temperatures for computing
the mixgd temperature cenditions and sectional per-
formancp. The presstre-'used for calculating the
sectional performance’ is assumed to be equal to
the sideptream flange total pressure.

The internal \mixed temperature should be com-
puted o a mass enthalpy basis (real gas evaluation)
for obtafining
sections. Simplified mixing based on mass tempera-
ture may be done for ideal gases with constant
specific heat. For further information see para. E.5
of Appendix E.

3.5.6 Extraction Sidestreams. When the intermedi-
ate flows are removed (i.e., bleed-off) from the
compressor, they will cross a section boundary.

17
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The internal temperature and pressure can be
assumed to be equal to the external flange tempera-
ture and pressure of the primary internal stream.
The ratio of flow rate restrictions in Fig. 3.2 shall
also apply to outward flowing sidestreams.

3.5.7 It is recommended that each section of a
multisection machine have its own performance
curve defined by a number of test points. This
ENapies symhesis o scompined overattperform-
ance curve and provides data on the interrelatiops
of the individual sections. The ratios of Fig,‘3:5 will
apply at all points unless other specified operatipg

ratios are identified.

3.6 SAFETY

3.6.1 The test gas used shall be in compliante
with local regulationsi;and prudent practice with
regard to flammability and/or toxicity.

3.6.2 Test gases. used in a closed loop shall be
continuouslymenitored for composition and avoid-
ance of combustible mixtures. Air or other oxidizipg
gases shall not be used in a closed loop.

3.6.3 " The party providing the test site will
responsible for establishing the requirements of sy
tem protection. Consideration should be given [to
the need for relief valves for accidental overpressute.
The requirement of alarms and/or automatic shit-
down devices for such items as high temperatute,
loss of cooling water, low oil pressure, compressor
overspeed, or other possible malfunctions should be
reviewed.

pe

w
1

3.7 PIPING

3.7.1 Piping arrangements required to conduct| a
test under the Code are detailed in Section 4. Permjs-
sible alternates are described for convenience apd
suitability. A selection suitable for the prevailing test
conditions shall be made and described in the test
report. When the choke point is to be determingd,
care should be taken to assure that the compressor
pressure rise shall exceed System resistance.

3.7.2 Minimum straight lengths of piping at the
inlet, discharge, and on both sides of the flow device
are specified in Section 4.

When compressors are treated as a number of
individual sections, these piping requirements apply
to each section. Such piping between sections may
not occur naturally in the design. When it does
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FIG. 3.3 ALLOWABLE MACHINE MACH NUMBER DEPARTURES,
CENTRIFUGAL.COMPRESSORS

not, the parties to the test should elect by mutual shall be designed for the maximum pressufe plus a
agreement to: suitable safety factor and the cooler shall be sized
(a) install additional piping between the sections to dissipate the maximum heat load. Additional
(b) take measurements in the available space. Con- lengths of piping beyond the minimum piescribed
sifleration shall be given to any eempromise in mea- may be required to provide additional system capaci-
syrement accuracy and its effect upon the final test tance. Provisions may be necessary to dllow for
objective. expansion of the piping and the piping dedign shall
(c) remove components-such as external heat ex- be of sufficient strength to withstand the stresses

angers and replace them with the required piping. imposed during compressor surge.
hen this alternate.is selected it is important that the
rgmoval of the ‘component have a negligible effect
upon the section entry or exit flowfield so as not to
affect thesection performance parameters.

3.8 INSTRUMENTATION
3{7.3.Where external intercooler performance and
pfessure drop are known for the specified operating
conditions, or determined on a separate test, the
compressor may be tested as separate sections and
the combined performance computed by the method
described in Section 5.

Test instruments shall be selected, calibrated, and
i i i irements of
Section 4.

3.7.4 If a closed loop test is to be performed, the
maximum pressure to be obtained and the maximum
heat load shall be estimated. The piping and cooler Pretest inspection may be of interest to either
from the compressor discharge to the throttle valve party. Refer to PTC 1 for guidance.

3.9 PRETEST INSPECTION

18
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3.10 |

3.10.1 | The compressor shall be operated for'suffi-
cient ti{e at the required conditions to demonstrate

RETEST RUN

acceptable mechanical operation and stable values
of all measurements to be taken dufing the test.
Preliminary data shall be taken (fo,-familiarize test
personrel, to determine if all dhstruments are func-
tioning | properly, and to ascertain if the reading
fluctuations fall within the_Jimits prescribed in Ta-
ble 3.4

3.10.2 | All instrument observations pertinent to the
test shall be taken during the pretest run. They
commonly include the following:

(a) inlet‘pressure

(b) inlet temperature

Mach No. Specified — Mmgp,

FIG. 3.4 ALLOWABLE MACHINE MACH NUMBER DEPARTURES, AXIAL
COMPRESSORS

0.8 1.0 12 1.4 16

(i) lubricant temperatures, inlet and outlet of bgar-
ings, seals, and speed changing gear, if applicabl
(j) coolant and lubricant flows, if applicable

(k) barometric pressure
(1) gas analysis, if atmospheric air is not the test
(m) time

1%

gas

3.10.3 A set of calculations shall be made using
the preliminary test data to assure that the corsllect
test speed has been selected, that the test paramefers
required in Tables 3.1 or 3.2, as applicable, were
obtained and that the overall performance vallies
are reasonable.

3.10.4 The pretest run may be considered as part
of the test if it meets all requirements of the test.

(c) relative humidity or wet bulb temperature, if
atmospheric air is the test gas

(d) discharge pressure

(e) discharge temperature and/or shaft power input

(f) flow device pressures and temperatures

(g) speed

(h) cooler inlet and outlet temperatures, gas and
coolant sides, if applicable

3.1

3.11.1 The compressor shall be operated at the
required conditions for a sufficient period of time
to demonstrate that all variables have stabilized.

TEST OPERATION

3.11.2 When all variables have stabilized, the test
personnel shall take the first set of readings of all
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GENERAL NOTE: 90,000 is cutoff

ntial instruments. Three sets of readings"shall
be|taken during each test point.

3.11.3 The minimum duration of a.test point, after
stapilization, shall be 15 minutes \from the start of
the first set of readings to the(end of the third set
of [readings.

3.11.4 When a test is only to verify a single speci-
fieg condition, the test shall consist of two test points
which bracket the specified capacity within a range
of |96 percent to,104 percent.

3.11.5 When performance curves are required to
vellify the complete compressor range of operation,
ultipoint test shall be performed. Each point
selpcted along the curve shall be assumed to be a

108
Machine Reynolds No. Specified — Reémgp,

FIG. 3.5 ALLOWABLE MACHINE REYNOLDS NUMBER DEPARTURES,
CENTRIFUGAL COMPRESSORS

107 108 10°

greater of specified capacity). When the compressor
is used with a variable speed driver additiongl points
may be run on selected speed lines, provided that
an equivalent speed is generated for each operating
point selected.

3.11.6 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. The severity of surge will vary| widely
as a function of pressure ratio, type of compressor,
and capacitance of the piping system. Surge may
be identified by noise, fluctuations in the diferential
pressure of the flow nozzle, or a drop and/or [fluctua-
tion of the pressure and/or temperature.

When the surge flow has been identified, the flow

specified point and checked for equivalency. This
may require a different equivalent speed for each
test point. Usually five points should be used to
complete a curve. A point shall be taken at approxi-
mately the specified capacity. The additional points
should consist of one point near surge, two points
between specified capacity and surge, and one point
in the overload range (preferably 105 percent or

20

should be increased slightly until stable operation
is restored so that a complete set of performance
data may be taken. This process may be repeated
a second time to demonstrate the reliability of the
initial setting.

It should be understood that a surge flow estab-
lished in a shop test may not define the surge
conditions which will occur in the field due to
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FIG. 3.6 SCHULTZ COMPRESSIBILITY FACTOR — FUNCTION Y VERSUS REDUCED PRESSURE

differences in piping configuration and system re-
sponse,

3.11.7 | The choke flow may be determined by
gradually opening the discharge throttle valve while
maintaining-speed and inlet pressure until the flow
remains—essentiz constant—with—decreasing—di
charge pressure.

If the compressor is to be operated as an exhauster
or tested with an open discharge, the choke flow
may be determined by gradually opening the inlet
valve while holding speed and discharge pressure
constant.

if choke flow is to be determined, the facilities
shall be designed so as not to limit maximum flow.

Reduced Pressure, P,

16 18 20 22 24 26 28 30

3.12 INCONSISTENCIES

3.12.1 Where four independent instruments are
used to measure a pressure or temperature va

and averaged to determine the measurement value.

3.12.2 The three readings for each test point shall
be within the fluctuation tolerances listed in Ta-
ble 3.4.

21
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3.13 ERRORS AND UNCERTAINTIES

3.13.1 It should be recognized that the results of
the test calculations' are subject to error caused
by[the inaccuracies of the test instruments and/or
prqcedures, {t-is recommended that an uncertainty
analysis be<made prior to the test to assure that the
tesf objectives can be met. The detailed procedures
arg given in PTC 19.1 and are discussed in para.

1.6

Reduced Pressure, P,

FIG. 3.7 SCHULTZ COMPRESSIBILITY FACTOR — FUNCTION X VERSUS REDUCED PRESSU

18 20 22 24 26 28 30

RE

3.14 TEST LOG SHEETS

The test log sheet shall identify the compressor
manufacturer, model, and serial number. Test loca-
tion, driver identification, test instruments used, and
test date shall be listed. Raw data for each test point
shall be recorded as observed on the test Iqg sheet
as well as the time of each set of data. Corfections
and corrected readings shall be listed separtely in

5.7 of this Code.

3.13.2 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.

22

the test report.

At the completion of the test the log sheets shall
be signed by the representatives of the interested
parties. Copies of the complete log sheets shall be
furnished to the interested parties. The test report
shall be completed in accordance with the instruc-
tions in Section 6.
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SECTION 4 — INSTRUMENTS AND METHODS OF
MEASUREMENT

4.1 METHODS

4.1.1 The choice of methods provided in this Code
will depgend on the compressor, the specified gas,
and the |type of test selected.

4.2 INSTRUMENTATION

4.2.1 The Performance Test Code Supplements in
the PTC| 19 series on Instruments and Apparatus
provide authoritative information concerning instru-
ments afd their use and should be consulted for
such ianrmation. The selection of instrumentation
shall be fetermined by the uncertainty limit require-
ments of the test as well as suitability for the test
site condlitions. The instrument selection shall be
justified by calculation that the uncertainty in results
meets the stated test objectives.

Instrumentation is required to determine the inlet
and discharge gas states, flow rate, and compressor
speed. Oepending upon the method selected, . addi-
tional injtrumentation may be required to determine
test powpr.

4.3 PIPING

4.3.1 The location of the préssure and temperature
measurirlg stations have specific relation to the com-
pressor |nlet and outlet ‘openings. The pipe sizes
shall mdtch these openings. Minimum lengths of
straight mpe are mandatory for certain pressure and
temperature measdrement stations and for certain
flow dedices: Pipe arrangements and allowable ex-
ceptions| ate~described in this Section. Appropriate

taps displaced 45 deg. from them and at least 12
in. downstream.

In special cases when atmospheric conditions sat-
isfy the requirements, the compressor may be ryn
without an inlet pipe as shown®in-Fig. 4.2. The
inlet opening shall be protected<with a screen and
bellmouth suitably designed:td eliminate debris arjd
minimize entrance losses-(see para. 4.4). The totpl
inlet pressure is equal te-atmospheric pressure. Tem-
perature measuring devices shall be located on the
screen to measuré the temperature of the air streapn
at the compressor inlet.

For compressors with an axial inlet, the impeller
may, under some conditions, produce a vortex pt
the pressure station to cause substantial error in the
measurement of inlet pressure. Users of this Cod,
by\agreement, may use vanes suitably designed for
fow pressure loss to prevent rotation at the pressufe
taps. The static pressure stations shall not be less
than four pipe diameters upstream of the compresspr
flange as shown in Fig. 4.3.

4.3.3 Typical discharge piping required for com-
pressors are outlined in Fig. 4.1. The minimum
straight length of discharge pipe required before and
after the instrumentation is specified. The four statjc
pressure taps are a minimum of 12 in. downstream
of the discharge opening. The pressure taps afe
followed by the four temperature taps displaced 45
deg. from them and at least 8 in. downstream.

An alternate arrangement may be used when|a
compressor operating as an exhauster on air has|a
discharge velocity pressure less than 5 percent
the total pressure. In this case the compressor can
be run without a discharge pipe as shown in Fi

selections shall be made and described 1n the test
report.

4.3.2 Typical inlet piping required for compressors
is outlined in Fig. 4.1. The minimum straight length
of inlet pipe is determined by what is upstream of
the inlet opening. The four static pressure taps are
a minimum of 24 in. upstream of the inlet opening.
Downstream of the pressure taps are four temperature

23

4.4, The discharge temperature of the gas stream is
measured at the compressor discharge.

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 Fig. 4.5. The
other minimum dimensions are specified in Fig. 4.1.
Straightening vanes designed for low pressure loss,
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le— A minimum —» .24‘|n. —]
minimum

12in. minimumz /— 6 in. minimum
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12 in. minimum —\ \8 in. minimum

[¢~————— Bminimum ————

|¢— Aminimum —]

! B
} b ]
D —— D - - - - ——J-—— -»— D-
i 2 < &
" L omper L\
Inlet static Inlet temperature . ) Dischatgetempgrature
pressure 4 measuring stations Discharge static 4 measuring tdps spaced
4 taps spaced spaced 90 deg. apart pressure 90.deg. apart (5 deg.
90 deg. apart (45 deg. from static 4 measuring from static prefsure)
pressure) taps spaced
90 deg. apart
Inlet Opening Minimum Dimension Discharge Opening  Minimum Dimension
Preceded By A B Followed By A B
Straight run 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 device 3D 5D Flow device 8D 10D

For open inlet, see Fig. 4.2.
For vortex producing axial inlet,

see Fig. 4.3.

Inlet Configuration

Protecting screen

mesh 1in. min.7

FIG. 4.1 INLET AND DISCHARGE CONFIGURATION

For open discharge, see Fig. 4.4.

For diffusing volute with unsymmetrical flow,
see Fig. 4.5.

Discharge Configuration

Inlet pressure
by barometer

\-//
Inlet temperature

4 measuring stations
spaced 90 deg. apart

FIG. 4.2 OPEN INLET

24
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ave

Iniet static pressure
4 taps spaced 90 deg. apart
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See Fig. 4.1 for
minimum dimensions

1D min.

8_.

T
D —q

D

H
a7
/

Inlet temperature
4 measuring taps spaced

90 deg. apart (45 deg.
from static pressure)

Discharge temperature
4 measuring locations

spaced 90 deg. apart —

j«e—— 4D min.

FIG. 4.3 VORTEX PRODUCING AXIAL INLET

B
\'[/

Straightener (optional)
See Fig. 4.8, para. 4.5

Discharge staticpressure by
barometer{when discharge
velocity, préssure exceeds 5%
of total pressure use discharge
pipe‘arrangement, Fig. 4.1)

_E :

\'[/

as covefed in para. 4.5, may be used by mutual
agreemgnt to-minimize the effect of the unsymmetri-
cal flow.

FIG. 4.4 OPEN DISCHARGE

for the conditions. In general, a screen on the injet
must be strong enough to prevent collapse in the
event of accidental clogging. The mesh of a screpn

4.3.4 Figures 4.6 and 4.7 show a typical arrange-
ment for testing with a general closed loop and
closed loop with sidestreams.

4.4 PROTECTIVE SCREENS

4.4.1 Compressors operating with an open inlet
shall be protected with a screen or filter, suitable

25

shall be selected to prevent entry of foreign matter
which 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 which may foul the flow
passage of the compressor. Protective screens shall
have an open area at least two times that of the
compressor inlet or the nozzle pipe. When screens
with very small mesh or filters are used, inlet pressure


https://asmenormdoc.com/api2/?name=ASME PTC 10 1997.pdf

ASME PTC 10-1997 COMPRESSORS AND EXHAUSTERS

Discharge static pressure
4 measuring taps spaced
90 deg. apart

1D min, See Fig. 4.1 for
/ ; minimum dimensions

o —
]

Discharge temperature
4 measuring taps spaced
. . 90 deg. apart (45 deg.
Straightener {optional) from static pressure)
See Fig. 4.8, para. 4.5

6D min, —»|

FIG. 4.5 DIFFUSING VOLUTE DISCHARGE WITH NONSYMMETRIC FLOW

Compressor
Cooling water inlet temp. [ ‘ :| H
% Inlet
' measurjng

Cooling water Discharge %
source ——p»- Pumpl L measuring s

stations stations
Relief Venturi meter (See Fig. 4.1) ‘ (See Fig. 4.1)
Y valve /_ .
3 - B SCAN——.1 ‘
Cooling water disch. temp.
--(— -—— Cooler - -— - —— ? Valves f
T ! alves fqr
\Drain Drain e charging and
Nozzle venting|gas
Throttle measuring
valve arrangement
{See PTC 19.5) N\_ Relief
11l \ valve
- P— - - | —_—— - _[_
1
\— Flow nozzle

Flow equalizer Drain

and straightener

Drain pot

Drain tank Gauge

FIG. 4.6 TYPICAL CLOSED LOOP
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Flow equalizer Nozzle
and straightener measuring
arrangement
{See PTC 19.5)

I

e

Inlet
X : mfeasuring
stations
% {See Fig. 4.1)
Compressor
[l - |-
Cooling water inlet temp. E | i Hl
Cooling water Discharge Inlet
source == ——pg |Pump v measuring s ! measuring
stations stations
Relief Venturi meter (See Fig. 4.1) ‘ | {See Fig. 4.1}
valve /— . ,
Cooling waterdisch. temp. ! ‘
--— - —— Cooler - -— - —— T
S Valves'for
TP\Drain Drain/ ' charging and
Nozzle venting gas
Throttle measuring
valve arrangement
8 (See PTC 19.5) N\~ Relief
0 , valve
[ !
Flow equalizer ' N Flow nozzle Drain
and straightener
~+—~—— Drain pot

tt— Drain tank || Gauge

FIG. 4.7 TYPICAL CLOSED LOOP WITH SIDESTREAM
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shall be measured by static taps as provided in Fig.
4.1 for straight pipe. Where screens or filters are used
in a closed loop, precautions such as measurement of
the differential pressure are recommended.

4.5 FLOW STRAIGHTENERS AND EQUALIZERS

gth—diameter ratio of the tube shall be equal to
or|greater than eight and a maximum tube diameter
of | sD.

4.5.2 Flow equalizers shall be installed if required
in[PTC 19.5. See Fig. 4.8, sketch (c). Flow equalizers
shpll be a multihole plate, designed to produce a
minimum static pressure drop of two times the
caJculated velocity pressure for the pipe section.
THe total area required of the holes may be deter-
mined from the following formula:

An _ {gipi)

Ap  24D3 (Appp)*:

where

Ap= total area of holes in plate, sq in.

Ap= area of cross section or:pipe, sq in.

gi= inlet volume flow, efm

pi= inlet density, Ibm- per cu ft

D, = diameter of pipe,-in.

pp= density of gasin pipe upstream of plate,
Ibm per_cu\ft

Ap= pressuré(drop across plate, psi

The plate should contain not less than 50 holes
pedr square foot of area, uniformly spaced, but not
legs than 50 holes minimum.

COMPRESSORS AND EXHAUSTERS

4.6 PRESSURE MEASUREMENTS

4.6.1 Reference should be made to PTC 19.2,
for general information on instruments to measure
pressure. For the range of pressures likely to be
measured in compressor test, the manometer and
the deadweight gage shall be used as standards.
Pressure transducers and other pressure measurement
devices can be used. These can be calibrated using
ight test-
ers shall be certified by a competent lahoratory.
Where gage lines are filled with liquids)ymegns shall
be provided to measure the liquid ‘level] and a
correction shall be applied for™unbalance liquid
head.

4.6.2 Bourdon tubes or ‘similar gages shpuld be
selected to operate in.the mid-range of the scale.
The diameters of ¢he scales and the arrapgement
of the graduations~shall permit easy reading. The
temperature of\ythe gage during calibration shall be
within 40°F of the ambient temperature ptevailing
during the/test.

4.6.3" Manometers can be either U-tube ¢r single
leg design. Small bore manometers are subject to
appreciable error resulting from capillary] forces,
variable meniscus, and restricted separation of en-
trained gas bubbles. These errors vary with the type
of fluid, the tube diameter, and the tube cleanliness.
Single leg manometers shall be checked for zero
position before and after test. Manometer flyiid shall
be chemically stable when in contact with|the test
gases and metal parts of the instrument.

The specific gravity and the coefficient of tempera-
ture expansion of the fluid shall be determined
before the test. See PTC 19.2 for further ghidance.

4.6.4 Deadweight gages and testers shal| be se-
lected to suit the pressure range. Deadweight gages
cannot measure rapid pressure changes anfl where
necessary they shall be installed in paralle] with a
Bourdon tube gage, transducer, or other insfrument.

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

4.5.3 A combined flow equalizer and flow straight-
ener is used with flow nozzles where required by
PTC 19.5. See Fig. 4.8, sketch (d). The flow straighte-
ner shall be the multitube type as shown in Fig.
4.8, sketch (b), preceded by a flow equalizer one-
half pipe diameter upstream. Alternatively three flow
equalizers spaced one pipe diameter apart may be
used as shown in Fig. 4.8, sketch (e).

They must be calibrated before and after each test.

When automated data collection equipment is
used with a pressure switching device, and a single
transducer, that transducer shall be selected to cover

- the entire range of pressure. When using pressure

switching devices, sufficient time between successive
switch points shall be allowed so that the transducer
pressure will reach equilibrium for the selected pres-
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MY £

\Z_¢ L/ I__\'_/‘.I

— L —>] D
{a) Simple-Vane Flow Straightener

=D Q)

{b) Multi-Tube Flow Straightener

U

(c) Equalizer (Perforated Plate'or Screen)
D min.
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{d) Combination Equalizer and Straightener

lt— D —
- 2D
{e) Multi-Tube Type Equalizer and Straightener

FIG. 4.8 STRAIGHTENERS AND
EQUALIZERS

29
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sure tap. Equilibrium should be verified as part of
the measurement system operating procedures.

4.6.6 Velocity pressure shall be computed on the
basis of average velocity. (See para. 5.4.3.)

4.6.7 Static pressure shall be taken as the arithmetic
average of individual raw data observations from
four stations, spaced 90 deg. in the same plane of
thre—pipe- ) .

exceed four-tenths of the pipe wall thickness and
should not be greater than ' in. in normal circum-
stances. The hole shall be drilled smooth and free
burrs. A preferred connection is obtained by
elding a coupling to the pipe and then drilling
e hole. Total pressure probes may be used to
easure pressure at the same stations the static
easurements are made. Where the absolute values
fiom four stations differ by more than one percent,
e cause shall be determined and the condition
cprrected. See PTC 19.2 for further guidance.

4t6.8 Inlet pressure is the total pressure prevailing
af the compressor inlet. It is the sum of the static
pressure and the velocity pressure. Static pressure
shall be measured as specified for inlet pipes in
Figs. 4.1 or 4.3. Where no inlet pipe is used, as
im Fig. 4.2, the inlet total pressure shall be measured
a barometer.
Total pressure may be directly measured by the
usse of total probes inserted into the flow stream (such
robes shall be properly oriented or- directionally
cpmpensated to insure proper measurement). The
easurement obtained by a total pressure probe can
influenced to varying extent by:spatial location. In
the event of significant unresolVved differences from
the total pressure deduced from the static pressure
apd average velocity, thestatic-pressure-based result
shall prevail.

.6.9 Discharge-pressure is the total pressure pre-
iling at the'compressor discharge. It shall be taken
the sumof the static pressure and the velocity
ressure. Static pressure shall be measured as illus-
trated-in Fig. 4.1. When no discharge pipe is used,
illustrated in Fig. 4.4, the discharge static
shall be measured by a barometer. If the velocity
pressure (based on discharge opening area) exceeds
5 percent of the static pressure, an open discharge
shall not be used.

Total pressure may be directly measured by the
use of total probes inserted into the flow stream (such
probes shall be properly oriented or directionally
compensated to insure proper measurement).

COMPRESSORS AND EXHAUSTERS

The measurement obtained by a total pressure
probe can be influenced to varying extent by spatial
location. In the event of significant unresolved differ-
ences from the total pressure deduced from the static
pressure and average velocity, the static-pressure-
based result shall prevail.

4.6.10 Barometer readings and the temperature at
the instrument shall be recorded at the beginning
it i ' shall be
located at the site of the test. It shall-be. protected
from weather, direct sunlight, and fluctaating temper-
ature changes. Precautions shall be taken tp prevent
negative pressures in the vicinity-of the harometer
which may be caused by stfong winds, cdmpressor
intakes, or ventilating fans, The instrument elevation
with respect to the compressor shall be dgtermined
and proper corrections” applied. See PTC|19.2 for
further guidance.

4.6.11 Internal pressure measurements arg required
only if the sectional performance is defined for
internal\conditions (as an alternative the Cofle defini-
tion.inpara. 3.5.6). Due to the many configurations
of.the internal passages in sidestream compressors,
this Code cannot specify precisely wherg¢ or how
internal pressure instrumentation may be pldced. As a
guide, four pressure probes (either static or dynamic)
should be inserted in the mainstream flow. These
probes should be located so the incoming s{destream
does not affect the raw data (see Fig. 4]12). It is
usually difficult to make accurate internal| pressure
measurements at a stage discharge singe this is
normally a region of high velocity with logal varia-
tions 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 Reference should be made to PJIC 19.3,
Temperature Measurement, for guidance ¢n instru-
ments for temperature measurement. Temperature
shall be measured by thermocouples or mércury-in-
glass thermometers or other devices with equivalent
accuracy. The range of their scales, the sensitivity,
and the required accuracy shall be chosen for each
of the significant measurements according to the
particular need. The following general precautions
are recommended when making any temperature
measurement: the instrument installation should as-
sure that thermal conductance by radiation, convec-
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tion, and conduction between the temperature sensi-
tive element and all external thermal bodies (pipe
wall, external portions of thermometer wells and
thermocouple, etc.) shall be negligible in comparison
to the conductance between the sensor and the
medium being measured. Insulation of those parts
of thermometer well, thermocouple sheath, etc., that
extend beyond the pipe outside diameter may be
a means of accomplishing this objective if necessary.

ASME PTC 10-1997

temperature measured is a value between static and
total temperature. The velocity temperature is then
corrected for the recovery factor and added to the
measured observation (see para. 5.4.4). Special tem-
perature probes made to measure total temperature
need little or no correction.

4.7.7 Inlet temperature is the total temperature
prevailing at the compressor inlet. When the com-

In some |cases, insulation of the pipe wall near the
thermoneter or possibly insulation of the section
of the pjpe upstream of the thermometer may be
necessary.

The temperature measuring device shall extend a
sufficient distance into the fluid stream to minimize
unavoidgble conduction of heat. They need not be
perpendicular to the wall. Oil or other heat conduct-
ing fluid|should be used in thermowells to improve
heat trarnsfer.

Precadtion shall be taken to avoid insertion of
the temperature measuring device into a stagnant
area when measuring the temperature of a flowing
medium

4.7.2 When selecting a liquid-in-glass thermometer
there maly be a need for an emergent stem correction.
Refer to|PTC 19.3 for further information.

4.7.3 Thermocouples shall have junctions silver
brazed gr welded. The selection of materials shall
be suitalple for the temperature and the gases being
measurefl. Calibration shall be made with the. com-
plete asgembly, including the instrument, the refer-
ence junmction, and the lead wires. If the well is
integral With the thermocouple, the well*shall also
be included in the calibration.

4.7.4 Thermometer wells shall(be as small in diam-
eter and|with walls as thin as'conditions will permit.
Wells shall be evaluated for:the conditions of antici-
pated use to determinethe time lag and the correc-

devices have a relatively slow response time.

4.7.6 Total temperature is the sum of static temper-
ature and velocity temperature. Where the Mach
number is lower than 0.11 for gases, or for air
where the velocity is below 125 ft/sec, the velocity
temperature may be negligible. Normally, the actual

pressor 15 tested with an infet pipe, four temperatufe
taps shall be spaced 90 deg. apart and displaced
45 deg. from the static pressure sensors (see Figds.
4.1 or 4.3). When machines are assembled with an
open inlet as in Fig. 4.2, inlet total temperature is the
atmospheric temperature, and it shall be measured by
four instruments attached to the)protecting screen.
In general, when the 4 (four)raw data observatiops
differ by more than 0.5 «pércent of the absolute
temperature the cause shall be determined and cqr-
rected. For low temperature rise machines uncqr-
tainty analysis should be used to determine accept-
able limits. Variations of more that 0.5 percept
caused by factors other than instrument error sugh
as design may require more than 4 (four) measuring
stations.

4.7:8." Discharge temperature is the total temperp-
ture prevailing at the compressor discharge. When
a compressor is assembled for test with a discharge
pipe, the instruments shall be located as shown jn
Figs. 4.1 or 4.5 and spaced 90 deg. apart and
displaced 45 deg. from the pressure taps. Where
the compressor is operated without a discharge pipe,
four instruments shall be anchored to the discharge
opening with a suitable projection into the gps
stream.

When the four raw data observations differ by
more than 0.5 percent of the absolute temperature,
the cause shall be determined and corrected. Varija-
tion of more than 0.5 percent caused by factdrs
other than instrument error such as design may
require more than four measuring stations.

4.7.9 For sidestream compressors, due to the many
possible configurations of internal passages, this
Code can not specify where or how internal tempera-
ture instrumentation may be placed (see paras. 3.5.5
and 3.5.6). As a guide, four temperature probes
should be inserted in the mainstream flow. These
probes should be located so the incoming sidestream
does not affect the raw data (see Fig. 4.12). It is
usually difficult to make accurate internal tempera-
ture measurements at a stage discharge since this is
normally a region of high velocity. This measurement
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Nozzle temperature
4 measuring stations

Nozzle pressure
[ 2 taps spaced 90 deg.
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A
i t

d =—- - - D
|t §

| J‘ D
Protecting screen rl
See para. 4.4 -

5D minimum ——— ——————

FIG. 4.9

urpcertainty should be reflected in the uncertainty
arjalysis and in the value of the uncertainty assigned
to| these stations. The internal temperature measure-
ent is always required when sidestream and main-
stfeam flows mix internally.

Appendix D. The interested parties-shall mutually
gree upon the type of metering device to be used

design. Multiple devices are required for multiple
inlet oridischarge flow sections.

48.3 The nozzle may be used with an open inlet.
The nozzle arrangement shown in Fig. 4.9 may be
used for the test of compressors as exhausters. The
minimum length of straight pipe, following the noz-
zle, shall be equal to five times the pipe diameter,
and the pipe diameter shall be a minimum of 1.66
times the nozzle throat diameter. A protecting screen
shall be used in accordance with the instructions
of para. 4.4. Upstream total pressure is equal to the

INLET NOZZLE ON AN OPEN LOOP

32

barometer pressure. Differential pressure is measured
from two static taps_located ,D downstream of the
nozzle flange. Temperature is measured by sensors
at the screen.

4.8.4 _The nozzle may be used with an dpen dis-
charge<Figs. 4.10 and 4.11 show optional |arrange-
ments of the flow nozzle on the outlet ¢nd of a
pipe for use where it is convenient to discharge the
gas to atmosphere. For a subcritical flow, the nozzle
differential pressure, A, will be less than the baromet-
ric pressure and it shall be measured from impact
tubes, as shown in Fig. 4.10. Where the available
gas pressures permit, the nozzle may be sized for
operation at critical flow. In this case the differential
pressure will be greater than barometric pressure,
and it shall be measured from static tapq located
1D upstream of the nozzle as indicated in fig. 4.11.
In both cases the minimum length of straight pipe
preceding the nozzle shall be 10D and the pipe
diameter shall be a minimum of 1.66 t{mes the
nozzle throat diameter. Temperature measyring sta-
tions shall be located 6D upstream. The flow straight-
ener and/or flow equalizer, as described |in para.
4.5, shall be used. Users of these arrangements are
cautioned to observe the distinction betweep critical
and subcritical flow. It should be noted |that the
velocity of approach is included in measyirements

4.8.5 Formulas for calculating mass flow for a
variety of flow measuring devices as provided in
PTC 19.5 shall be used. Methods are included for
the determination of the discharge coefficient, fluid
expansion factor, and metering element thermal
expansion coefficient for various flow elements.
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Nozzle temperature
2 measuring stations
spaced 90 deg.

Flow equalizer and
straightener (See Fig. 4.9)

Not greater than a

ASME PTC 10-1997

Nozzle pressure
One impact tube for d<5 in.

wact tubes for d>5 in.

20 3

3 rm |

i
= d —
)

100 minimum

+~— Approximately
0.23d

SPECIAL NOTE: d not more than 0.6D for any nozzle arrangement

FIG. 4.10 DISCHARGE NOZZLE ON AN OPEN LOOP, SUBCRITICAE FLOW

FIG. 4.11

4.9 GAS COMPOSITION

4.9.1 The testigas must be defined. At the mini-
mum, sampling will be taken at the start and end
of each [est:

Nozzle temperature N2c>zzle pre.ssure: )
2 measuring stations meadsgr(;ndg stations

spaced 90 deg. space: eg.
L = I

R

e s —

I 6D i _r
L
fe— D—
«——A—L 0D minimum —— &

DISCHARGE NOZZLE ON AN OPEN LOOP,
CRITICAL FLOW

the compressor or the sampling points. This analysjs
shall consist of identification of the constituents,
measure of mole percent of each and evaluation of
the molecular weight. If the test gas is air no samples

are_nece.

4.9.2 Special precautions shall be taken when test-
ing with the closed loop to eliminate all liquids
from the gas stream and static instrument lines.
When dealing with gas mixtures subject to variation,
samples shall be taken at each test point and be
analyzed by spectrographic, chromatographic, or
chemical methods. The sample shall be taken from
the piping such that there is no condensation before

33

point shall be measured during each test point.

4.9.3 Note that while the gas under test conditions
may not exhibit condensation, the gas in the instru-
ment lines will be cooler (i.e., room temperature)
and, under some conditions, condensation could
occur.
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4.10 SPEED MEASUREMENT

4.10.1 Instruments shall be selected to provide a
continuous indication of speed fluctuation where
variable speed drivers are used. Use of two indepen-
dent instruments, one to provide a check on the
other, is also recommended.

4.10.2 The speed of a compressor driven by syn-
chronous motors may be determined from the num-

COMPRESSORS AND EXHAUSTERS

torque meters shall be of a type suitable for calibra-
tion. The torsion member shall be selected for read-
ability and accuracy at the speed and load prevailing
during test.

4.14 SHAFT POWER BY ELECTRICAL
MEASUREMENTS

ber of poles in the motor and the frequency of
the power systems. If gears are used between the
mieasuring point and the compressor shaft, the speed
rafio shall be computed from a count of the number
ofl teeth.

4]10.3 Detailed instructions on speed measuring
instrumentation is given in PTC 19.13, Measurement
of Rotary Speed.

4411

4/11.1 The date and time of day at which test
rdadings are taken shall be recorded on all data
records.

TIME MEASUREMENT

4/12 METHODS OF SHAFT POWER
MEASUREMENT

4{12.1 The shaft power input at the compressor
coupling or the drive shaft may be measured di-
rectly by:

(a) torque meters

(b) reaction mounted drivers

of evaluated from:

(c) measurement of electrical input to a driving
mjotor

(d) a heat balance method

(e) heat input to @loop cooler

>

12.2 The precautions, limitations, and the permis-
iple applications for each of these methods are
pscribed’ separately. Code users shall select the
method:-best suited for the application. Detailed
nstruction on the measurement of shaft power will

befound-inPTC 19 7 Measurement-of-Shaft-Power-

Qo w

LR r driven
compressor may be computed from measfirements
of the electrical input to the motor termindls under
certain conditions. The power requirement of the
compressor should be above mid-point of the motor
rating. The output of a motor shall be calculated
by subtracting losses from the measured ¢lectrical
input, or as the product*of input and efficiency.
Efficiency shall be .determined by an inpyit-output
test where output is’-measured on a calibrated dyna-
mometer or other appropriate device. For sfficiency
determinatjon,Jthe supply line voltage used|for cali-
bration _shall be the same as that used| for the
compressor test.

4,142 Efficiency determination by inplit-output
measurements may not be practical for large motors.
For large motors the loss method may be used. The
segregated losses of an induction motor shalf include
friction and windage, core loss, 12R loss of fthe rotor
and the stator, and a load loss. These measfirements
shall be made in accordance with currgnt ANSI
standards.

4.14.3 The electric power input to the mgtor shall
be measured by the instruments connected at the

motor terminals. The detailed instructiong for the
measurement of electrical power are as [given in
EEE 120.

The indicating electric meters should be|selected
to read above one-third of the scale range.
4.14.4 Calculations of electrical power shall in-
clude calibration corrections for the meter |and cur-

rent transformers. The transformers shall be measured
for ratio and phase angle at the load conditions
prevailing during the test.

4.13 SHAFT POWER BY TORQUE
MEASUREMENTS

4.13.1  Torque may be directly measured by devices
installed in a drive shaft interposed between the
driver and the compressor. For tests under this Code,

34

4.15 SHAFT POWER BY HEAT BALANCE
MEASUREMENTS

4.15.1 When it is not possible or practical to
measure shaft power by direct means, it may be
computed from measured values of the capacity,
gas properties at inlet and discharge, heat exchange
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through the casing, mechanical losses, and gas leak-
age loss from the shaft’seals.

4.15.2 Methods to account for mechanical losses
are discugsed-in-para. 4.18. External heat loss from
the casing \may be evaluated in accordance with

GENERAL NOTE: Mainstream-instrumentation to be located between stations A and B.

FIG. 412 TYPICAL SIDESTREAM INLET AREA

surement of the temperature rise (such as with differ
ential thermocouples). Evidence of nonuniform tem
perature distribution more than 2 percent of th
temperature rise at either the inlet or the discharg
measurement station, may require one of the follow-
ing procedures be used at the offending measurement

W W

para. 4.17:

4.15.3 The heat balance method shall be used
with the following precautions and limitations.

(a) The inlet and discharge temperatures shall be
measured with instruments suitably selected and ap-
plied to provide combined accuracy within 1 percent
of the temperature rise. When the rise is less than
50°F, consideration should be given to direct mea-

station:

(1) Apply insulation to the piping upstream of
the temperature measurement station in an effort to
minimize thermal gradient. If successful, the tempera-
ture 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

35
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stratification causes the problem at a compressor dis-
charge.

(3) Perform a temperature traverse using 10 loca-
tions along each of two diametral traverse lines spaced
90 deg. apart at the same pipe cross section. The
10 sensing locations along each traverse line should
correspond closely to the average radii of five annular
regions of equal area which comprise the entire pipe
cross section. (The central region actually would be

COMPRESSORS AND EXHAUSTERS

fluctuation of the temperature rise by not more than
1 percent of the temperature rise.

(b) The cooling fluid flow meter shall be selected
and calibrated to maintain the uncertainty limit within
1/2 percent at test conditions.

(c) The cooling fluid flow rate shall be regulated
so that the temperature rise is not less than 20°F.

(d) Two or more temperature measuring devices
shall be used at each cooling fluid inlet and outlet.

d circular rather than annular area.) The measured
temperature would be the average of the 20 individual
rpeasurements.

(b) In sidestream machines, where internal temper-
dture measurements are to be made, ideally four loca-
tjons should be used. However, this may not prove
tb be practical. In all cases, the upstream temperatures
gf the two streams mixing internally should be mea-
ured. A measurement of the downstream mixed tem-
perature would be unreliable and should not be used
for calculation purposes due to inherent poor internal
rpixing conditions in a machine.

(c) Temperature equilibrium shall be established
hefore starting the test reading. Acceptable equilib-
ium will be demonstrated by six or more readings,
uniformly timed, for a period not less than 10 minutes,
during which the temperature rise drift does not ex-
geed 5 percent of the temperature rise.

(d) The heat losses due to radiation and convection
gxpressed in percent of total shaft power shalf not
gxceed 5 percent. (See para. 4.17.)

(e) The inlet gas conditions shall have-asminimum
¢f 5 deg. superheat for Type 2 tests.

4.16 SHAFT POWER BY/HEAT EXCHANGER
METHODS

4.16.1 When it is.‘not possible or practical to
easure shaft power directly or by a compressor
eat balance, and-a heat exchanger is incorporated
in the test atrangement, the heat transferred to the
ooling water may be used to determine the net
ompressof shaft power.

.16.2° Methods to account for the mechanical
I i ; —418:
from the casing, piping, and cooler may be evaluated
in accordance with para. 4.17.

4.16.3 The heat exchanger method shall be used
with the following precautions and limitations.

(a) The cooling fluid supply shall be stable in pres-
sure and temperature so that the fluctuation of flow
rates will not deviate more than 2 percent and the

(e) Spinners or similar devices shall be ysed to in-
sure thorough mixing of the outlet stréam prior to
temperature measurement.

(/) The heat losses due to radiation and cpnvection
from the gas loop piping, the compressor, and the
cooler shall not exceed 5<percent of the {otal shaft
power. It is recommended that the piping between
the compressor discharge flange and the cgoler inlet
be insulated.

(g) Temperature’equilibrium shall be established
before starting. the test reading. Acceptable equilib-
rium will’be-demonstrated by six or more| readings,
uniformly timed, for a period not less than 10 minutes,
during which the temperature rise drift dops not ex-
ceed 5 percent of the temperature rise.

4,17 HEAT LOSS

4.17.1 When using either the heat balante or heat
exchanger method for determining power| it is rec-
ommended that heat loss be minimized by the
application of a suitable insulating materfial. If the
compressed gas temperature rise is less than 50°F,
the inlet piping, compressor casing, and gxit piping
shall be insulated at least to the measuring station.
The external heat loss from the compressor casing
and connecting piping may be computed with ac-
ceptable accuracy from measurements df the ex-
posed surface area, the average temperatyire of the
surface, and the ambient temperature. |Where a
hot surface temperature varies widely, ap in large
multistage compressors, it is advisable to fivide the
casing into arbitrary sections and determing the area
and temperature of each separately, and thus obtain
an approximate integrated average temperature for

4.17.2 Where cooling occurs between the inlet and
outlet measuring stations as part of the compressor
design, measurement of temperatures and flow rates
of the cooling fluids are required. Examples are
compressors incorporating cooled diaphragms, in-
terstage coolers, or aftercoolers as part of the com-
pressor package being tested.
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4.18 MECHANICAL LOSSES

4.18.1 When practical, the heat equivalent of the
mechanical losses (integral gears, bearings, and seals)
shall be determined from the temperature rise of
the cooling fluid. The quantity of fluid flowing shall
be determined by calibrated flow meters. The heat
equivalent of the external losses as well as the
frictional loss in the mechanical seals, if used, shall
be deter

ined-and-included-in the totalmechanical

ASME PTC 10-1997

4.19.2 Pressure measurement devices (Bourdon
tube gages and transducers, etc.) shall be calibrated
with a deadweight standard or manometer at approx-
imately 5 percent intervals for the anticipated mea-
surement range.

Instruments affected by temperature shall be cali-
brated in the same temperature range prevailing
during their use.

4.19.3 Temperature measurement devices (thermq-

losses.

Where[the mechanical losses are well known and
documented, the calculated values or those values
determingd from prior testing may be used by
agreemerjt by test parties.

4.18.2 Where speed changing gears (not part of
the compressor) are used between a driver and a
compresspr, and shaft power is measured on the
input sid¢ of the gear, it will be necessary to subtract
the frictiogn and windage loss of the gear to obtain
the shaft|power input to the compressor. The gear
power logs to the lubricating fluid may be determined
by measyring the flow rate and the temperature rise.
The addifional external loss to the atmosphere may
be determined by the methods of para. 4.17. When
gear loss easurements are made on an independent
gear test| care should be taken to assure that the
load, lubticating oil temperature, viscosity, and flow
rates are|similar to those for the compressor test.

4.19

4.19.1 Al instruments used for measurement shall
be currently certified by comparison with appropriate
standardq before the test. Those/instruments subject
to changp in calibrations due to use, handling, or
exposure|to injurious conditions, shall be compared
again with standards( after the test.

INSTRUMENT CALIBRATION

couples, mercury-in-glass thermometers, RTDj,
thermisters, etc.) shall be calibrated with certified
standards at 20 percent intervals for the meastrement
range. The standard shall be suitable for the)measurg
ment range of the instruments to/be calibrated.
Procedures described in PTC 19.3;” Temperatur
Measurement, shall be followed: for checking th
accuracy of temperature measuring instruments.
Thermocouple calibration-checks shall include thee
hot junction, the leadwires, and the indicatin
instrument. RTDs and:thermisters shall be calibrate
with the total system:

4.19.4 Instruments for measuring electric powg
such as wattmeters, ammeters, and voltmeters sha
be calibrated with primary standards. The zero ad-
justments shall be checked. They shall be examin
for pivot friction. Instruments showing pivot frictio
shall not be used. Dynamometer types may
calibrated on either ac or dc current. Current trang-
formers shall be measured for transformation rati
and phase angle at the range of burdens prevaili
in the circuit during the test. The transformatio
ratio of potential transformers shall be measur
at the approximate primary voltage and frequendy
prevailing during the test.

[CHL]

0.0

=

4.19.5 Torque meters shall be calibrated

applying torque with certified standard weights, lo
cells, or other appropriate devices spaced to cover
the working range. For strain gage types, the calibra-
tion shall include the brushes, lead wires, and the
indicating instrument.
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SECTION 5 — COMPUTATION OF RESULTS

5.1 FORMAT

one percent in efficiency and two percent in dis-

5.1.1 The Calculation Procedure. The process of
establish|ng compressor performance from test data
involves fa number of calculation steps. This Section
is preserfted in the following chronological order:

® Perfedt or real gas treatment is selected.

® The appropriate test speed is calculated if a Type
2 test|is to be performed.

® The rgw test data is processed.

® Test performance is calculated.

® Test performance is expressed in dimensionless
form.

® Reynqlds number correction is applied.

® The cprrected dimensionless expressions are used
to preflict performance at specified operating con-
ditions.

The important subject of uncertainty is treated
separately. The section format is intended to guide
the user in basic calculation procedure and to present
the necepsary equations. Appendix E is provided as
a backgrpund theory source and further explanation
of the equations.

5.2 COMPUTATIONAL METHODS. FOR IDEAL
AND REAL GASES

5.2.1 (hoice of Methods. The test and specified
gases may be treated as either perfect or real de-
pending |upon their respective thermodynamic be-
havior. ffor the purposes of this Code ideal gases
are thos¢ which falbwithin the limits of Table 3.3.
Gases which exhibit deviations beyond these limits
are cons{dered real. Three distinct treatments of gases
are recognized in the computational procedures. The

charge specific volume. The ideal gas equatiofi ¢f
state, 144pv = RT, and the corresponding derived
equations in Tables 5.1 and 5.4 may be Used.

For gases with variable specific heats, average
properties are calculated at the arithmetic mean
section temperature.

5.2.1.2 Schultz Method. The gas may be treated
as a real gas using the ‘method of Schultz [sge
Ref. (D.13)] when the compressibility functions afe
known. The real gas:equation of state, 144pv *
ZRT, and the corresponding derived equations ¢
Tables 5.2 to &4 are used. The arithmetic medn
between inlet.and discharge conditions shall be usgd
for evaluating compressibility, specific heat, X and
Y. The_Schultz method is normally used when the
discharge conditions are unknown and an estimate
of \the polytropic exponent, n, is needed. Iteratign
is required to obtain the arithmetic mean conditions.

The curves provided for X (Fig. 3.6) and Y (Fig.
3.7) are for reference. They were derived from the
generalized compressibility charts. Specific valugs
of X and Y may be developed for any test ¢r
specified gas composition.

=

5.2.1.3 Tabulated Properties and Equation of
State Methods. Pure gases and gas mixtures for
which tabulated data properties exist may be treatqd
as real gases.

There are many gas property correlation equations
of state for pure components and gas mixtur
Many of the generalized equations of state provide
sufficiently accurate predictions of gas properties {o
be used in conjunction with the calculation methods.

The use of either of these methods will requife
iterative procedures to satisfy the equations in Tables

appropriate choice will_ depend upon the selected
gas, knowledge of its properties, and the desired
accuracy.

5.2.1.1 Ideal Gas Method. The gas may be
treated as an ideal gas when its properties satisfy
the limits imposed in Table 3.3. The table limits
are defined so that the use of ideal gas laws will
introduce maximum uncertainty of approximately

39

2.2 10 5.A4.

5.3 TYPE 2 TEST GAS 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 operating gas or a
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TABLE 5.1

COMPRESSORS AND EXHAUSTERS

IDEAL GAS DIMENSIONLESS PARAMETERS

Mathematical Description at Test Operating

Parameter Conditions Eq. No. Assumption
Flow coefficient _ Wiotor [5.1T-1] bsp = Pt
¢ = [—— 3]
pi2 aN (1—2-) [
Work input coefficient ha - hi [5.17-2] linkép, T [winle
il = 1 J
— 32
8c ¢
Ispntropic work coefficient k RT g (5.1 -3] (dlsp = lugele Remeorr
A k=177 ripave
lasle = |5 = F) -1
— 32 U2 / t
c t 8c '
Polytropic work coefficient n RT~— Iy (5.1T-4] lnpsp = [l Remeor
W, (n-1)"" [/pat7
lagle = {3 I [(p) 1]
Z(ﬁ _ ZL/Z i t
c ' 8c t
i P i [5.1T-5]
= pi
where n, = T,
In —
pild],
Isentropic efficiency Ws k RT, & [5.1T-6] [7lsp = Lnldl: Remeonr
BRI S ) LEK R
g ha - h; t hd — hi Pi t
Polytropic efficiency W n RT, o [5.1T-7] [nplsp = [nfolt Remeorr
S ol e
el = [he =R, ha - hi \pi '
Total work input coefficient See Table 5.3
For ideal gases with con- 3] [5.1T-8}
stant specific heats nde = [L( &’) k 1]
Ta=TA pi t
and, k-1 [5.1T-9]
k
["Ip]r = nTl
n

t

GENERAL NOTE: Appropriate units must be chosen to render the parameters dimensionless. Further explanation of the equations is available

in Appendix E.
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TABLE 5.2
REAL GAS DIMENSIONLESS PARAMETERS

Eq.

ASME PTC 10-1997

No. Assumption

Parameter

Mathematical Description at Test Operating Conditions

Flow coefficient

[5.2T-1]

Wratar

[
pi2 ”N(ﬁ) .

t572F=21

¢5p = ¢

T [
IAinlsp = THinlt

Py
ICHICICETI

Work input ¢

Isentropic wdrk coefficient

Polytropic work coefficient

Isentropic efficiency

=11

lwinl: = T
— 32
8c t

[5.2 -3]

ng -1

"~ flaapw;
1 Pivi pd

W, s
[pde = 1 = 1 (— -1
— T2 —su2 P
t 8c ¢

C

where [ng, =
Vi

h4 - hj
u 144 (pavg - pivi)
N
¢

andf,=|
(ng = 1)

n
— 144

l _ -1
t

[#p]t = 1 Wo
—-YU?

(pava — pivi

1
G ZUZ
8¢

C

! f144pv;
L[fp-D p”&’T_1

Lsue Pi

Ec f

[ll-s]sp = [ll-s]l Remcorr

[5.2T-4]

[5.2T-5]

[5.2T-6] [ll-p]sp = [ll-p]t Remcorr

{5.27-7]

[5.2T-8] [ﬂs]sp = [175]: Remcore

I
—
3)
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TABLE 5.2 (CONT'D)
REAL GAS DIMENSIONLESS PARAMETERS

Parameter Mathematical Description at Test Operating Conditions Eq. No. Assumption
Polytropic efficiency W " a4
(9ol = ! -2t (pava - pvid | =
Tl = ek, ~ [Tha -y P P¥ ]
[5.2T-9] [ﬂplsp = l'ﬂp]t Remcorr

n
—_ A44py,
_ln-1 iy
T L tha-h)J \pi

Total work input coefficient See Table 5.3

n-1

GENERAL NOTE: Appropriate units must be chosen to render the parameters dimensionless. Furtheréxplanation of the equatigns is available

in Appendix E.

gas which allows for similarity testing at equivalent
conditions.

5.3.2 Test Speed Selection. The volume ratio limi-
tation of Table 3.2 may be met by controlling the test
speed. The appropriate test speed is calculated from

1
(ﬂ)ﬁ [5.3.5]
pi

t sp

(P_d)‘;
Pi

W, Rem The Machine Reynolds number |correction,
(N pEMeore \ ) . )
~Ng = v [5.3.1] Remcor, is explained in para. 5.6.3.
*° Psp In order to apply these equations it i§ necessary
to know the polytropic exponent, which if a function
where of polytropic efficiency.
For any gas,
ﬂ
w,,t=( NO\izRT; (ﬂ) "1 ) [5.3.2] (|n&’)
=1 Pi pi
t n= (5.3.6]
Vi
G
d ve
and, For an ideal gas,
| STPRL
W, =|—— zgrr (P [5.3.3] AL (5.3.7]
i \n =1 “pi7 J/ ' ~
sp
For a real gas using the Schultz method,
with the restriction that,
- (5.3.8]
[nle = [rv]sp [5.3.4] n= Y-ml+X o
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where

[5.3.9]

Both the test and specified operating condition effi-
ciencies are known only approximately before the
test. Where no better approximation is available,

ASME PTC 10-1997

5.4.2.3 Fluctuation. Three or more readings are
used to obtain the test point. The allowable fluctua-
tion of the readings is shown in Table 3.4. The
fluctuation is computed by taking the differences of
the highest reading and the lowest reading and
dividing by the average of all the readings.

they may be estimated from the design value, . 100 (Ay — Ay e
[~ Y V.5, T}
1 n
- A
. . npdes i=1
npsp - npdes np{ - Remcorr

5.3.3 Teft Speed Validation. When the actual test
conditiond differ from the estimated values, the most
appropriate test speed will depart from the previously
calculated test speed. Some deviation is allowable.
The test $peed is acceptable when the deviation
satisfies the limits of Table 3.2.

5.4 CALCULATIONS FOR TEST OPERATING
CONDITIONS

Performpnce at the test conditions is calculated
by the following procedures.

5.4.1 Raw Data Acceptability. The observed data
shall be checked for compliance with the limitations
imposed |n Sections 3 and 4. See PTC 19.1 for
guidance pn examining data for outliers.

5.4.2 Progcessing Raw Data. Acceptable raw-data
shall be pgrocessed to provide values to_be used in
the compptation of results.

5.4.2.1 | Calibrations and Corrections. Applicable
instrument and system calibrations”shall be applied
to the raw|data. The need for<orrections and calibra-
tions arisgs from both thesndicating system compo-
nents and measurementdechnique. Raw data shall
be correcfed as required based on:

(a) instjument andinstrument system calibrations

(b) liquid legs-in pressure measurement lines

(c) temperature effects

nt stem corrections.

where

AF= fluctuation expressed in %-(Table 3.4)

An= highest reading

A= lowest reading

Ai= i reading

n=total number of readings
If the fluctuation values of Table 3.4 are satisfied
then the point is dssumed to be valid.

5.4.2.4 Test Point Data. The individual readings
are summed‘and divided by the total number o
readings>to establish an average. This average i
thentised as the test point data.

5.4.2.5 Total Conditions. Gas state static tes
point data shall be converted to total condition
values for the computational procedure. This does
not preclude final presentation in terms of statig
conditions, but total values are used in the intermedi
ate computations.

The relationship between static and total properties
is velocity dependent. Average total properties arg
estimated herein from the average velocity at the
measurement station.

The average velocity at the measurement statior|
is given by

w

60
V =
Pstatic A

(e) local gravitational variation

5.4.2.2 Data Conversion. The corrected raw data

is then averaged from the total number of observa-
tions (raw data) at each measurement station. This
averaged data becomes the reading. The reading
is then converted to absolute units of pressure,
temperature, etc.

43

Simplified methods for converting between static
and total conditions at low Fluid Mach numbers
are presented in the following paragraphs. A refined
method for higher Mach numbers is given in Appen-
dix G. The Fluid Mach number for ideal gases is
given by
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1%

NVEcK R Tsatic

M=

5.4.3 Test Pressure

5.4.3.1 Simplified Method. For measurement sta-
tion Fluid Mach numbers of 0.2 or less the effects
of compressibility are small. A good approximation

COMPRESSORS AND EXHAUSTERS

The test total temperature is calculated from the
measured temperature taking into account the effect
of recovery factor.

5.4.4.2 Simplified Method. The difference be-
tween total and static temperatures may be evalu-
ated from

Vive

?Lvelaan,;pzes&ue_may_be_abumed by assuming
ncompressible flow at the measurement station and

ralculating an approximate density from the mea-
qured static pressure and measured temperature.
Thus

p = 144 Pstatic/ZRTmeas [5-4-2]

Var = w/b0pA [5.4.3]
pVin

= Poatic + ———% 5.4.4

P Pstatic + 2 (144) g [ ]

5.4.3.2 Refined Method. For cases where the
measurement station Fluid Mach number exceeds
D.2, or when a better average velocity estimate is
lesirable, the refined method of Appendix G may
pe used. This method is based upon.the-assumption
pf uniform compressible flow at the’ measurement
tation.

p.4.4 Test Temperature

5.4.4.1 Recovery Factor. The temperature indi-
rated by a sensing.'element is normally a value
somewhere between.the static and total temperature,
Hepending upon_the ability of the sensor to recover
he converted kinetic energy of the gas stream. This
nbility is, defined in terms of a recovery factor,

F—=

[5.4.6]

T'static

= 2Jgecy)

This equation is accurate for_ideal gases (using
an average cp). It is less accuratefor real [gases and
should be used with caution for real gasej for Fluid
Mach numbers above 0.2\(see Appendix| G).

The above equation and the definition of recovery
factor rr combine to.give

Vévg
T = Tmeas + [1 — 7] [(ZIgcCp)] [5.4.7]
5.4.4.3 Refined Method. For cases yhere the

measurement station Fluid Mach number exceeds
0.2 for a real gas, the discussion in Agpendix G
gives guidelines for more accurate methods for relat-
ing total temperature to measured tempegature. For
cases involving extreme variation from |ideal gas
behavior, such as near the critical point} the total
temperature may differ greatly from the value indi-
cated by para. 5.4.4.1 and the methods qutlined in
Appendix G should be used.

5.4.4.4 Test Discharge Temperature From Shaft
Power. An alternative method for determining test
discharge temperature is discussed in parp. 5.4.7.6.

5.4.5 Test Density and Specific Volume¢. The test
total density is calculated from the test total pressure
and total temperature as

{144 p)
= 5.4.8
; . ' [ RT ]t 15481
rf = meas static [5.4.5]
r- Tstatic £ ideal o o |
o1 aCdr— gasts,—anday;
The recovery factor is primarily dependent upon
geometric configuration, orientation, and Fluid Mach | = [“ﬁﬂ] (5.4.9]
number. Standardized Performance Test Code wells ZRT 1i

(PTC 19.3) used at velocities below 300 ft/sec have
a recovery factor for air equal to 0.65. Recovery
factors for various sensors may be available from
the instrument manufacturer.

44

for real gases.
The test total specific volume is the reciprocal of
the total density
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1
Ve = —
Pt

[5.4.10]

5.4.6 Test Flow Rate. The measured flow rate is
calculated according to the formulas applicable to
the indicating instrument used. In some cases sec-
ondary flows such as leakages may be wholly calcu-
lated rather than measured when mutually accept-

ASME PTC 10-1997

= [Souwh - Tinwh + Q ——— [5.4.13]

P
&t 33000

where

[Zouwh — Tinwh]

indicates the sum of mass flow rate-enthalpy products

far—all floaws—crassine—the—<cection—bowndatrias
o H—THoOWS—EraSsSHRE—the—5Seedoi—bBodRaafries:

able methods are available.

5.4.6.11 Mass Flow Rate. Test flow rates are ex-
pressed af mass rate of flow at the station of interest.

5.4.6.2| Volume Flow Rate. This Code uses a
flow rate [definition in the calculation process which
has the {nits of volume flow rate. It is

{5.4.11]

N B

where
w=pass flow rate
p= tptal density
This définition is consistent with the use of total
propertied in the calculation procedure. It does not
represent|the actual local volume flow rate because
it is basefl upon total rather than static density. All
referencep to calculated volume flow rate imply this
definition| unless otherwise stated.

5.4.7 Test Power. The calculation of test power
depends |upon the method of measurement."Both
shaft power and gas power may be of interest.”Shaft
power is|the power input to the compressor drive
shaft. Gap power is the power delivered to the gas
in the seftion(s) of interest.

5.4.7.1| Shaft Power Methods:"When power in-
put is mpasured by instruments such as a torque
meter, dynamometer, or <alibrated motor, the shaft
power is|calculated using the appropriate formula.
Gas power is calculated by subtracting the parasitic
losses frgm the_shaft power (see para. 5.4.7.5 for

Q; is the heat transfer from the section boundaries.
Shaft power is the sum of gas power plus -any
parasitic losses,

Psh{ = Pgt + Pparasi(icl (5.4.14]

5.4.7.3 Heat Exchanger ‘Méthod. Closed loop
heat input tests are a form of the heat balanc
method. The gas power(is given by,

11

—J_ (5.4.15)
33000

Pgl = [WWCPW (= t) + Qr + Qexd]
where
wy=—cooling fluid mass rate of flow
&= cooling fluid specific heat
t; = cooling fluid outlet temperature
t; = cooling fluid inlet temperature
Q.= heat transfer from the section boundaries
" Qex= other external heat loss equivalent, for ex
ample, seal leakage

5.4.7.4 Casing Heat Transfer. The external hegt
loss or gain from the section may be computed
from measurements of the exposed surface area, the
average temperature of the surface, and the ambient
temperature from

1
Q=w&¢mm%6 [5.4.14]

=

" here
arasitic [losses). W
P Sc= heat transfer surface area of exposed cont-
_ pressor and adjoining pipe for section
"sh‘ = measurea value interest
t.= casing surface temperature
Py, = Peh, — Poarasitc, [5.4.12] t,= ambient temperature

5.4.7.2 Heat Balance Method. Gas power is
calculated from the First Law of Thermodynamics
applied to the compressor section of interest, yielding

45

h,= coefficient of heat transfer for area (com-
bined convection and radiation)

Where the casing surface temperature varies

widely, the accuracy of this calculation may be

improved by treating small areas of the surface
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separately and summing the results. See paras. 4.15,
4.16, and 4.17.

5.4.7.5 Parasitic Losses. Parasitic losses are the
difference between shaft power and gas power for
the section(s) of interest. They are comprised of

COMPRESSORS AND EXHAUSTERS
Pg = P - Pparasitic [5.4.19]

(b) Calculate the enthalpy rise from the gas power

(Pg 33(})00 _ Qr)

mechanical losses and other power requirements hg - hi =
. . . W
which do not contribute to the energy rise of the rotor
gas in the section of interest,
yietding
Pparasitic = Pmech = Pother [5.4.17] 33000
(Pg 1,.Q Q’)
hg = hi +
' WI'O(OI'

(a) Mechanical Losses. Mechanical losses are al-
vays considered to be parasitic losses. Those losses
ue to lubricated gears, bearings, seals, etc., may be
stimated from the lubricating oil temperature rise.

ther mechanical losses from seals, bearing, etc.,

hich do not contribute to the lubricating oil tempera-
ure rise shall be determined separately. That portion

f the mechanical loss evident in the lubricating oil
femperature rise is given by:
Pmech = [wcpAl] 33000 [5.4.18]
where
w=mass flow rate of the lubricating.or seal-
ing fluid
cp= specific heat of the lubricating or sealing
fluid
A= temperature rise of the \lubricating or seal-
ing fluid
(b) Other Parasitic Losses!/ When the shaft power

ethod is used, power.supplied to drive auxiliary
quipment is treated-as-parasitic. Also, power supplied
o sections of a multisection compressor other than
he section being-tested is considered parasitic.

When the'\heat balance method is used, and total
haft power is defined to include power to drive
uxiliary\equipment, the auxiliary power requirement
s treated as parasitic.

(c) Determine the discharge stagnation| tempera-
ture from the calculatéd discharge stagnation enthalpy
and discharge stagnation pressure, according to the
properties of the.gas.

NOTE: An iterative calculation is required for real gases.

5.5 DIMENSIONLESS PARAMETERS

The following dimensionless parameters |are calcu-
lated for the test conditions to provide wverification
that the limits of Table 3.2 have been mjet.

5.5.1 Machine Mach Number. The Machine Mach
number is given by

5.4.7.6 Alternate Method For Determining Test
Discharge Temperature. For cases where the dis-
charge temperature cannot be measured with suffi-
cient accuracy, it may be possible to obtain a value
from the measured shaft power.

The method is as follows:

(a) Calculate gas power from the shaft power mea-
surement
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Mm = U/a; [5.5.1]

For ideal gases,
a; = ‘\]k,'gcRT,' [5.5.2]

For real gases,
aj = # = \jyp,-v,- [5.5.3]
5.5.2 Machine Reynolds Number. The| Machine

Reynotds number 15 given by

Rem = Ub/v [5.5.4]

(a) For Centrifugal Compressors
U= velocity at the outer blade tip diameter of
the first impeller, ft/sec
b= first stage impeller exit width, ft
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v= kinematic viscosity of the gas at inlet condi-
tions, ft?/sec
(b) For Axial Compressors
U= velocity at first stage rotor blade outer diam-
eter, ft/sec
b= chord at tip of first stage rotor blade, ft
v= kinematic viscosity of the gas, ft?/sec

5.5.3 Specific Volume Ratio. The specific volume
ratio is th i i i ifi
volume.

rv = vilvg [5.5.5]

5.5.4 Volume Flow Ratio. The volume flow ratio

between any two points x and y in the section is
given by
(5
R LJLL 4 (5.5.6]
Qy (ﬂ)
Py

For compressors without sidestreams the inlet to
discharge volume flow ratio is limited by the specific
volume rdtio limit. For sidestream compressors the
volume flpw ratio limits of Fig. 3.2 also apply.

5.5.5 Flgw Coefficient. The flow coefficient is
given by

Wrotor

6 = [5.5.7]

D 3
P'Z”N(E)

where wdior is the mass flow. fate which enters the
rotor and |s compressed. It differs from the measured
mass flow| rate by the amount of leakage and side-
stream fldw which occurs between the rotor entry
and the flpw measurement station. Figure E.2 gives a
schematid] representation of mainstream, sidestream,

and IeakaFe flows.

ASME PTC 10-1997

5.6.1 The Single Section Compressor

5.6.1.1 Description. The single section compres-
sor from inlet to outlet measurement stations experi-
ences no gas cooling other than natural radiation
and convection. No gas flow is added or removed
other than that lost through seal or balance piston
leakage. No condensation occurs.

Compressors. The first step is to calculate the follow/
ing values:

(a) flow coefficient

(b) work input coefficient

(c) polytropic work coefficient

(d) polytropic efficiency

(e) total work input coefficient

The equations needed to.do” this are shown in
Tables 5.1, 5.2, and 5.3, and are explained in detai
in Appendix E. Some of these parameters are subjec
to correction for the difference in Machine Reynold:s
number between-test and specified operating condiq
tions, as expldined in para. 5.6.3. The right-hand
columns show. the relationship between the test ang
specified ‘condition values.

The second step is an interpolation process. Com;
pressor performance at a single specified condition
operating point is determined from at least twq
bracketing test points. To perform the interpolation
the specified operating condition dimensionless paf
rameters are treated as functions of the specified
operating condition flow coefficient. The specifieg
operating condition dimensionless parameters fo
each point may be plotted as shown in Fig. 5.1. A
smooth curve is drawn connecting the data points
For two points this is simply linear interpolation
improved data interpolation may be possible with
additional test points and nonlinear curve fitting.

The third step is to establish the compressor per
formance in dimensionless terms at the specifie
operating condition flow of interest. To do this
a specified operating condition flow coefficient ig
calculated from the flow rate, speed, and inlet condi
tions of interest. The remaining dimensionless per.
formance parameters are defined from the interpola

5.6 CALCULATIONS FOR SPECIFIED
OPERATING CONDITIONS

Performance at specified conditions is calculated
by the following procedures. Certain additional di-
mensionless parameters are calculated for the test
conditions and extended to specified conditions.

47

fion process of step 2. This information 1s_simply
read from the curves of Fig. 5.1 at the flow coefficient
of interest. The compressor performance at the speci-
fied operating condition point of interest is now
defined in dimensionless terms.

The fourth step is to calculate the compressor
performance in the desired dimensional form. This
is done by solving the dimensionless parameter
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TABLE 5.3
TOTAL WORK INPUT COEFFICIENT, ALL GASES

Parameter

Mathematical Description at Test Operating Conditions

Eq. No. Assumption

[Note (1)}
[Qpplt =

Total work input coefficient

{heat balance method) wg (hg - h)

J
+

Wsg (heg— hd J
+

Wiotor 1

8c

Tu?

Wiotor |

— yy?

8c

wiu_ (hy = b))

wig (hig = h) J
+
Wiotor 1_ TU2

C

way (hsg - hi) J

Wiotor 1

—YU?

C

QJ [5:37-1) [Quplsp = [Qnole

- wl'()l()r 1_ ZUZ
8c

[nsh] t=

Wioor — LU 2

1 l
B¢ '

Fotal work input coefficient
(heat balance method)

(Psh = Prarasitic) 33000]
f

Wiotor — LU?
8c

[5.3T-2] [Qsh]sp = [-Qshlt

n Appendix E.
NOTE:

pquations for those quantities of (interest. Typical
pquations used to do this are shown in Table 5.4.
For example, to calculate the' discharge pressure
at the specified conditionflow the following steps
are taken: (1) the pressure ratio is calculated from the
now known specified operating condition polytropic
efficiency and polytropic work coefficients, and (2)
the discharge pressure is the product of this pressure
Fatio and the{specified operating condition inlet
pressure.

5.6.2<-The Multisection Compressor

5.6.2.1 Description. A multisection compressor

[GENERAL NOTE: Appropriate units must be chosen to render the parameters dimensionless. Further explanation of the equatior

s is available

1) This equation applies to a particular model as presented in Appendix E, para. E.3.12. Some of the terms may not apply in a particular
case. Additional terms may apply. The analysis of para. E.3,12 tay be followed to develop appropriate equations.

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

In the special case of sidestream mixing
in a compressor, the inlet mixed conditig
determined from the inlet states of the
streams.

(b) When a component such as an ex
exchanger exists between sections, the pg
of that component shall be known for sp

erating conditions.
fo) TN

internally
n shall be
incoming

ernal heat
rformance
ecified op-

is a compressor which may be treated as a number
of individual single section compressors operating
in series. The output from each single section pro-
vides input to the next section. The section bound-
aries may be drawn to exclude intermediate compo-
nents such as external heat exchangers.

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

48

ifrthetntermediate-eomponent per-
formance between test and specified operating condi-
tions shall have a negligible or known effect upon the
single section performance. That is, a negligible or
known effect upon the dimensionless performance
parameters.

5.6.2.2 Calculation Method for Multisection
Compressors. The specified operating condition per-

TC7 HTCTeTICCY
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~

m']"P T\I

[p'in]"P .\\

Mplsp g T

[p-p]sp \

(blsp
Test Point'#1 Test Point #2
FIG. 5.1 SPECIFIED.CONDITION CAPACITY COEFFICIENT FOR SPECIFIED
CONDITION CAPACITY OF INTEREST

formance|for multisection compressors is calculated effects on flow rate and gas state are taken int
from the fpecified ‘operating condition performance account.
of the ind|vidual‘calculated sections. The basic calcu- For a heat exchanger these effects are temperaturg
lation prqcedure for each section is the same as for reduction, pressure drop, and condensate removal.
single segtion tests. The test data for each section For the case of mixed streams see para. E.5. The

is reduced to the form of dimensionless performance
parameters which apply at the specified operating
conditions. The performance of the first section
is calculated just 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

49

resulting condition becomes the specified operating
condition gas state at the entry to the second section.
The flow coefficient calculated from the known flow
rate becomes the interpolating flow coefficient for the
second section. The calculation process is repeated
through the second section, remaining intermediate
components and sections, and on to the final dis-
charge. 1t is not necessary that an intermediate
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TABLE 5.4
TYPICAL CONVERSION OF DIMENSIONLESS PARAMETERS
Parameter Mathematical Description at Test Operating Conditions Eq. No.

Rotor mass flow rate D ]
[Wm(or]sp = ¢Sp I:[p,z21rN (E) ]
sp

Quantity of gas delivered (Wasp = (Whotorsp — (Weplsp — (Widdsp € (Compressor) [5.4T-2]
(\/Vi)sp = (Wrmor)sp - (Wlu)sp - (Wsu)sp € (Exhauster) [5-4T'3]
Capacity (Wdsp [5.4T-4]
=%
Pilsp
Polytropic work (head) 1 (5.4T-5]
per section Wolip = (upsp (; U Z)SP
Pressure ratio (ideal gas 1 ) ( L ) [5.4T-6]
with constant specific g v m=1gp
heats) (rp)sp = ([l:p)sp —_—,+1
RTi
n-1
s
n k [5.4T-7]
where PR=zT T EET T (npsp
Pressure ratio (real gas) 1 sU? (n '_1 1)sp [5.4T-8]
(I'p)sp = (,U'p)_gp gc +1
'm fl 44p,'V,'
P
4T-9
n B‘fi [5.4T7-9]
where (ng)sp = C'
In—
val,
[ =) J ] [5.4T-10]
fsp = n
] 144 (pavg ~ pivi) "
In%; [5AT-TT1
= |2
Ih—
vaf,,
144 (ini)sp = (Z:RTl)sp [5.4T-12]

[Table continued on next page]
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TABLE 5.4 (CONT'D)

TYPICAL CONVERSION OF DIMENSIONLESS PARAMETERS

ASME PTC 10-1997

Parameter Mathematical Description at Test Operating Conditions Eq. No.
Pressure ratio (real gas) 1 2
(Contd) R )sp
(hdsp = (hdsp + (rinksp —
or, where the Schultz method is used
_ [ 1 ) [5.4T-13]
Mo = Y " m (1 + Xsp
ZR (1 [5,4T-14]
™ =[5 ()
p \Tp sp
Discharge pressure (pdsp = (rdsp (Pdsp (5.4T-15]
Pressure rise Ap = (pdsp — (Pdsp [5.4T-16]
Discharge enthalpy 1 s [5.4T-17]
(hdsp = | Hin & +hi
I P
Temperature ratio {ideal (n— 1) [5.4T-19]
Pl P
gas) (= (2
Pilsp
The discharge temperature may also be obtained from
thé discharge pressure and enthalpy when the appro-
priate data is available.
Gas power per section 1 [5.4T-20]
P P Wiator Qsp (_ XV 2)
(pgp = i’
Pds 33000
Assumption (} = thsp or, QShsp
[5.4T-21]

Shaft power < 1
&sections rof ()I'sp gc s parasi ICSP

sp 33000

Assumption, ) = thsp or, Qshsp

GENERAL NOTE: Consistent units must be used in defining dimensional properties.
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component exist in order to treat a compressor in
multiple sections. The exit of one section and entry
of another may coincide.

The specified operating condition flow coefficients
for the second and succeeding sections are functions
of the performance of the preceding sections. This
dependence upon preceding section performance is
an effect commonly referred to as section matching.
When the individual section performance curves are

COMPRESSORS AND EXHAUSTERS

The correction to be applied is as follows:
(a) For Centrifugal Compressors

teep, and as the number of individual sections
increase, the overall compressor performance be-
omes increasingly sensitive. It is because of this
ffect that it is important to follow the calculation
ethod presented. What may appear to be small
ifferences between test and specified operating con-
itions in each section may combine to show up as
portant effects in overall performance. Calculation
ethods which attempt to make overall corrections
ithout explicit consideration of the section match-
ing effect can lead to erroneous results.

.6.3 Machine Reynolds Number Correction

5.6.3.1 General. The performance of a compres-
or is affected by the Machine Reynolds number.
rictional losses in the internal flow passages vary
in a manner similar to friction losses in pipes or
ther flow channels. If the Machine Reynolds number
t test operating conditions differs from that at speci-
ied operating conditions, a correction to the*test
esults is necessary to properly predict the*perform-
nce of the compressor.

The flow patterns of axial and centrifugal compres-
ors are relatively complex. The term “Machine
eynolds number” is used to.provide a basis for
efinition in this Code. The Machine Reynolds num-
er correction for centrifugal compressors recom-
ended in this Section\is based on Ref. (D.3) but
implified for ease~of application. The Machine
eynolds number \correction for axial compressors
is unchanged from the previous issue of the Code
nd is based_on Ref. (D.7).

If anather method of correction is used it shall
e agreed on by the parties prior to the test (See
ppendix F).

RAsp (RBS,,)
- =(1- —) =L 6.1
| RA') =) (561
RA = 0.066 + 0.934 [MJ [ [5.6.2]
Rem
13.67
log (0.000125 + )
RB = Rem [5.6.3)
| ( 13.67) -
0B €+ 2o
0.988
RC= —— [5.6.4]
Rem0.243
where
b= as defined in para. 5.5.2, ft
v= the average surface roughness of the flow

passage, in.
The polytropic work coefficient should be cor-

rected for Machine Reynolds number in |the same
ratio as the efficiency.
Hp Mp
Remeoy = —2 = —= [5.6.5]
Hp, Mp,

(b) For Axial Compressors

The correction for axial compressors coptinues to
be based on Ref. (D.7), and is a function only of
the Machine Reynolds number ratio and not the
absolute value of the Machine Reynolds [number.

[5.6.6]

Rem;\(©.2)
1- =(1- ——)
( ﬂp)sp ( ﬂp)t (Remsp

5.6.3.2  Correction Factor. Since frictional losses
in the compressor are a function of the Machine
Reynolds number it is appropriate to apply the
correction to the quantity (1 — »n). The magnitude
of the correction is a function of both the Machine
Reynolds number ratio and the absolute value of
the Machine Reynolds number, with increasing effect
as the Machine Reynolds number decreases.
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Again, as for the centrifugal compressor case,

Ko, "lpsp
Hp, Mo,

Remeor =

[5.6.7]

The limitations of Table 3.2 apply.
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5.6.3.3 Limits of Application. Since the perform-
ance variations increase substantially as the Machine
Reynolds number decreases, tests of compressors
designed for operation at low Machine Reynolds
numbers should be tested at conditions close to those
specified. Therefore, the maximum and minimum
permissible ratios between Rem; and Remy, are
shown in Fig. 3.4. Also, see Appendix F and
Table E.2.

ASME PTC 10-1997

estimated error limit of a measurement or result for
a given coverage. Coverage is the frequency that
an interval estimate of a parameter may be expected
to contain the true value. For example, 95 percent
uncertainty intervals provide 95 percent coverage
of the true value. That is, in repeated sampling,
when a 95 percent uncertainty interval is constructed
for each sample, over the long run, the intervals
will contain the true value 95 percent of the time.

5.6.4 Mechanical Losses. When the mechanical

losses at| specified operating conditions are not

known they may be determined from the following

equation:
Nip\(2:5)

(Qnly = [Qnle(<Z) 15.6.8]
N

The exponent in the preceding equation may vary

with the [design of bearings, thrust loads, oiling
systems, etc. It usually has a value between 2.0
and 3.0.

5.7 TREATMENT OF ERRORS

5.7.1 Source. The information presented in this
Section id derived from PTC 19.1.
5.7.2 Ertors. All measurements have errors. Errors

are the djfference between the measurements and
the true value. The total error is made up of two
ts. One is called bias error. Bias_errors

known and can be calibratedtout, those
negligible and are ignored; and those
which arg estimated and included in the uncertainty
analysis. The other type of error(is, called precision
error. Pregision errors are the random errors observed
in repeat¢d measurementss Exact agreement in re-
peated measurements dees.not and is not expected
to occur pecause of fAumerous error sources.

5.7.3 The Importance of Errors. One chooses to
run a pefformance test with certain objectives in
mind. THey ‘may be as varied as establishing a
benchma i i
performance. Acceptable error limits will depend
upon the test objectives. The error in the final result
shall be sufficiently small so as not to mask the test
objective.

5.7.4 Uncertainty. Some means are necessary to
quantify errors to make a judgement in terms of
acceptable error limits for a test. Uncertainty is the
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Uncertainty analysis 15 the process of 1dentifying

and quantifying the errors in test measurements-ang
propagating these errors to estimate the ungertainty
in the final result. The methodology of ASME PTC
19.1 is the standard for ASME PTC 10 tests. If othe
methods are to be used they are subject to agreemen
by parties to the test.

5.7.5 Scope of Uncertainty ‘Analysis. The scopd
of the uncertainty analysis-tequired for a given tes
is intimately related tocthé test objectives. The scope
of such analysis is subject to agreement by the
parties to the test.Such agreements shall be made
prior to undertaking the test.

5.7.6 The‘Methods of PTC 19.1. PTC 19.1 include
discussions and methods which enable the user tq
select-an appropriate uncertainty model for analysi
and for reporting test results. It defines, describes
and illustrates the various terms and methods used
to provide meaningful estimates of the uncertainty of
measurements and results. It is in essential agreemenrt
with various national and international standards o
the same subject.

The uniqueness of PTC 10 test objectives preclude:
exhaustive treatment of uncertainty in this document
It is anticipated that the user will refer to PTC 19.1
for detailed information to apply to individual tests
The uncertainty analysis can thereby be tailored t
meet the individual test objectives.

The following discussion is included to indicaté¢
the calculation method in general terms. A simple
sample demonstration case is given in Sample Calcut
lation C.8 of this Code. Another simple compressof
example may be found in PTC 19.1. Both ar¢
intended simply to demonstrate the method. Neithe
as_exhaustive 1n
necessarily generally indicative of usual or antici-
pated uncertainty.

PTC 19.1 presents a step-by-step calculation pro-
cedure to be conducted before and after each test.
It is summarized in brief as follows:

Step 1 — Define the measurement process.
(a) Review test objectives and test duration.
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(b) Listall independent measurement parameters
and their nominal levels.

(c) List all calibrations and instrument setups.

(d) Define the functional relationship between
the independent parameters and the test result.

Step 2 — List elemental error sources.

(a) Exhaustive list of all possible measurement
error sources

(b) Group error sources according to calibration,
data acquisition, and data reduction

Step 3 — Estimate elemental errors.

(a) Obtain estimate of each error in Step 2 above.

(b) Classify as precision or bias error.

Step 4 — Calculate bias and precision errors for
each parameter.
Step 5 — Propagate the bias and precision errors.

(a) Bias and precision errors of the independent
parameters are propagated separately all the way\to
the final result.

(b) Propagate according to the functional rela-
tionship defined in Step 1(d) above using-sensitivity
factors.

Step 6 — Calculate uncertainty:!
(a) Select Uapp and/or Ugss:models.
(b) Obtain uncertainty.

Step 7 — Report

(a) Calculations

(b) Tabulated.elemental errors

(c) Bias

(d) Precision)[to55], where S = [T S2/N]*

! The Uapoo and Ugss models are the mathematical models which
are used to combine bias and precision errors to a single uncertainty
value. Uapp provides approximately 99 percent coverage while
Urss provides approximately 95 percent coverage when neither
bias errors nor precision errors are negligible compared to the other.
If the bias error is negligible, both Uapp and Ugss provide 95 percent
coverage.
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SECTION 6 — REPORT OF TEST

6.1 CONTENTS

(e) Description of compressor cooling system and

The Report of test shall include applicable portions
of the irfformation shown in para. 6.2, and may

include gther data as necessary.
Copies of the original test data log, certificates
of instrument calibration, prime mover (motor or

other type) efficiency data as needed, description
of test afrangement and instrumentation, and any
special Written agreements pertaining to the test or
the computation of results shall be included.

When tests are run over a range of operating
conditiorys the results shall also be presented in the
form of qurves. The curves shall be clearly marked
to denot¢ use of static or total conditions.

6.2 TYRICAL REPORT INFORMATION

6.2.1 General Information

(a) Dale of test

(b) Logation of test

(c) Manufacturer

(d) Manufacturer’s serial numbers and complete
identificaftion

(e) Party or parties conducting test

() Representatives of interested parties

(g) Defailed written statement of ‘the test

(h) Agteement made by parties to the test

6.2.2 scription of Test.Installation
(a) Type of compressen; radial flow, axial flow, etc.

(1) Type of impellers; open, shrouded, cast, fab-
ricated, atc.

(2) Number.6f’stages

(3) Arrangement of casing and piping

(4) Ripessizes; inlet and discharge

coolant properties

6.2.3 Specified Operating Conditions
(a) Gas composition and source for properties
(b) Inlet gas state
(1) Total and static pressure!
(2) Total and static temperatufe!
(3) Total and static density’,
(4) Relative humidity if applicable’
(c) Gas flow rate
(1) Inlet and discharge  mass flow rate
(2) Inlet and discharge volume flow rate
(3) Capacity
(d) Discharge static and/or total pressure
(e) Coolant'type, properties, flow rate, and tempe
ature for cgoled compressors
(f) Speed
(g} Others as needed

6.2.4 Expected Performance at Specified O
erating Conditions
(a) Developed head
(b) Efficiency
(c) Power requirement
(d) Discharge total temperature
(e} Others as needed

6.2.5 Derived Parameters at Specified Operating
Conditions
(a) Machine Mach number
(b) Pressure ratio
(c) Volume ratio
(d) Flow coefficient
(e) Machine Reynolds number
(f) Others as needed

6.2.6 Setup of Instruments and Methods of Me:
suring

(5) Arrangement of intercoolers, if used
(6) Impeller diameter and blade tip widths
(b) Description of lubricating system and lubricant
properties
(c) Type of shaft seals
(d) Type and arrangements of driver; turbine direct
connected, motor direct connected, motor and
gear, etc.
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(a) Description ot all allowed departures trom this
Code which have been authorized by agreement

(b) Piping arrangement with sketches and diagrams

(c) Location of all measuring stations with diagrams
and sketches

!Pressures, temperatures, and densities should be clearly identified
as static or total conditions.
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(d) Method of measuring flow rates

(e) Instruments used for the measurement of pres-
sure, temperature, speed, composition of gas, density,
and power

(f) Procedures and facilities used for the calibration
of instruments

(g) Calibration data

(h) Instrument accuracy

(i) Source of test gas property data

COMPRESSORS AND EXHAUSTERS

(ee) Casing surface area
(ff) Leakage flow rates

6.2.8 Computed Results for Test Operating Condi-
tions

(a) Type of test

(b) Test run number

(c) Barometric pressure

(d) Gas composition

(o) AAacc §l

(j) Method of determining power losses, if any, be-
iveen the power measurement station and the com-
Aressor input shaft
(k) Description of sampling and analysis method
for test gas

~

6.2.7 Mean Observations Derived From Test Data
(Al calibrations and instrument corrections having
Reen applied)
(a) Test run number
(b) Duration of run
(c) Speed
(d) Inlet temperature
(e) Barometer reading
(/) Ambient temperature at barometer
(g) Inlet static pressure
(h) Dry bulb temperature if required
(i) Wet bulb temperature if required
(j) Dew point temperature if required
(k) Gas density if measured
(I) Gas composition if measured
(m) Discharge static pressure
(n) Discharge temperature
(o) Flowmeter data, typically:
(1) Pressure differential across flowmeter
(2) Pressure upstream side)of flowmeter
(3) Temperature upstréam side of flowmeter
(4) Flowmeter throat diameter
[ltems (p) to (w) apply to cooled compressors:]
(p) Coolant flow:rate
(q) Coolant inlet temperature
(r) Coolant outlet temperature
(s) Gas temperature at inlet of cooler
(t) Gas‘témperature at outlet of cooler
(u)-Gas pressure at inlet of cooler
(v)- Gas pressure at outlet of cooler

laa—rat
(f) Inlet static conditions
(1) Pressure
(2) Temperature?
(3) Compressibility factor
(4) Density?
(5) Enthalpy
(6) Others as needed
(g) Inlet volume flowrate
(h) Inlet velocity-temperature?
(i) Inlet velocity pressure
(j) Inlet total conditions
(1) Pressure
(2)\Femperature
(3) Compressibility factor
(4) Density
(5) Enthalpy
(6) Others as needed
(k) Capacity
(I) Discharge static conditions
(1) Pressure
(2) Temperature?
(3) Compressibility factor
(4) Density?
(5) Enthalpy
(6) Others as needed
(m) Discharge volume flow rate
(n) Discharge velocity temperature?
(o) Discharge velocity pressure
(p) Discharge total conditions
(1) Pressure
(2) Temperature
(3) Compressibility factor
(4) Density
(5) Enthalpy
(6) Others as needed

(w) Condensate drained from cooler
(x) Power input

(y) Torque

(z) Lubricant flow rate

(aa) Lubricant inlet temperature

(bb) Lubricant outlet temperature

(cc) Mean casing surface temperature
(dd) Ambient temperature

(q) Lcakasc:
(1) Mass flow rate
(2) Enthalpy
(3) Energy loss or gain
(r) Secondary flow streams
(1) Mass flow rate

2terative solution may be required.
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COMPRESSORS AND EXHAUSTERS

(2) Enthalpy
(3) Average mixed gas state
(4) Energy loss or gain

(s) Rotor mass flow rate

() Mechanical loss

(u) Heat transfer loss

(v) Gas power

(w) Shaft power

{x) Head

ASME PTC 10-1997

(1) Pressure ratio

6.2.10 Machine Reynolds Number Correction

(a) Test operating condition Machine Reynolds
number

(b) Specified operating condition Machine Reyn-
olds number

(c) Machine Reynolds number correction

(d) Specified operating condition polytropic effi-

ciency.

omputed Test Performance Parameters
tropic total discharge conditions
emperature

ensity

nthalpy

lytropic work coefficient

verall isentropic volume exponent
olytropic work factor

olytropic exponent

olytropic work

mpeller blade tip velocity

olytropic work coefficient

tropic work coefficient

sentropic exponent

sentropic work

sentropic work coefficient

lytropic efficiency

ntropic efficiency

rk input coefficient

al work input coefficient

nergy lost or gained via leakage
nergy lost or gained via secondary(flows
nergy lost via casing heat transfer
echanical loss

w coefficient

hine Mach number
(k) Spgcific heat ratio, inlet;and discharge

(e) Specified operating condition polytropic work
coefficient

6.2.11 Computed Results for Specified-Operating
Conditions

(Speed and inlet gas state given)

(a) Flow rate
(1) Capacity
(2) Inlet and/or discharge 'mass flow rate
(3) Inlet and/or discharge volume flow rate
(4) Leakage flow rate
(5) Cooler condensate
(6) Secondary flow rates
(7) Others‘as needed

(b) Discharge conditions
(1) Static and total pressure
(2),Static and total discharge temperature
(3) Compressibility factor
(4) Static and total density
(5) Others as needed

(c) Work related terms
(1) Polytropic head
(2) Enthalpy rise
(3) Gas power
(4) Shaft power
(5) Others as needed

6.2.12 Uncertainty Analysis

6.2.13 Suggested Summary of Results, Comparing
the Test, Test Results, and Intended Values
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APPENDIX A
USE OF TOTAL PRESSURE AND TOTAL
TEMPERATURE TO DEFINE COMPRESSOR

A.1 Thqg performance characteristics of a compres-
sor which depend upon thermodynamic properties
for their fefinition are, under the provisions of this
Code, bdased on stagnation (total) conditions. This
proceduré can cause confusion if the principles
involved [are not kept clearly in mind. Compressor
performaphce may be specified at static pressures
and temperatures or at stagnation pressures and
temperatyres, as desired, and the following explana-
tion serves to point out the differences between
the two.

A.2 When the First Law of Thermodynamics, writ-
ten as thp general energy equation, is applied to a
compressor section with the system boundaries de-
fined as|the interior wall of the casing and.'the
transvers¢ planes across the inlet and discharge
flanges i the absence of leakage and sidestreams,
the folloying expression results:

Vi ' @
= -1
+# 2k + ] + ” [A-1]

+ ? + Wy, = h,

Subscripts a and y refér-to static inlet and discharge
conditior}s, respectively. The inlet and discharge
flanges may be considered to be at the same eleva-
tion so that y, and’y,, the elevation heads, become
equal. Sqlving)Eq. [A-1] for W, gives

PERFORMANCE

(This Appendix is not a part of ASME PTC 10-1997.)

Wsh = hd - h,' + Q,/W [A-E]

Subscripts i and d réfer to stagnation inlet and
discharge conditions;.\respectively, as determine
by stagnation préssures and temperatures. In the
stagnation process

[ =

VZ

hi = hy + — [A-4]
' * 2gcl
VZ

he=h 4 A-5

c y + 28] [ ]

The difference between static and stagnation con
ditions is shown graphically on a Mollier Diagram),
Fig. A.1.

A.4 As will be noted from Fig. A.1, the proces
of compression takes place between states a an
. Some calculations regarding the internal compres
sion process might require the use of static state
intermediate to @ and y. However, as shown b
Egs. [A-1] through [A-5], use of the stagnation prope
ties for the external energy balance of the compressg

is an excellent approximation because:
{ “ i ” . .
s

\

L w»n

- < »n

2
Wsh = |:h7+ Vy ]

2g.) _[h" vg] =

+ @ + W [A-2]

This result involves static enthalpies determined
by static pressures and temperatures.

A.3 When the stagnation concept is employed, Eq.
[A-2] becomes

at the stagnation enthalpy h; (at stagnation pressure
pi) is equivalent to charging it with receipt of gas at the
static enthalpy h,a (at static pressure p,) plus kinetic
energy

2,
ch]
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and,

(b) “Crediting” the compressor with delivery of gas
dt the stagnation<enthalpy hy (at stagnation pressure
A is equivalentto crediting it with delivery of gas at
the static enthalpy h,, (atstatic pressure p,) plus kinetic
gnergy

FIG. A:1 - COMPRESSOR STATE POINTS STATIC AND
TOTAL

thermodynamic or otherwise, taking plage within
the compressor proper. Should a study pf events
internal to the compressor be desired, a ngw system
must be defined and the appropriate qonditions
stated. Studies of events internal to the compressor
are not included within the scope of thi§ Code.

A.6 The other use of the stagnation prefsure and
stagnation temperature in this Code is for the determi-

vy
2gc/

A.5 The preceding analysis can be applied only
because the system boundaries were carefully de-
fined so as to preclude any consideration of events,

nation of capacity. Capacity is a volumetric flow
rate related to inlet conditions. Capacity is defined
herein as the delivered mass flow rate divided by
inlet total density corresponding to total pressure and
temperature. This is convenient because it permits a
clear definition of volume flow rate consistent with
mass flow without referring to the design of the
compressor.
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APPENDIX B
PROPERTIES OF GAS MIXTURES

(This Appendix is not a part of ASME PTC 10-1997.)

B.1 Thd
the use
because
because

testing of modern compressors may require
of a gas mixture as the test “gas” either
the specified gas is itself a mixture or
it is necessary, for one reason or another,

to substitute for the specified gas during the test

program
method
substitutd
in essen
mixture

and a mixture is the only satisfactory
pof obtaining the desired properties in the
gas. The use of a gas mixture presents,
fe, a two-part problem. If the state of the
is such that it may be considered as a

mixture ¢f ideal gases, the usual methods of classical

thermod
state of

of the n
constitud
methods
tion. Ine
thermod
accurate
on expe
physical
should b
based or
concerng
sity, entH

namics can be applied to determine the
pach constituent gas. If, however, the state
nixture is such that the mixture and the
nts deviate from the ideal gas laws, other
must be used which recognize this devia-
ther case there is the necessity that accurate
namic data for the gases be available. If
thermodynamic properties for a gas, based
imental data or reliable mathematicaland
methods are available, these properties
e used with preference given:tothat data
experimental work. So far.as/this Code is
d, the problem is one of determining den-
alpy, specific heats, and-éntropy of constit-

uent gades at the pressure~and temperature each

experien

B.2 WH
the gas
treated ¢
thermod

Ces.

en the thefmodynamic state is such that
mixture and” its constituent gases must be
s real \gases, the method of defining the
nafmic state of the constituent gases and

thus arri

ing “at their properties shall be agreed upon

partial pressure of that constituent by

Pi = XPm [B-11]

The molal (volumetric) analysis of the mixture fis
one of the items of test-data and gives the mole
fraction readily. With a homogeneous mixture, ll
constituent gases wilb have the same temperatures
as the mixture thts$ providing the second of the two
independent (properties needed to define the gas
state. (Thishexcludes saturated vapors.) With the
state of éach constituent thus defined, the individupl
property of interest may be determined and the
equivalent mixture properly calculated by the meth-
ods outlined below.

B.4 With properties of the individual gases detefr-
mined, the equivalent value of the property for the
gas mixture may be calculated by summing the
individual property values on a total basis, i.g.,
quantity of the gas times property value. The equ
tions are summarized below.

in writin
Once
by press

g prior to the test.
the state of the gas is defined, presumably
ure and temperature, the other properties

of interest may be obtained from charts, tables, or

equation

s of state.

B.3 For ideal gases, the mole fraction, x;, of any
constituent gas j may be used to determine the

61

Enthalpy:
Mmhm = mahas + mphy + mche + € + mph;  [B-2]
NmHm = naH; + npHp + ncHe + € + njH;  [B-B]
Hm = xaHa + xoHp + XcHe + € + xjH; [B-4]
Entropy:
MmSm = MaSa + Mpsp + Mcsc + € + mys; [B-5]
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NmSm = N3Sa + NpSp + ncSc + € + nS;  [B-6]
Sm = XaSa + XpSp + XcSc + € + X;5; [B-7]
Specific Heats:
MmCm = MyCa + MpCp + McCc + € + mjcj  [B-8]
NmCm = MaCa + mCp + ncCc + € + nC;  [B-9]
Cm = XaCa + X6Co + xCc + € + x;C;  [B-1¢]}

In the preceding series of equations, [B<2], [B-5],
and [B-8] are on a mass basis; [B-3], [B-6], and
[B-9] are on a mole basis, and [B<4}, [B-7], and
[B-10] are on a mole fraction basis It should be
noted that the determination of:the end point of
the isentropic process starting~at inlet conditions
and ending at the discharge’ pressure and entropy
value corresponding to inlet conditions will probably

involve a trial-and-error solution.
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APPENDIX C
SAMPLE CALCULATIONS

(This Alnlqenrlix is not a part aof ASME PTC 10-1997)

mple C.1

Sample C.2

Sample C.3

Sa
Sa

[:ple C4
ple C.5

Sample C.6
Sa[:ple C.7

Sample C.8

The sample calculations contained in this Appendix demonstrate the basic calculation principles
this Code. Each sample highlights one or more facets of the necessary procedures for @pplication
the Code to real machines. The data presented is typical and does not represent, any actual
erating unit. Additionally this data should not be taken as expected for any actual €onducted test.

demonstrates a Type 1 test for a centrifugal compressor using an ideal gas. The
conversion of static readings to total conditions and caleulation of results by
heat balance and shaft power methods are covered.

demonstrates a Type 2 test for a centrifugal compressor using an ideal gas.
Application of Reynolds number corrections, heat‘loss to ambient and variable
speed effects are covered.

demonstrates the ideal gas application to selection of test speed and test gas and
also covers the methods of power evaluations.

demonstrates the treatment of bracketed test points.

demonstrates how to select a test gas for a Type 2 test using ideal and real gas
equations. A flow chart procedure’is presented to assist in outlining the required
steps.

demonstrates a Type 2 test_using real gas equations for data reduction.
demonstrates the treatmient of a two section compressor with externally piped
intercooler.

demonstrates the_application of uncertainty analysis to this Code.
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SAMPLE CALCULATION C.1
TYPE 1 TEST FOR A CENTRIFUGAL COMPRESSOR USING
AN IDEAL GAS

THis sample calculation is intended to demonstrate:

a) Type 1 test

b) Test gas same as specified gas

) Ideal gas

d) No heat loss (except to lubricating oil)

e) No flow leakages

f) Centrifugal machine

(g) No flexibility to change compressor speed

h) Single section machine

The purpose of this calculation is to determine the quantity of gasidelivered and the compressor
head, pressure rise, efficiency, and shaft input power.

Paragraph 3.11.4 of the Code requires that when a test.is ‘only to verify a single specified
candition, the test shall consist of two test points which-bracket the specified capacity. The
calculations demonstrated in this sample calculation would be used on both of these bracketing
pdints.

Description of Test Installation (see para. 6.2.2)
a) Type of compressor — centrifugal

(1) type of impellers — shrouded

(2) number of stages — single section; five stages

(3) arrangement of casing and piping — not applicable to this sample

(4) pipe sizes; inlet and discharge = inlet pipe is 18 in., schedule 40 (D; = 16.876 in.); discharge
pipe is 10 in., schedule 40 (Dy =10.020 in.)
(5) arrangement of intercdolgrs, if used — no intercooler
(6) impeller diameter and’blade tip widths — impeller diameters D; = D, = D3 = 18.4 in.
and Dy = Ds = 16.6 in.} first stage impeller tip width = b = 1.500 in.
(b) Description of Jubricating system and lubricant properties — Lubricating sytem oil flow rate is
4 gpm per bearing forva total flow rate of 8 gpm. Oil density is 55.6 lbm/ft® so the oil flow rate is
59.5 lom/min [8gpm/(7.48 gal/ft}) x 55.6 lbm ft3]. Oil has constant pressure specific heat of ¢y =
0.4162 Btu/Ibm\°R.
(c) Type of shaft seals — Not applicable to sample
(d) Type'and arrangements of driver; turbine direct connected, motor direct connected, motor and
gear, etc. — Not applicable to sample
Descripti i jes —

Simplifying Assumptions for This Sample

(a) The gas (air) may be treated as an ideal gas with a constant specific heat (evaluated at the
average of the inlet and discharge temperatures).

(b) The Reynolds number correction is negligible.

Specified Operating Conditions (see para. 6.2.3)
(a) Air with constant pressure specific heats of dry air and water vapor given in Fig. C.1, MWg, =
28.97 and MW,, = 18.02
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(b) Inlet gas state
(1) pstatici = 14.00 psia at inlet flange
(2) Tqatic abi = 560.0 °R at inlet flange
(3) have to calculate inlet densities
(4) RHiniex = 81.7 percent
(c) Gas flow rate
(1) inlet mass flow rate = discharge mass flow rate = w = 600 lbm/min
(2) inlet and discharge volume flow rates have to be calculated
(3) capacity to be calculated

(d) Discharge static pressure = 45.00 psia at discharge flange
(e) Compressor coolant not applicable

() N = 10,000 rpm

(g) Not applicable

Expected Performance at Specified Operating Conditions (see para. 6.2.4)

(a) Developed polytropic head = 44100 ft - Ibf/lbm (based on total conditions)

(b) Efficiency (polytropic) = n, = 0.80

(c) Power requirement = Py, = 1019 hp

(d) Discharge total temperature = 844.1 °R (The discharge static_temperature is assumed g
as 842.8 °R.)

The following preliminary calculations establish the given, specified operating conditions
form convenient for the Code calculations.

(a) Partial pressure of water vapor is found using the stéam’tables: [Ref. (D.20)]

(Pwidsp = RH(psad1003.3r = 0.817(0.9580 psia) = 0.7826 psia

(b) Air humidity ratio at inlet flange [Ref.(D.20)]

(HRi)sp = (0.6220 p—pw—;))
i = Pwil sp

(O 6220 lbm W) (0.7825 psia)
P2 bm da) 07 PR

(14.00 - 0.7826) psia

_ (O 03683 Ibm W) ( Ibmole w (28.97 ibm da)

S Ibm da/ \180.02 ibm w) Ibmole da
Ibmole w

= 005921 g

{c) Air molecular weight [Ref. (D.20)]

mole da (MWy,) + mole w (MW,,}

MW =
( a)sp mole da + mole w

Ibm da
Ibmole da
1.000 Ibmole da + 0.05921 Ibmole w

1.000 Ibmole da (28.97 Ibm w )

) + 0.05921 Ibmole w (18.02 _
Ibmole w,
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- 28.36 20
T 277 Ibmole

(d) Air specific heat at constant pressure is found using dry air and steam properties (Fig. C.1)

mass da (Cpda) + mass w {cpw)

(colsp =

Tass da + mass w

Btu Btu
1.000 Ibm d. (0.240 —) 0.03683 Ib (0.448 —)
o m da Tom da °R) + 00700 Tom W bm w °R
pise = 1.000 Ibm da + 0.03683 [bm w
Btu
= 0247 ———
Ibm °R

Bt
+0.03683bm w (0.462 —”)
Ibm w °R

Btu
1.000 Ibm da (02445 m)

(Cogsp = 1.000 Ibm da + 0.03683 Ibm w
Btu
= 0.252 Ib_m°—R [note: (HR,‘)sp = (HRd)sp]

e) Air specific heat ratio [Ref. (D.20)]

b= (2), = (527
® Cwsp_ cp—- Risp

0.247 Btu
(kisp = lbm R — 1.396
(0.247 Btu ) _ (1.986 Btu ) ( Ibmole )
Ibm °R Ibmole °R/ \28.36 |bm
0.252 BL
_ Ibm °R _
(kdlsp = (0 257 Btu ) _ (1 986 Btu ) ( Ibmole ) =1.385
) Ibm °R ) Ibmole °R/ \28.36 lbm

(f) Static specific volume at inlet and discharge flanges is found using the ideal gas law
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RTslatic db
{Vstatic i)sp = (—'—)
Pstatic  /sp
1545 ft |bf Ibmole
.0 °R
Ve Do = (Ibmole °R) (28.36 Ibm) (560.0 °R) _ l’_
Vstatic ilsp = ™ in? = b
(14.00 ——,) (144 73)
1545 ft |bf Ibmole .
- (Tomete =) (3836 Tom) ©42-¢ ¥ o ose
Vstatic disp = Ibf in =77 Tom

(

45.00 ) (144
n

2
)

(g) Average fluid velocity at inlet and discharge flanges (see para.5:4.3.1)

w Vs

5

A60

tatic

)

(600 Ibm) (15 13 ﬂB)

(Vi)sp = n Ibm = 97. —ft-
7r(16.876 ft)z (60 sec) ec
2\ 12 min
(600 'bm) (7 086 ﬂB)

(Vadsp = min Ibm _ 129.4—ft—
w(10.020 ft)z (60 sec) sec
4 12 min

(h), Fluid Mach number at inlet and discharge flanges (see para. 5.4.2.5)

VR A
i \‘\/kgcRT/sp
ft
97.40 se_c
(Mi)s =
’ 1.396 (32 174 ftlﬂ) (1 545 filb ) ( bmole ) (560 °R)
’ ) Ibf sec? Ibmole °R/ \28.36 Ibm
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ft

129.4 poos
(Md)sp = = 0.0905
dsp \/1 385 (32 174 - Ibm)(1545 ftb )( tbmole )(8428°R)
) ’ Ibf sec? Ibmole °R/ \28.36 Ibm )

(i) Total temperatures at inlet and discharge flanges are found using the energy equation and
assuming an adiabatic process (see Eq. [5.4.6])

V2
Tso = | Tstaui ———)
sp ( static db + 2) g Polsp

ft \2
(97.40 —)
secC

e
). = 560.0 ° = 560.8 °R
Tl = 260078 2 (778 17 f Ibf) (32 174 ft lom ) (O 247 By »
" Btu "7 U Ibfsec?/ \ 7 Ibm °R

ft \2
(129.4 ;E)
842.8 °R + = 844.1 °R

2 (778 17 ft 'bf) (32 174 ft Ibm ) (0 252 Btu )
" Btu \ Ibf sec?/ \ Ibm °R

(Ta) sp

(j) Since the Fluid Mach number is less-than 0.2, the total pressure may be calculated according
to[the simplified Eq. [5.4.4]

v2
Psp = (pstatic)SP + (m)“’

ft \2
(97.40 —)
sec

2 (15 13 ft3) (32 174 ft Ibm ) 144 inz)
C 7 1bf ) Ibf sec? ( ft?

(pi)sp = 14.00 psia + = 14.07 psia

ft \2
(129.4 ——)
sec

2 (7.086 1) (32.174 Ibm)(144 i"Z)
(' Ibf)( ) Ibf sec? ft2

(pd)sp = 45.00 psia + = 45.26 psia
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(k) Total density at the inlet and discharge flanges is found using the ideal gas law

(14.07 :nii) (144 fn? Ibf)

(pdp = |Lr)op = fe — 0.06632 2T
Pise = (Eﬁ)"’ " (1545 _fLIbf )( 1 Ibmole) 560.8R) e
( Ibmole °R/ 128.36 Ibm '
(15.26 ) (134
(pdsp = ()op = i’ fo = 01417 20
pdise = (Eﬂ)"’ - (1 o _ftibf )( 1 Ibmole) Gai1 R e
Ibmole °R/ \28.36 Ibm )
() The sum of the squares of the blade tip speeds is
rev rad
5 5 (104 . ) [3(18.4in)? + 2 (16.6 in)] (2 77——)
N? min rev ft?
(E UIZ) = (—'E DIZ) = - = 2.983 x 10% —
o e S e a(12g ) (60 E) )
ft min

Mean Observations Derived from Test Data (see para. 6.2.7)
(a) Test run number 1
(b) Duration of test = 30 minutes
(c) Compressor speed = 10,000 rpm
(d) Inlet temperature = Tgatic dbi = 540.0 °R
(e) Barometer reading = 14.17 psia
(f) Ambient temperature at barometer = 540.8 °R
(g) Inlet static pressure = 14.10 psia
(h) Dry bulb temperature at inlet flange = Tsatic abi = 540.0 °R
(i) Wet bulb temperature-at inlet flange = Tgtatic woi = 530.0 °R
(j) Dew point at inlet\flange = 524.4 °R
(k) Gas density not measured
() MWy, = 28:97 and MW,, = 18.02
(m) Discharge static pressure = Pgaiic ¢ = 47.00 psi
(n) Discharge static temperature = Tgaiic dbd = 830.0 °R
(o) Mass flow rate = 38,000 Ibm/hr
(p) te:(w) Not applicable to this sample
(X) Shaft power input = Py = 1097 hp
{y) Shaft torque = 57.62 ft - Ib
() Lubncatmg system oil flow rate is 4 gpm per bearlng for a total flow rate of 8 gpm O|I der sity

Cpo = 0.464 Btu/lbm
(aa) Lubricant inlet temperature = T, = 530.0 °R
(bb) Lubricant outlet temperature = T, o = 561.0 °R
(cc) to (ff) Not applicable to this sample

Computed Results for Test Operating Conditions (similar to para. 6.2.8)
The previous test data is converted into a form convenient for Code calculations.
(a) The air humidity ratio of the inlet air is found using air and steam properties [Ref. (D.20)]
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Psar 70.3 °F

{HRwbi)¢ = 0.6220
woRt Pstatic i = Psar 70.3 °F
0.3667 psia ibm w
= 0.622 = 0.01661 ———
6220 14.10 psia - 0.3667 psia 0.016 Ibm da

Codai (Tabi = Twbd) + HRwbi (hgwbi = Prwbi
(HRapr = [ pdai (Tab bi) bi (hgwbi = hr, b)]
hgavi = hrwbi ¢
Btu Ibm w Btu
_ 0.240 m (540.0 - 530.0) R + (0.01661 m) (1092.2 - 38.35) om w
- Btu
(1095.5 - 38.35)
Ibm w
= (0.01881 Ibm w ( 1 Ibmole (28 97 Ibm da )
- ( ' Ibm da) 18.02 lbm w " Ibmole da
= 0.03024 Ibmole w
- Ibmole da
b) Air molecular weight [Ref. (D.20)]
(MW,), = [mole da (MWy;) + mole w (MWW)]
mole da + mole w '
1.000 Ibmole da (28.97 M) +0.03024 Ibmole w (18.02 —Iblv—v—)
Ibmole da Ibmole w

1.00 Ibmole da + 0.03024 lbmole w

28.65 2™
" lbmole

c) Air specific_heat'is found using dry air and steam properties (see Fig. C.1)

mass da (Cpda) + mass w (cpw)]
t

(o) = [
P mass da + mass w

Bt
1.000 Ibm da (0.240 + 0.01881 Ibm (0.447 —u—OR)

Btu )
Ibm da °R Ibm w

1.000 Ibm da + 0.01881 Inm w

(Cp[)r =

Btu
Ibm °R

0.244
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Btu
Ibm da °R
1.000 |bm da + 0.01881 Inm w

Bt
1.000 Ibm da (0.244 ) +0.01881 Ibm (0.460 —"-—)
Ibm w °R

(de)l

= 0.248 Bty
T 7" Ibm °R
Average specific heat
Cpi + cpd) 0.244 + 0.248 Btu Btu
= = = 0.246 ——
(cple ( 2 2 Ibm °R ® Tom °R
(d) Air specific heat ratio
b=(3 =)
Cyv/t Cp - R t
0.244 2
(ks = o om R = 1.397
e (0 sad ) (0 (Gee B )( 1 Ibmole) -
“lbm R/ T \L Ibmole °R/ \28.65 I|bm
0.248 —m
(ko = _ lbm R = 1.388
@t T (O 248 Btu ) (O 1986 Btu )( 1 Ibmole) -
“lbmer/ T\ Ibmole °R/ \28.65 Ibm

(e) Staticspecific volume at inlet and discharge flanges is found using the ideal gas law

RTstatic db
(Vstatic)t = [————
t

Prstatic

(1545 ft Ibf ) ( 1 Ibmole) 540.0 °R
Ibmole °R/ \28.65 Ibm ’ ft3
(Vstatic )t = — = 14.34 ——
(14 10 Ib) (144 '") lbm
T in? ft2
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ft 1bf 1 Ibmole .
(1545 fomote ) (35.65 To ) 2200 R w
(Vstatic it = — = 6.613 —
(47 00 Ib) (144 al ) lbm
7 in? ft2
(f) Fluid velocity at inlet and discharge flanges (see para. 5.4.3.1)
w
Vi = [@] _ [W Vstatic]
T eAl,  LA60) 1
(38 000 2™ (14 34 ftS)
' Tr—) " lbm. ft
(Vi){ = 16.87 2 = 97.45 E
™ . sec
Z( 12 ft) (3600 h_r)
3
(38,000 'b—m) (6.61 3 it—)
hr lbm ft
(Vo = = 1275 —
77'(10.020 ft)Z (3600 sec) sec
4 12 hr
(g) Fluid Mach numbers at inlet and discharge flanges (see para. 5.4.2.5)
1%
T
! kgcRT/t
ft
97.45 —
sec
M) = = 0.0852
\/1 397 (32 174 SL10M ) (1 ftlb ( ! lbmo'e) (540.0 °R)
) ) Ibf sec? Ibmole °R) 28.65 Ibm )
ft
127.5 —
(M), = >eC = 0.0902
{ \/1 388 (32 174 L oM ) (1545 ft Ib ( L Ibm°|e> (830.0 °R) '
’ ) Ibf sec? Ibmole °R> 28.65 Ibm )

(h) Total temperature at inlet and discharge flanges is found using the energy equation for an
adiabatic process (see Eq. [5.4.6])
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T = (T ic db + )
t static db 2 Cplgc .

(n-’ AL ft \2
(T): = 540.0 °R + VT sed) = 540.8 °R
2 (o 244 Y _ ) (778 17 f—tE) (32 174 ft1om
) Ibm °R " Btu ) Ibf sec?
ft 2
(1 27.5
° sec o
(Td; = 830.0 °R + — o 77, o, b = 831.3 °R
2 (0'248 bm °R) (778'17 _Bt_u) (32' 74 Tof secz)

(i) Since the Fluid Mach number is less than 0.2, the total pressure may be calculated accorg
to the simplified method of Eq. [5.4.4]

Pt = (pstatic) + ( v )l

2 Vstatic8c

ft \2
(97.45 —)
sec

)y = 14. i - . i
(p 4.10 pSla+2(1434£) (32174 ftlbm)(144 inz) 14.17 psia
“lbm ) Ibf sec? ft2
ft \2
(127.5 S—etz)
(pd)t = 47.00 psia + ) (6 - ﬁ) (32 . o ) ( — = 47.27 psia
) lbm ) Ibf sec? ft2
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(j) Total density at the inlet and discharge flanges is found using the ideal gas law

Ibf in2
(14.17j) (144 —)
in

Pi ft2 Ibm
pulsp = (_,-), - ( ft Ibf )( 1 Ibmole) (5408 °F) = 006997 %5
Ibmole °R/ \28.65 Ibm )
(47.26 Ib—f) (144 ﬁ)
pi in? ft2 Ibm
(padsp = (R_T,-), = 7 Tof T Tbmole — = 0118 45
(1545 fomore ) (28,65 Tom) ©213 P

(k) The sum of the squares of the blade tip speeds is

5 2

5 5
N2 N? ft
2| = |— 2 = |— 2] = 6
[E U,]r—[4 E D,]l [4 z: D,] 2.983 xM0 s

sp

j=1 j=1 j=1

(I) The shaft power was measured by the shaft power method'to be (Psp); = 1097 hp (shaft power
ethod)
The shaft power can also be determined using Eq. [5,4:T4]:

3

P = Pg +-Pparasitic

here Egs. [5.4.17] and [5.4.18] show the_parasitic losses to be mechanical losses (represented
y the lubricating oil temperature rise).
Also using Eq. [5.4.13] gives

o =

(Psp)y = (Pg)[ . Wo Cpo ATy + Q;

=wep) (Tg ~ Tidi + Wo Cpo ATo + 0

(38 000 'bm) 0.2459 Ibf)(a311 540.8) °R
’ hr ( Ibm °R T

(42 440 U ) 60 mi")
" min hp ( hr

| t
(59.5 —b_m) (0.462 _Btu ) (31.0 °R)
min m °R

1065 hp + 20.1 hp

1085 hp (heat balance method)
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(m) The gas power can be calculated from the heat balance method using Eq. [5.4.13]

(Pg)l = (W Cp)l (Td - Tl)l + Qr

= 1065 hp (heat balance method)

The gas power can also be calculated from the shaft power using the shaft power method.
Using Eqs. [5.4.12], [5.4.17], and [5.4.18]

(Pg)t= (Pep)y = wo Cpo AT,

=1097 hp - 20.1 hp

= 1077 hp (shaft power method)
(n) The capacity is

Ibm hr
- (Y - (38,000 37 o0 in) o0y €
9= pilt ( Ibm) - min

0.06997 ?

Check for a Type 1 Test

The following calculations confirm that the test conditiens meet the limits prescribed for a
Type 1 test in Table 3.1.

(a) Inlet pressure departure

i)sp = \Pi 07 - 14,
(P)sp (P)(x 100 = 14:07 4.17

x 100 = -0.71%
(psp 14.07 ’

The test inlet total pressure is within-the Table 3.1 limit of 5%.
(b) Inlet temperature departure

Fsp = (T 650.8 — 540.8
o= T o

= x 100 = 3.6%
(Thsp 560.8 ¢

The test inlet temperature is within the Table 3.1 limit of 8%.
(c) Speed.departure

(Ni)sp = (N}, 10,000 - 10,000
——— x 100 = —— % 100 = 09
(NDsp 10,000 100 =0%
le 3+ timit-of2%-
(d) Molecular weight departure
(MWi)sp - (MWi)1 28.36 — 28.65
—_————x 100 = ————— x 100 = -1.02Y
(MWi)sp 28.36 X /o

The test molecular weight is within the Table 3.1 limit of 2%.
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(e) Capacity departure

wxmo:

Gsp

x 100

5. G

Pilsp

/ 36,000 38,000 \

0.06632  0.06997
36,000
0.06632

x 100 = -0.049%

The] test inlet capacity is within the Table 3.1 limit of 4%.
(§ Density departure

dsp = (pi 0.06632 - 0.06997
(pidsp = (pikt % 100 =

= 100 = —5.5%
(p)sp 0.06632 X o

The| test inlet total density is within the Table 3.1 limit of 8%.

The test coolant temperature difference and coolant flow'rate were not checked with the
spegified values since there is no coolant at the specified,condition.

S{nce all the test parameters listed in Table 3.1 (excluding the coolant parameters) satisfy the
Tabje 3.1 limits, the test is a Type 1 test.

Jomputed Test Dimensionless Parameters {(simildt’'to para. 6.2.9)

The dimensionless parameters which form thebasis for the conversion from test data to specified
opefating conditions are calculated in this_section.

3) Polytropic efficiency is found as follows:

verage specific heat ratio

b -rw

0.246 —tY
) Ibm °R

k,=( Cp ): = 1.392
cp — R/ ( ftlbf)_(1986 Btu )(1 Ibmole)

0.246 ——
Ibm °R Ibmole °R/ \28.65 Ibm

Polytropic exponent (see Eq. [5.1T-5])

[mE] [~ |

ne =

)] D)

47.26 psia

In (14.17 psia)
n (47.26 psia) (540.8 °R)
(14.17 psia) (831.3 °R)

= 1.555
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Polytropic efficiency (see Eq. [5.1T-9])

( n (1.555
n-1/; 0.555
(nph = ( P (1.392 = 0.7905
k-1/; 0.392
(b) Flow coefficient (see Eq. [5.1T-1])
(38 000 Ibm)( rev )( hr )
w hr / \27 rad/ \60 min
¢ = ( = 0.03996
27piND*/; lbm revy (18.4
(O 06997 ) (10 000 ——) (— ft)
ft3 12
(c) Polytropic work coefficient (see Eq. [5.1T-4])
N n-1
e R )
n-1 Pi
(F'p)l = 3 U?
8¢ ¢
0.555
1.555 ft Ibf 1 Ibmole R 47.26\7555
_ (57555) (155 omare ) (zm gz ) 5408 *® | (77737) = - 1]
- (2 983 x 106 ftz)( 1 Ibfsec)
X sec?/ \32.174 ft Ibm
= 0.4734

(d) Total work input coefficient using the shaft power method (see Eqgs. [5.4.18] and [5.3T-2

Ibm Btu
(59 5 -n-1—) (0 462 b ) (31.0 °R)
(Qmbt = WoCp AT, = o = 20.1 hp
(42.44 ; )
min hr

Psh - Qm
Qo) = ‘> S Uz“

w
8c

(1097 hp — 20.1 hp) (33 00 t1of )(60 T'—")

= hp hr = 0.6052
- (38 000 Ibm) (2 983 x 106 ft2 ) ( 1 Ibf sec2) -
’ hr ’ sec?/ \32.174 ftibm

(e) Total work input coefficient using the heat balance method (see Eq. [5.3T-1])
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Q -
( hb)l 3 U2
8c
Btu 778.16 ft lb
2459 —— .3 -540.8) ° -
[(0 2459 bm °R) (831.3 — 540.8) °R + 0] Btu

= > 5 = 0.5996
{2 983 10 ft w 1 Ibf sec

\ secc/ \s32.1/74 1tibm/

) Work input coefficient (see Eq. [5.2T-2])

Cp (Td - TI)
3 U2
8¢

(Link = = 0.5996

) Volume ratio at stagnation conditions (for information only)

Ibm
0.1518 —-
Vi pPd ft
—| ={—] = —Ib = 2170
Vd/t i’t m
Pt 0.6997 ——
ft3

Computed Results for Specified Operating Conditions (similar to para. 6.2.11)

The performance at the specified operating conditions is calculated from the test dimensionless
pafameters. These values apply directly since-the Reynolds number corrections are negligible.
a) Discharge total pressure at specifiedcconditions is obtained as follows:

Average specific heat

0.247 B 0.252 B

. — + 0. —_—

Cp; HCp, Ibm °R Ibm °R Btu
(Cp)sp = ( ) )sp = 2 = 0.250 m

(THe design discharge temperature has been used to estimate ¢, )
Average specific heat ratio

0.250 Bt
{ Cp \ ) Ibm °R

)
g —

\cp— Rlsp ( Btu ) ( 1 Ibmole)

Btu
0.250 —) - (1.986
Ibmole °R/ \28.36 Ibm

Ibm °R

= 1.389

Polytropic exponent is found assuming equality of the polytropic efficiency at test and specified
conditions (see Eq. [5.4T-7])

79


https://asmenormdoc.com/api2/?name=ASME PTC 10 1997.pdf

(755, = oo (£55),, = o0 (75),

= 0.7905 (1'389) = 2.823
- 0.389/
2.823
= "= = 1.549
N = 1823

Discharge pressure ratio is found using the definition of the polytropic work icoefficient fand
assuming equality of the polytropic work coefficients at test and specified conditions to give [see
Eq. [5.5T-6]) ‘

n
[ ZUZ (n_|)SP
(&i) = ([Lp)sp HL + ]
Pilse ( ) RT,
| n-1 "
[ I (n’-,1)5P
= | {uph < +1
(n - 1) RT;
p
[ ft2 1 Ibf sec? 2823
.983 x 10¢ —) (-— —-)
- | 0.4734 (2 x 10 sec3/ \32.174 ftlbm : = 3.196
= (1.549) (1545 ft Ib ) 1 |bmo|e) 560.6 °R) ¥ =
0.549 Ibmole °R (28.36 Ibm ’

{pddsp = 3.196 (pdsp = 3.196 (14.07 psia) = 44.97 psia

(b) Capacity at specified conditions is found using the definition of the flow coefficient and equ4ting

w
q= (}Ti)sp = ¢sp (ND3)sp = ¢t(ND3)sp

rev rady /18.4 \3 ft3
0.03996 (10,000 —_— ) (Zw—) (— ft) = 9051 —
min rev 12 min
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{c) The inlet mass flow rate is

w ft3 Ibm min
Wep = (;)sp (odsp = (9051 Eﬁ) (o 06631 ) (60 —)

; ft3 hr
Ibm Ibm
= 36,020 — = 600.3 —
hr min

Sin
ch

d) The specific volume ratio based on total conditions is (for information only)

! 1

(ﬁ) - [(&’);] = 3.196756 = 2.117
Vd/sp Pi sp

e) Discharge total temperature is found using Eq. [5.4T-18]

-1 0.549

(Tosp = [Ti (’:) : ] = 560.8 °R (3.196) 1549 = 8465 °R
sp

]

ce this temperature is nearly equal to the design value of 844.1°R, the average specific heat
bsen for the calculations is assumed appropriate.
f) Gas power is found using the equality of the total work input coefficient between the test and

thq specified operating condition. Using the shaft powerimethod and Eq. [5.4T-20] gives
u? | ft? 1 Ibf sec?
Wep (Qhb)sp (Z ) 600.3 — (0.6052) (2 983 x 10° - ) ( Eﬂ)
A )., = 8c /sp 32.174 ft Ibm = 1021 h
1)sp 33,000 fIbf \/__min P
(33,000 : ) (60 —)
min hp hr
Using the heat balance methody.Eq. [5.4T-20] gives
U3 ft2 1 f sec?
Wep (Qrp)sp (Z ) (600 3 '—b—) (0.5996) (2 983 x 106 — 2) (— lbﬁ)
_ c_/sp sec 32.174 ft Ibm _ 1h
(Pﬁhb)‘P - 33,000 ft Ibf min =10 P
(33,000 - ) (60 —)
min hp hr

€q

g) Sincé the specified speed and the test speed are equal, the mechanical losses are assumed
bal. The'shaft power is then

or

(pshsh = (Pg, + Qmlsp = 1021 hp + 20.1 hp = 1041 hp (shaft power method)

(Ps)sp = (Pg,, + Qmlsp = 1011 hp + 20.1 hp = 1031 hp (heat balance method)

(h) Static discharge temperature and pressure may be calculated from the mass flow rate, flow
area, and total temperature and pressure. Since the flow Mach number is below 0.2, Egs. [5.4.2],

(5

4.3], [5.4.4], and [5.4.6] may be used.
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With a guessed velocity of 130.5 ft/sec,

obtained by trial and error,

ft2
(130.5 —
(Taatc dsp = (Top ~ 22— = 846.5 - = = 845.2°R
satie dlsp = AR T Y lgecs T, (778 17 1 Ibf) (32 174 0 Ibm) (0 252 o ) .
"7 Btu ’ Ibf sec/ \ " Ibm °R
(o 140 'bm) (130.5)
( ). = (pg) (psatic d)sp \Zi = 44.97 Ibf . ft> . sec? = 44)7 ot
Pstatic d)sp = Pd)sp — 2gc 148 7 ine - 5 (32 174 ft Ibm ) ( 44 inz) “hin?
) Ibf sec? ft2
Checking
il (600.3 Ib—m) (1— T—“—)
_ 60 min/ \60 sec % Y30.5 ft
Pstatic A Ibmy 7 /10.02)\2 "~ sec
(0.140 —)—(—) fi2
ft3/ 4\ 12
(144 inz) (44 7 E)
( = 144 (pgaiic d)sp _ ft2 ~in? = 0.140 Ibm
potaticdsp = R Temicdep (1545 ft Ibf )( 1 Ibmole) ©54.2 °R) =0 ft3
ibm °R/ \28.36 Ibm )
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TABLE C.1.1

CALCULATION SUMMARY

Test
Corrected  Expected
to at
Specified  Specified
Test Operating  Operating
Quantity Symbol Units Value Condition Condition
1. Quantity of gas delivered w Ibm/hr 38,000 36,000 36,000
2. Pressure rise Ap psi 33.1 309
3. Head (total) w, ft - Ibf/lbm 43,900 43,900 44,100
4. Shaft power
(a) Shaft method (Pst)sh hp 1100 1040 1020
(b} Heat method (Pst)bh hp 1080 1030 1020
5. Polytropic efficiency Np 0.790 0.790 0.80
6. Flow coefficient @ 0.0400 0.0400
7. Machine Mach no. Mm — = —
8. Machine Reynolds no. Rem — — —
9. Specific volume ratio (total)  {(vi/vg) 2,17 21
10. Specific heat ratio k 1.39 1.39
11. Polytropic work coefficient  up 0.473 0.473
12. Work input coefficient Hmin 0.600 0.600
13. Total work input coefficient
(@) Shaft method Qg 0.605 0.605
(b) Heat method Qg 0.600 0.600
14. Capacity q = (w/o) ft3/min 9050 9050
15. Inlet gas state
(a) Static temperature T °R 540 560 560
(b) Static pressure p psia 14.1 14.0 14.0
(c) Total temperature T °R 541 561 561
(d) Total pressure p psia 14.2 14.1 14.1
16. Discharge gas state
{a) Static-temperature T °R 830 845 843.5
(b) Static pressure p psia 47.0 44.7 45.0
(c\Total temperature T °R 831 847 844.8
(d) Total pressure p psia 47.3 45.0 45.3
(a) Shaft method (Pglsh hp 1080 1020 1000
{b) Heat method (P hp 1060 1010 1000
18. Cooling condition Not applicable
19. Speed N rpm 10,000 10,000 10,000
20. Mechanical losses Qn hp 20.1 20.1 20.0
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SAMPLE CALCULATION C.2
TYPE 2 TEST FOR A CENTRIFUGAL COMPRESSOR USING
AN IDEAL GAS

This sample calculation is intended to demonstrate:
(8) Type 2 test
(b) Test gas same as specified gas
() Ideal gas
(f) No heat loss to lubricating oil and to ambient
(&) No flow leakages
(P Centrifugal machine
(8) No flexibility to change compressor speed
(h) Single section machine
The purpose of this calculation is to determine the quantity of gas delivered and the compressor
head, pressure rise, efficiency, and shaft input power.
Haragraph 3.11.4 of the Code requires that when a test is ‘enly to verify a single specified
corjdition, the test shall consist of two test points which bracket the specified capacity. The
calgulations demonstrated in this sample calculation would be used on both of these bracketing
points.

D

escription of Test Installation (see para. 6.2.2)

(k) Type of compressor — centrifugal

(1) type of impellers — shrouded

(2) number of stages — single section,.ten stages

(3) arrangement of casing and piping-=- not applicable to this sample

(4) pipe sizes; inlet and discharge —.inlet pipe is 18 in., schedule 40 (D; = 16.876 in.); discharge
pipg is 10 in., schedule 40 (Dy = 10.020 in.)

(5) arrangement of intercoolers, if used — no intercooler

(6) impeller diameter and blade tip widths — impeller diameters D = D; = D3 = Dy = Ds =
D¢|= 20 in. D; = Dy = Dgy= Do = 18.0 in,; first stage impeller tip width = b = 1.5 in.

(b) Description of lubticating system and lubricant properties — Lubricating system oil flow rate
is 4 gpm per bearingifor’a total flow rate of 8 gpm. Oil density is 55.6 lbm/ft® so the oil flow rate is
59.5 Ibm/min [8 gpm/(7.48 gal/ft3) x 55.6 Ibm ft3]. Oil has constant pressure specific heat of ¢, =
0.4p2 Btu/lbm FR;

r) Type of:shaft seals — Not applicable to sample

) Type.and arrangements of driver; turbine direct connected, motor direct connected, motor and
gedr, efc;— Not applicable to sample

)\Description of compressor cooling system and coolant properties — No cooling system

Simplifying Assumptions for This Sample
(a) The gas (air) may be treated as an ideal gas with a constant specific heat (evaluated at the
average of the inlet and discharge temperatures).

Specified Operating Conditions (see para. 6.2.3)

(a) Air with constant pressure specific heats of dry air and water vapor given in Fig. C.1, MWy, =
28.97 and MW,, = 18.02

(b) Inlet gas state
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(1) psaiic i = 7.50 psia at inlet flange
(2) Tsatic abi = 600.0 °R at inlet flange
(3) inlet densities; to be calculated
(4) RHiplet = 50.0 %

(c) Gas flow rate

(1) inlet mass flow rate = discharge mass flow rate = w = 17,300 Ibm/hr = 288.3 Ibm/min

(2) inlet and discharge volume flow rates have to be determined
(3) capacity has to be determined
(d) Discharge static pressure = 48.00 psia at discharge flange

{eJ Compressor coolant not applicable
() N = 10,000 rpm
(g) Compressor internal roughness = € = 0.00012 in.

Expected Performance at Specified Operating Conditions (see para. 6.2.4)
(a) Developed polytropic head = 88200 ft - Ibf/Ibm (based on total conditions)
(b) Efficiency (polytropic) = n, = 0.82
(c) Power requirement = Py = 1025 hp

(d) Discharge total temperature (The discharge static temperature is assumed given as 11039
The following preliminary calculations establish the given specified-operating conditions

form convenient for the Code calculations.
(a) Partial pressure of water vapor is found using the steam tables: [Ref. (D.20)]

(pwilsp = RH(Psar)1ao35r = 0.500 (2.942"psia) = 1.456 psia

(b) Air humidity ratio at inlet flange [Ref. (D.20)]

(HR)sp = (0.6220 —ﬂ”'—)
Pi T™\Pwil/sp

(o 6220 'bm—w) (1.456 psia)
25 om da) © 770 PSR

(7.50 — 1.456) psia

_ (0 1489 Ibm w) ( Ibmole w ) (28.97 Ibm da)
A Ibm da/ \18.02 Ibm w/ \ Ibmole da
— 0.2408 Ibmole w

- Ibmole da

(c)-Air molecular weight [Ref. (D.20)]

mole da (MWy,) + mole w (MW,,)

MW,
( adsp mole da + mole w

R.)
na

lbm d
1.000 Ibmole da (28.97 m g4 )+ 0.2408 Ibmole w(18.02

Ibm w )
Ibmole da

Ibmole w

1.000 Ibmole da + 0.2408 Ibmole w

26.84 lbm
" Ibmole

1
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(d) Air specific heat at constant pressure is found using dry air and steam properties. The specific
heat at constant pressure for both the dry air (da) and water vapor (w) are given in Sample Calculation
C.1. (Fig. C.1)

mass da (Cpda) + mass w (Cpw)
mass da + mass w

(Cp)sp =

1.000 Ibm d. (O 240 Btu ) 0.1498 |b (O 448 Btu )
. . —_— + . . —_—
) = m g Ibm da °R mw Ibm w °R
Cpjlsp = 1.000 Ibm da + 0.1498 Ibm w
Btu
= 0.267 ———
Ibm °R
Btu Btu
1.000 251 —48™— 0.1498 | (0.480 —)
( _ Ibm da (0 25 b da °R) + 98 Ibm w b w R
s = 1.000 Ibm da + 0.1498 Ibm W
= 0.281
- Ibm °R
) Air specific heat ratio
C [of
A il e
P Cw/sp cp-Rigp
0.267 —u
(ki)sp = ' lbm "R = 1.383
R N (O 267 Btu ) (1 986 Btu )( Ibmole ) -
) Ibm °R ’ Ibmole °R/ \26.4 Ibm
Btu
0.281 ———
Ibm °R
k = = 1.357
(ka)sp / Btu \ 7 Btu \/ Ibmole \
N —_—=]T.
% Tom R/~ U'7°° Tomole °R) \26.84 Ibm/

() The inlet flange kinetic viscosity is found from Ref. (D.20) and is assumed to be that of dry air
at the inlet pressure and temperature

ft2
(Vi)sp = 4.00 x 104 _
secC
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(g) Static specific volume at inlet and discharge flanges is found using the ideal gas law

RTsatic db
{Vstatic isp = |[————
P

Pstatic

(1545 ft Ibf) ( Ibmole ) (600.0 °R)
(Vaste 1ep = Ibmole °R/ \26.84 Ibm = 3195 ft3
static i/sp (7 0 |_b_f) (144 2) Ibm
7 in? ft2
(1545 ft Ibf) ( Ibmole ) (11030 R)
Voo a)on = Ibmole °R/ \26.84 Ibm \ 9186 _i
static d/sp Ibf nZ . Ibm
(48.00 I-n—z) (144 ftz)

(h) Average fluid velocity at inlet and discharge flanges (see para. 5.4.3.1)

_ ( w Vsla(ic)
A60 /g

(17300Ibm ( 1 )( 8 ft3)
3600 sec Ibm ft
(Vi)sp = = 9894 _—
w(16.876 f)z sec
4 12
(17300—""“)( ! )( 9.186 ft3)
3600 sec Ibm ft
(Vd)sp = = 80.61 —
s (1 0.020 ft) sec
4 12
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(i) Fluid Mach number at inlet and discharge flanges (see para. 5.4.2.5)

ft

98.94 E
Mjsp = = 0.0798
’sp \/1 383 (32 174 M) (1545 ftlb ) ( lbmole ) (600.0 °R)
) ’ Ibf sec? Ibmole °R/ \26.84 |bm )
80.61 —ft—
(Mg)sp = oo = 0.0484

ft lbm ftlb Ibmole
\/1'357 (32'174 Ibf secz) (1545 tbmole °R) (26.84 Ibm) (1103.0 °R)

(j)] Total temperature at inlet and discharge flanges is-fotind using the energy equation for an
adiabatic process (see Eq. [5.4.6])

VZ
Tp = (T ic db + —)
sp static db 2 ) 8 Colsp

ft \2
(98.94 E)
T = 600.6C = 600.7 °R
e = O 2 (778 17 Ibf) (32 174 ft1om ) (o 267 2%
" Btu ) Ibf sec?/ \ Ibm °R
L (t 2
(8061 )
(Tg)sp = 1103.0 °R + sec = 1103.46 °R
° . 2(77817ﬂ|bf)(32174 ftlbm)( L .
" Btu ) Ibf sec?/ \ Ibm °R

(k) Since the Fluid Mach number is less than 0.2, the total pressure may be calculated according
to the simplified Eq. [5.4.4]
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VZ
Psp = Psatic)sp + {5 Vitatic 8c/sp

ft \2
(98.94 —)
sec

(pi)sp = 7.50 psia + — ——— ————————— = 7.53 psia
98 —|(32.174 ——| (144 —
23198 1) (32174 preea) (144 )
ft 2
(80.61 —)
. sec .
(pd)sp = 48.00 psia + = 48.08 psia

2(9.186 ﬁ) (32 174 m) (144ﬁ)
( ) Ibf ’ Ibf sec? ft2

(I) Total density at the inlet and discharge flanges is found using the ideal gas law

(7.53 :'%) (144 ﬁ)

pi ft? . lbm
oil = (R_T;),p = (1545 b I 0 Ibmole) 007 R 0.03136 5~
Ibmole °R/,126.84 |bm )
(48 08 E) (144 E)
pd 7 in? ft2 Ibm
o (er),,, = Il \; 1 Tomole — = 0109055
(1545 Ibmole °R) (26.84 Ibm )(1 103.5°R)

(m) The sum(of the squares of the blade tip speeds is

10 10

N2
E: 2 = |— z: 2
j=1 P j=1 P

7]
revy? rad\ 2

(104 ——) [6(2in)2+4(18in)?) (2 11'—) 2
min rev ft

= = 7.037 x 105 —
sect

n\ 4 sec\ ¢
4 (12 —) (60 —)
ft min

Mean Observations Derived from Test Data

The test is to be run with air at atmospheric pressure and temperature as the inlet pressure
and temperature. These give (Dsaiic i)t = 14.10 psia and (Tgaric gbi)t = 560.0 °R. Both the specified
gas and the test gas are assumed ideal gases. Assuming equality of the (total) volume ratio
between the test and specified operating conditions gives
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1 _ _ 1
)], = G = G, = G,
Assuming equality of the polytropic efficiencies between the test and specified conditions gives

(ﬂp)t = (ﬂp)sp

or

[(nf1) (kf1)], = [(nf1)(k1—(1)]sp

Since the same gas is used in the test and at the specified operating conditions, assume k; = k. Then,

(n); = (n)sp, and
pd) . 48.0 psia .
= (i) =14.4 — % = 90.
(pa): = (pike (p'_ N 0 psia 753 psia 90.0 psia

as the approximate (total) discharge pressure for the test.
The test speed is found by assuming equality of the polytropic work coefficient between the
testi and the specified operating condition to give

(,Urp)t = (,Urp)sp

(5o - 07,

or,

(Ti):
Ne = Ny [ ——rt
TP N T

which can be obtaified’ from equality of Machine Mach numbers.
The numerical<values give

N; = 10,000 240.0°R _ 9841
0= RN IPM \600.7 °R fpm

as thel approximate appropriate test speed. Not that no Reynolds number correction (as used later

in converting the test data to the specified operating condition) is used in this estimation of the
test speed. Also, note that the Code speed rule (para. 5.3.2) reduces to the equality of Machine
Mach numbers between the test and the specified operating conditions for ideal gases with equal
values of the specific heat ratios. See para. 6.2.7.

(a) Test run number 4

(b) Duration of test = 40 minutes

(c) Compressor speed = 9,500 rpm

(d) Inlet temperature = Tgatic abi = 540.0 °R
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(e) Barometer reading = 14.10 psia

() Ambient temperature at barometer = 540.0 °R
(g) Inlet static pressure = pyaic i = 14.10 psia

(h) Dry bulb temperature at inlet flange = Tgatic dbi
(i) Wet bulb temperature at inlet flange
(j) Dew point at inlet flange = 525.1 °R
(k) Gas density not measured

() MWy, = 28.97 and MW,, = 18.02

Tslatic wbi

(m) Discharge static pressure = Pyuc g = 99.6 psia

540.0 °R
530.0 °R

(n) Discharge static temperature = Tgaiic dog = 1042.2 °R

(o) Mass flow rate = 36,500 lbm/hr
(p) to (w) Not applicable to this sample

(x) Shaft power input = Py, = 1851 hp (determined by measuring shaft input torque of speed)

(y) Shaft torque = 1023 ft - Ib

(z) Lubricating system oil flow rate is 19.3 gpm. The oil density is 55.45 Ibm/ft® so the oil
rate is 143.1 Ibm/min (19.3 x 55.45/7.48). The oil has constant pressure specific heat c, = Q
Btu/lbm °R.

(aa) Lubricant inlet temperature = Ty, = 525.0 °R
(bb) Lubricant outlet temperature = T, ou = 568.5 °R

(cc) to (ee) Casing heat loss = 6740 Btu/hr
(ff) Not applicable

Computed Results for Test Operating Conditions (simildp to para. 6.2.8)
The previous test data is converted into a form convenient for Code calculations.
(a) The air humidity ratio of the inlet air is found ‘using air and steam properties [Ref. (D.20

Psar 70.3 °F

flow
462

—

(HRwpi)r = 0.6220Q

Pstatic i— Psat’ 70.3 °F

220 0.3667 psia = 0.01661 Ibm w
T 14.10 psia — 9.3667 psia Ibm da
(HRSe): = [deai (Tawi - Tw’l:i) + HRuwbi (hgwpi - hfwbi)]
gdbi = Nwbi t
0.240 Y (540.0 - 530.0) R (0 01661 2™ %) (1092.2 - 38.35) oY
" lbmda R T ST Ibmda) ST bm w
(1095.5 — 38.35) ——
Ibm
Ibm w 1 Ibmole Ibm da
= (0.018 97 —
(0 81 Ibm da) (18.02 Ibm w ( 8.97 Ibmole da)
Ibmole w
= 0.03024 —————
Ibmole da
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(b) Air molecular weight [Ref. (D.20)]

(MW;),

[mole da (MWg,) + mole w (MWW)]
mole da + mole w ¢

Ibm da
a) + 0.03024 Ibmole w (18.02

1.000 Ibmole d ( 8.97 — 94
mole da | 28.97 3 ole d

Ibm w )
Ibmole w

1.00 Ibmole da + 0.03024 Ibmole w

= 28.65 0T
- 7 Ibmole

(¢) Air specific heat is found using dry air and steam properties

mass da (Cpqs) + mass ¢ (wpw)]
t

(epht = [

mass da + mass w

Btu
1.000 Ibm da (0.240 +.0.01881 Ibm (0.447 ——)
Ibm w °R

Btu )
Ibm da °R

(cp)e = 1.000 Ibm da .+ 0.01881 Inm w
= 0.244 W
- Ibm °R
Btu Btu
. 209 B ) L ooras tom (0475 2 )
P 1:000 Ibm da (oz 9 — °R) +0.01881 Ibm (0.475 T
Ra’y ™ 1.000 Ibm da + 0.01881 Inm w

= 0.253 Btu
~ 77 Ibm °R
Average specific heat
) (‘-'p; + de) 0.244 + 0.253 Btu 0.249 Btu
C, = = = . JE—
P 2 I 2 Ibm °R Ibm °R
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(d) Air specific heat ratio

0.244 ——Btu
) Ibm °R
Y, = = 1.397
(kide (0 244 ) (0 1986 Btu ) ( 1 Ibmole) 39
’ Ibm °R ) Ibmole °R/ 128.65 Ibm
0.253 Bty
(ka)t = _lbm R =137
die= (0 553 Btu ) (0 1986 Btu ) ( 1 Ibmole) -
) Ibm °R ’ Ibmole °R/ 128.65 |bm

(e) The inlet flange kinematic viscosity is found from-Ref. (D.20) and is assumed to be that of
air at atmospheric pressure and the existing temperature

2

ft
(¢).=1.70 x 107% —
sec

(f) Static specific volume at inlet'and discharge flanges is found using the ideal gas law

RTstalic db
(Vstatic)t =l
t

Pstatic

(1545 ft Ibf ) ( 1 Ibmole) 540.0 °R
Ibmole °R/ 128.65 |bm ’ ft3
(Vstatic i)t = — = 14,34 —
(1410 'b) (144 '") lbm
" in? ft2
(1545 ft Ibf ) ( 1 Ibmole) 1042.3 °R
Ibmole °R/ 128.65 |bm ’ ft3
(Vstatic d)t = — = 3919 —
(996 Ib)(]44 m) Ibm
" in? ft2

(g) Fluid velocity at inlet and discharge flanges (see para. 5.4.3.1)

94
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w
V, = |:§2:| - [W Vsmic]
"7 leAl,  LAt60) 1

(36,500 m) (14.34 &—3)

hr Ibm o ft
\Vilt — - JJ.0U ——
11-(16.876 ft)z (3600 sec) sec
4 12 hr
| ft3
(36,500 %?) (3.919 lb_m-) .
) = = 7256 —
™ (10.020 ft)z (3600 SEC) sec
4 12 hr

(h) Fluid Mach numbers at inlet and discharge flanges (see para. 5.4.2.5)

v
=
' kgRT/

ft

93.60 =
M), = = 0.0818
T e (e Y (g R T oy L
’ ’ Ibf sec? Ibmole °R/ \28.65 Ibm ’
72.56 .
(Mg), = sec = 0.0459
' \ﬁ 377 (32 174 w) (1545 ftlb )( l ImeIG) 10422°R)
’ . Ibf sec? Ibmole °R/ 128.65 Ibm ’

() Total tempenature at inlet and discharge flanges is found using the energy equation for an
adigbatic process

VZ

I = (-T atic db +
= 2C,18

ft \2
(93.60 s_e-z)
(Ti); = 540.0 °R +

= 540.7 °R
B bt ft Tom
2 (0204 ) (77847 57) (3274 )
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ft \2
(72.56 —)
(T) = 1042.2 °R + = 1042.6 R

2(0253 Btu ) 77817 & 'bf) (32174 f Ibm)
’ Ibm °R ( " Btu ) Ibf sec?

(j) Since the Fluid Mach number is less than 0.2, the total pressure may be calculated according
to the simplified method of Eq. [5.4.4]

v2
= . +
Pt = (Pstatic)t (2 Vsmicgc)'

ft \2
(93.60 E)
(pi)e = 14.10 psia + e = Tom e 14.17 psia
2 (14.34 H) (32.1 74 s Secz) (144 ft—z)
ft \
(72.56 E)
(pa)e = 99.6 psia + e praT — = 99.74 psia
2 (3.919 m) (32.1 74 |bf_sec'2) (144 F)

(k) Total density at the inlet and discharge flanges is found using the ideal gas law

(14 17 Ibf) (144 T:)
T in? ft2

Pi lbm
(Pi)sp = (R_T,)( = = 0.06993 T

ft Ibf 1 Ibmole f
(1545 Ibmole °R) (28.65 ibm ) (540] R)
(99 74 Ibf) (144 1n—z)
(pdp = (£2) = i e = 0.2555 =0
Pdse = \RTih — (1545 ft |bf ) ( 1 Ibmole) (1042 6 °R) e ft3
Ibmole °R/ \28.65 lbm ’
(1) The sum of the squares of the blade tip speeds is
2 2
N N (9,500 re—v) [6 (20 in)2 + 4 (18 in)2] (hﬂ)
N? min rev ft2
[2 U,z] = [___2 D2| = = 6.35 x 1068 —;
, t 4 4 ] iny 2 sec?2 sec
i=1 =1 4(12—) (60—)
ft min

(m) The shaft power was measured by the shaft power method to be (P;); = 1851 hp (shaft power
method)
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The shaft power can also be calculated from the gas power using the heat balance method
and Eq. [5.5.14]

(Pex)r = (Pg)l + Pparasitic

Equations [5.4.17] and [5.4.18] show the parasitic losses to be mechanical losses. Also, using
Eq. [5.4.13] gives

(Psn)r = (wepd (Tg = Tide + Qr + wo Cpo ATo

Ibm ft Ibf Btu
(36,500 —) (0.2459 ———) (1042.6 - 540.7) °R 6740 —
(D), = hr Ibm °R hr
Pshle = Btu min + Btu min
(42.44 ~ ) (60 —) (42.44 - ) (60 —)
min hp hr min hp hr
B
(143.1 '—bﬂ) (0.462 L) (568.5 — 525.0) °R
_ min Ibm °R
B Btu
(42 44 mm)
A4

(1791.4 + 2.65 + 67.8) hp

1862 hp (heat balance method)

n) The gas power can be calculated fronthe heat balance method as done above to get

(Pg)r ="(w Cp)l (Ta = Tide + Q;
{1791 4 + 2.65) hp
1794 hp (heat balance method)

The gas power can-also be calculated from the shaft power using the shaft power method

(Pg)e = (Psh)t = Wo Cpo AT,
(1862 - 67.8) hp
1794 hp (shaft power method)

CheckCfor a Type 1 Test
The above test does not qualify as a Type 1 test due to the large differences in the inlet

pressures. To formalize this observation, the inlet pressure departure is

Dso - (pi 53 -14.16
(P )sp (P )‘ X 100 = 7_5—)( 100 = —88.00/0
(p)sp 7.53

which is outside the range of the Table 3.1 limit of 5%; therefore, the test is not a Type 1 test.
Therefore, we must conduct a Type 2 test; however, we will verify that this is a Type 2 test,

i.e., satisfies the Table 3.2 requirements.
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Computed Test Dimensionless Parameters (similar to para. 6.2.9)

The dimensionless parameters which form the basis for the conversion from test data to specified
operating conditions are calculated in this section.

(a) Polytropic efficiency is found as follows:

Average specific heat ratio

0249
%\ _ 7 lbm °R _
ke = (cp - R), - (o 549 1P ) (1 986 — B )( 1 b mole) = 1.386
““Tom°r/ \ """ Ibmole °R/ \28.65 Ibm
Polytropic exponent (see Eq. [5.1T-5])
In (%d) In (%d)
i i
= viv| pa Ti
In —) In (— —)
vd/ |, piJd ],
. (99.74 psia)
14,12 psi
= pa = 1.507

N (99,74 psia) (540.7 °R)
{(14:17 psia) (1042.6 °R)

Polytropic efficiency ((see Eq. [5.1T-9])

( n ) ( 1.507)
n-1 0.50755
(nph = ‘= = 0.828

), G50

(b} Flow coefficient (see Eq. [5.1T-1])

¢ = (er,v-v—NDs'),

possobi ) )
! hr / \2 #r rad/ \60 min

- Ibm revy /20.0 \3
(0.06993 - ) (9,500 —_— ) (— ft)
ft min 12

= 0.03148
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(c) Polytropic work coefficient (see Eq. [5.1T-4})

n-1

(=)~ ) -]

(ll-p)l = Z U2

8¢ ¢

(1.507) (1 4 ft Ibf )( 1 Ibmole (5407°R)[(
0.507 Ibmole °R/ 128.65 Ibm) ’

ft2 1 Ibf sec?
6 U\ (1 Ibfsec”
(6'35 x 10 sec2) (32.174 ft Ibm )

0.507
14.17 -

= 0.4075
) Total work input coefficient using the shaft power method (see Egs. [5.4.181.and [5.3T-2])

Ibm Btu
(143.1 m—m) (0.462 m) (568.5 - 525.0) °R
(Qm)t = WonoATo = Btu = 67.8 hp
(42.44 : )
min hr
Po- O (1851 hp — 67.8 hp) (33,000 mffnlbhf ) (60 mh—'r")
Q) = | 22| = P = 0.4901
Y u? (36 500 Ibm) (6 35600106 ft2 ) ( 1 Ibf sec2)
W ot PO sec?/ \32.174 ft Ibm

e) Total work input coefficient using the heat balance method (see Eq. [5.3T-1])

cp(Td—T;)+%’]/

T U
8¢

Qo) =

6740 2
hr | 778.16 ft 1b

(1042.6 — 540.7) °R +
Btu

u
0.249 —)
( Hbm °R Btu
36,500 —
hr
= = 0.4935

(6 35 106 ﬁ) ( 1 Ibf secz)
’ sec?/ \32.174 ft Ibm

() Work input coefficient (see Eq. [5.2T-2})

(o 249 BL) (1042.6 — 540.6) °R (778 17 m)
(Ta=T)J \"" "7 lbm°R RO "~ Btu
U T ( ft2 ) ( 1T Ibf sec2)

6.35 x 106 —| |——— ——
8¢ X sec?/ \32.174 ft Ibm

= 0.4927

(/lrin)t =
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(g) Volume ratio at stagnation conditions (for information only)

0.2555 — lbm
Vi pPd f3
(—) = (—) - =365
vd pilt Ibm

The performance at the specified operatlng condltlons is ca|cu|ated from the test dimensiorfless
parameters. The effect of the difference between test and specified operating condition(Reynplds
numbers is estimated from the PTC 10 Reynolds number correction.

(a) Discharge total pressure at specified conditions is obtained as follows:

Average specific heat

Btu Btu
Cp; + Cpy 267 Ibm °R + 0.281 7R Ibm °R Btu
(Cplsp = ( 2 )5,, = 2 SO pmR
(The design discharge temperature has been used to estimaté c,.)
Average specific heat ratio
Btu
0,274 ———
k=(c”)= Tom R = 1.370
7 \¢p - Rlsp (0 574 B ) (1 986 Btu )( 1 Ib mole) '
Ibm Ibmole °R/ \28.36 Ibm

Polytropic efficiency correction “is-now used to account for the differences in the Machine
Reynolds numbers. The Reynolds number limits for this correction are found using Eqs. [5.4.4]
and [5.6.1] to [5.6.4]

(10 000 ) ( rad) (20 rad) ( ) @
uB ND;b rev/ \12 rev s
Remse = (T) - ( 2vi Jep ft2 sec =2.73x10
e T 2 (4.00 x 107 2) (60 —)
sec min
rev rady /20 rady\ /1.5
(B (NDb (9'500 = (2 ”E) (13 =) ()0
Rem; = \—V—) = 20 = 2 sec =6.10x10°
s o 2(1.70 x 10 —) (60 =)
sec min
Rem 03 2.75 x 10% 03
Rem —] 1* —_— *
L= [100('°’)w] = [100( 107 ) ] = 4,775, 0.2094
Remg,
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or
Rem; < 4.775 Rems, = 4.775 (2.73 x 10%) = 1.3 x 108
Rem; > 0.2094 Rem,;, = 0.2094 (2.73 x 10%) = 5.72 x 10*
Since the test Machine Reynolds number (6.10 x 10°) falls in the above range, the following

Reynolds number correction may be used. The corrected polytropic efficiency for the specified

operating condition is related to the test polytropic efficiency by

_ RAsp RBsp
1= (g0 = 11 = (npHl RA, KB,

where
REsp= 0.988 Remy??4* = 0.988 (2.73 x 1050243 = 0.04718

RCt= 0.988 Rem; 0243 = 0.988 (6.10 x 1052243 = 0.03881

~

[4b x 1057 RC
o= 0.066 + 0.934 ———] ®
[ Rem g

1.0354

~

[4 (1.5 in) x 105] 0.04718

ip= 0.066 + 0.934 | — =

[4b x 105] RC,

Rf\sp= 0.066 + 0.934 | ——

t

.099940

r4 (1.5 in) x 105] 0.03881
l 6.10 x 10°

X

o= 0.066 + 0.934

13.67
log (0.000125 *z )

emsg,
REE )= | 13.67
°8 (E * Rem,,,)
log (0.000125 + ——119—7——)
_ 2.73 x 10° = 0.9967
log (0.00012 + _1367
2.73 x 105
tog-{0-000125+ 7|
RE, = ] Rem;/
log (E . 13.67)
Rem;
log (0.0001 25 + -—13—67——)
= 610x10% _ 9961
log (0.0001 2+ -£6—7-—)
6.10 x 10°
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Then,

1.0354\ 10.9967
- =(1-0. = 0.17
1= (el = (1 - 0.828) (0.99940) (0.9961) 8
and
(nsp)sp = 0.822
The polytropic exponent is found from
( L ) = (np (L) —OBZZ(E) = 3.042
n_1sp—77psp k—Isp_ ’ 0.37/) ~— 7
or
_3054 o
= 5054

The polytropic work coefficient ratio for the specified operating condition is

(np)sp
("]p)f

0822
(,Ufp)sp = (,Mp)( = 0.4075 m = 0.4044

Discharge pressure ratio is found using the definition of the polytropic work coefficient to

n

=)

T u? »
(&j) = | (eolsp ngc ¥ 1
Pi/sp ( ) RT‘
n-1
L »
- (7 037 x 108 2 ) ( 1 Ibf sec2) 3.042
= | 9:4044 : sec?/ \32.174 ft Ibm o 400
4 (1.37) (1545 ft Ib ) ( 1 lbmole) (600.7° R) = 6.
0.37 Ibmole °R/ \28.36 |Ibm .

Discharge pressure is found using Eq. [5.4T-15]

Pa = 6.400 (pi)sp = 6.400 (7.53 psia) = 48.2 psia

the flow coefficients at test and specified conditions (see Eq. [5.4T-1])

q = (Z) = ¢5p(ND3)5p = ¢r(ND3)sp
Pilsp
2 3
= 0.03148 (10,000 ﬂ) (2”53) (2—0 ft) — 9157
min rev/ \12 min

102
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(c) The inlet mass flow rate is

ft3 Ibm min Ibm
= (9157 _ ) (0.03136 —) (60 —) = 17,230 —
min ft3 hr hr

) The specific volume ratio based on total conditions is

! 1
(ﬁ) = [(&ﬂ = 6.40074 = 3.48
Vd/ sp Pi sp

e) Discharge total temperature is found using Eq. [5.4T-18]

= 049
(Ta)sp = [T,- (%’) ? ] = 600.7 °R (6.400) 149 = 11.06°R
sp

i

dince this temperature is nearly equal to the design valuerof* 1103.5°R, the average specific
hedt chosen for the calculations is assumed appropriate.

f) Gas power is found using the equality of the total work input coefficient between the test and
the| specified operating condition. Using the shaft powernéthod, Eq. [5.4T-20], and Table 5.3 gives

ZUZ)

4

Wap (Qb)ep (

33,000

Wsp(th)t (
33,000

Zujm

c

sp (Pgsh)SP =

(Pgsh)sp =

17,230 2™ (0.4901) (7 037 x 106 ¢ ) ( 1 Ibf Secz)
——— . . X —_— —
! min sec?/ \32.174 ft Ibm

ft Ibf min
(33,000 - ) (60 —)
min hp hr

932.8 hp (shaft power method)

Wsing the heat balance method, Eq. [5.4T-20], and Table 5.3 gives

PAIL: u?
wip @elep (Z=)  wiglOlno) (Z )
(P o = 8c s _ 8c /sp

85 P 33,000 = 33,000

2 | 2
(17’230 %n?:) (0.4935) (7.037 x 108 “_) ( 1 Ibfsec )

_ sec?/ \32.174 ft Ibm
ft 1bf min
(33,000 - ) (60 —)
min hp hr

= 939.3 hp (heat balance method)
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(g) The shaft power is found by assuming the mechanical losses are proportional to a power of
the rotational speed (see Eq. [5.6.8])

2.5
rev

New 25 10,000 —
(Qm)sp = (Qmhe (W”) = 67.8hp |[————| =77.1hp
t

rev
9,500 —
min

The shaft power is found using Eqs. [5.4.14], [5.4.17], and [5.4.18]

(Psn)sp = (Pgsh + Qmlsp

(932.8 hp + 77.1 hp)

1010 hp (shaft power method)

or

(Psh)sp

(Pgsh + Qm)sp

(939.3 hp + 7Z.15hp)

1016 hp (shaft power method)

(h) Static discharge temperature and pressure may be calculated from the mass flow rate, flow
area, and total temperature and pressure, Since the flow Mach number is below 0.2, Egs. [5.4.2],
[5.4.3], [5.4.4], and [5.4.6] may be.used.

With a guessed velocity of 80.2.ft/sec, obtained by trial and error,

Zi
(Tstatic d)sp = (T&)sp ~ 57—
static d/sp d’sp Zlgccp
ft2
(802)2 —;
= 1106. - s = 11055 °R
. ; (778 iy ft Ibf) (32 174 ft Ibm) ( Btu .
" Btu " Ibfsec/ \7T lbm °R
(Bsiasic-alepVd
{Pstatic d)sp = (Pd)sp — 2g (14:1)
c
lbm ft?
1 it , 2
—ag2 (0 9 o ) (802 L — g2
ST (32 174 10 ) (144 inz) o
"7 Ibf sec? ft2
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Checking

" (28 P lbm) ( 1 min)
v—( 0 ) min/ \60 sec = 80.2 ft
i 0 | = sec
P static (0 109 bm\‘ (10 02\‘
144 (Pslatic d)SP
( ’ ) = 5Ty .
Pstatic dJsp R (Tatic d)sp
in? Ibf
) (144 fz) (48'2 Fi) = 0.10 9Ibm
= bt 1 lbmole *
(]545 Ibm °R) (28.36 Ibm ) 1105%%

Check for a Type 2 Test
a) Specific volume ratio (see Eq. [5.5.5])

()
Vd/t 3.65

100 = — = 1.0499
< X 3.48 x 100 %o
Vd/ sp

[he test specific yolume flow ratio is just within the Table 3.2 range of 95% to 105%.

[he difference is-due largely to the assumption of equal gas properties between test and
specified conditions made when determining the test speed. A retest at an adjusted speed would
reduce this deviation.

b) Capacity — speed (flow coefficient) ratio (see Eqgs. [5.2T-1] and [5.4T-4]

Ibm
(36,500 —)
hr
wi Ibm rev
(—.) (o 06993 —3 ) (9 500 —mm)
~Pilt 100 = x 100 = 99.6%
wi Ibm
(—) (1 7,300 —)
Pilsp hr

Ibm rev
(0 03136 3 ) (10,000 —)
ft min
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The test capacity — speed ratio is within the Table 3.2 range of 96% to 104%.
(c) Test Machine Mach number (see para. 5.5.1)

_ Uy _ DN;
VkiRTapi  2NkiRTgpi

Mm

(10000 22) (5 ) (2720 o e

rev/ \60 sec

12
= = 0.71
v 2x [1384 (1545 f ot ) ( 1 Ibmo'e) (6007 °R) (32.174 it 'bm) o7
) Ibmol °R/ \26.84 Ibm ) ) Ibf sec?
revy (20.2 rady /1 min
(9,500 v ) (—— ft) (z 77—) (— —)
M, = min 12 rev/ \60 sec — 0.708
l 2 \/1 397 (1545 ft Ibf ) ( ! ImeIe) (540.7 °R) (32 174 —ft fom ) ‘
X ) Ibmol °R/ \26.84 Ibm ¢ ’ 1bf sec?

The test Machine Mach number is within the Figs.3:4 range of 0.625(0.710 - 0.085) to 0.815
(0.710 + 0.105).
(d) Machine Reynolds number ratio (see Eq. [5:5:5])

rev rady /20 1.5
10,000 — ) {27 — ) {—ft]| | —ft
min rev/ \12 12
€mgp = =273 x
Remg, 2.73 x 108

ft2
2 (4.00 x 107 —) (60 —se,c)
sec min

(9 500 re—v) (2 E) (2 ft) (]'5 ft)
! min T rev) \12 12

Rem; = = 6.10 x 10°
ft? sec
2 (1.70 x 10-4—) (60 —)
secC min
Rem;, 6.10 x 10°
100 = ———— x 100 = 223.49
Reme ™ > 73 os X 100 = 223.4%

The test Machine Reynolds number is above the Table 3.2 lower limit of 90,000 and the
Machine Reynolds number is between the Fig. 3.6 limits of 0.17 and 6.5.
Since all the Table 3.2 requirements are satisfied, the test is a Type 2 test.
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TABLE C.2.1

CALCULATION SUMMARY

Test
Corrected Expected
to at
Specified Specified
Test Operating Operating
Quantity Symbol Units Value Condition Condition
1. Quantity of gas delivered w lbm/hr 36,500 17,230 17,300
2, Pressure rise Ap psi 85.6 40.7 40.6
3. Head (total) w, ft - Ibf/lbm 80,400 88,450 88,200
4. Shaft power
(a) Shaft method (Ps)sh hp 1851 1010 1025
(b) Heat method (Pt hp 1862 1016 1025
5. Polytropic efficiency np 0.828 0.822 0.82
6. Flow coefficient ¢ 0.0315 0.0315 0.0316
7. Machine Mach no. Mm 0.724 0.703 0.703
8. Machine Reynolds no. Rem 610,000 </ 273,000 273,000
9. Specific volume ratio (total) (viig 3.48 3.48 3.48
10. Specific heat ratio k 1.39 1.37 137
11. Polytropic work coefficient Kp 0.408 0.44 —
12. Work input coefficient Hmin 0.493 0.493 —
13. Total work input coefficient
(a) Shaft method Qn 0.490 0.490 —
(b) Heat method Qnp 0.494 0.494 —
14. Capacity g=Iw/o) ft}/min 8700 9160 9190
15. Inlet gas state
(a) Static temperature T °R 540 660 600
(b) Static pressure P psia 14.1 7.50 7.50
{c) Total temperature T °R 541 601 601
(d) Total pressure p psia 14.2 7.53 7.53
16. Discharge gds state
(a) Static temperature T °R 1042 1106 1103
(b) Stati€ pressure p psia 99.6 48.1 48.0
{c) Totaljtemperature T °R 1043 1106 1103
(d)<Total pressure P psia 99.7 48.2 48.1
17,°Gas power
(a) Shaft method (Pgsh hp 1794 933 —
(b} Heat method (Pony hp 1794 939 —
18. Casing heat loss Q hp 2.65 — —
19. Speed N pm 9,500 10,000 10,000
20. Mechanical losses Qn hp 67.8 771 —
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SAMPLE CALCULATION C.3
IDEAL GAS APPLICATION TO SELECTION OF TEST SPEED
AND TEST GAS AND METHODS OF POWER EVALUATION

This sample calculation is intended to demonstrate:

a) Test speed selection

b) The effect of substitute gas use on achievement of flow similarity
c) Methods of power evaluation

The following information is given about the design:

Number of stages = 6 At an inlet flow of 3000t /min
1st stage diameter = 11.459 in. Discharge pressure =,90 psia
Impeller exit tip width = 0.5 in. Polytropic efficiency = 0.76
Shaft rotational speed = 16000 rpm Shaft power =690 hp

Gas — Methane

Inlet pressure = 30 psia

Inlet temperature = 570°R

YU?%/g. = 1.11006 x 10° ft-Ibf/lbm

The data in the left hand column above indicate the'specified operating conditions. This data
describes the compressor geometry, the operational-speed, and inlet gas conditions. The data in
the above right hand column describes the intended performance of the compressor at the
specified operating conditions. It is the purpose of the test to verify these intended values or
esfablish the actual values.

t is assumed that circumstances prohibit testing with methane. Air is available at 14.7 psia,
520°R, and 50 percent relative humidity. The driver has variable speed capability.

The following assumptions are_made to simplify the calculation process so that focus may be
made on demonstration points.

(a) Both the test gas, air, and the specified gas, methane, will be treated as ideal gases with constant
specific heats. Average valués will be used. (The alternative is to use actual gas thermodynamic data
and the Type 2 calculation procedure. This would lead to slightly more accurate results.)

(b) Leakages will be“assumed negligible at both test and specifed conditions. The rotor mass flow
rafe is then the inlet mass flow rate.

The test speed required to provide equivalence between test and specified conditions is obtained
frgm the speed selection rule. For ideal gases,
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TABLE C.3.1
PRETEST CALCULATION SUMMARY

Gas Methane Air
Pd psia 90. 51.597
pi psia 30. 14.7
Ti °R 570. 520.
R ft-Ibf/lbm°R 96.31 53.53
k 1.28 1.396
a Ihm/ft3 0078693 0.0761
i lbm/ft - sec 0.769 x 1073 1.27 x 1073
N rpm 16000. 12704.
U ft/sec 800. 635
Mm 0.532 0.5675
Rem 3.411 x 10° 1.583 x 10°
7p 0.76 0.76

(excludes Reynolds
Number cor-
rection)

Pd/pi 3.0 3.51
n 1.4 1.6
qi/qd 2.19 2.19
¢ 0.00343

with

1 1
(B = (B = 2
Pi Pi’sp qd

and

n

- = npk_1,and Remeorr = 1

Precise values of-pressure ratio, efficiency, and polytropic exponent for both specified and|test
conditions ar€ ‘of course unknown before test. However, the appropriate test speed may be
estimated by-making the following assumptions:

(a) The<pressure ratio and efficiency at specified operating conditions are equal to the design
values:

(b) The efficiency at test conditions is also equal to the design value. While the Reynolds number
effect might be taken into account here, it is small and the current calculation is only an estinjate.
It is ignored simply for computational ease.

he motion—alle on—of—the_spacified—condition—polviropic—axBoRen The

second allows calculation of the test polytropic exponent. With these a test pressure ratio estimate
and a required test speed estimate may be calculated. This speed may be used to calculate
Machine Mach and Reynolds numbers.

The gas data used and results of the computations indicated above are summarized in Table
C.3.1. The values in this table may be used to determine if it is possible to accomplish the
proposed test within the allowable deviations in similarity parameters.

Mach Number Check: The test Mach number is = 6.6 percent greater than the design Mach
number. This is an unavoidable consequence of gas selection with
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different k values when specific volume ratio equality is maintained.
The deviation is, however, within the limits of Fig. 3.2.

Reynolds Number Check: The test Reynolds number is =46 percent of the design Reynolds
number. This is within the deviation limits of Fig. 3.4, and the
correction relationship applies. The correction has not been applied
to the tabulated values, since the computations are preliminary.

The compressor is run to obtain a bracketing point. A bracketing point lies within *4 percent

of the specified operating condition flow coefficient of interest, which is

qi 3000
¢sp = [ ’ ] =
sp

= 0.03427
2aND? 11.459)3

27 (16000) (

The desired test inlet flow may be calculated from test and specified operating condition flow
coefficient equality, which yields

N 12704 ft3
qi, = qi (— = 3000 (—) = 2383 f—
! P AN, 16000 min

The test yields the following data:
w= 29595 lbm/sec

pi=14.7 Ibf/in3

T;= 520 °R
RH;= 50%

pa= 50.4 Ibf/in?

Tqg= 832 °R

Qm= 20 hp (from lubricating oil .temperature rise and flow rate)
Qr= 5574.5 Btu/hr (calculated’ casing heat loss)
Psh=339. hp (shaft power;-perhaps from a torquemeter)
N= 12690 rpm
R=53.53 ft-Ibf/loms°R
The next step is to compute the following dimensionless parameters from the test data.
Specific Volume-Ratio:

1
r, = (&’)" = 2.14286
pi

Flow Coefficient:

= —— = 0.03363
& Do 0.033
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Polytropic Work Coefficient:

n
( )RT, n-1
n-1

- PN =
Kp, = T[(;) - 1] = 0.62702
8c
r n erTl U
}Cp(Td - Tl) _
#in‘ = —ZT = 0.84317
8c
Polytropic Efficiency:

Hp,

Np, = = 0.744
Ilrin,

Total Work Input Coefficient: (Heat balance method)

I | enTa T %]

Qpo. = ~ = 0.849

t ZUZ
8c

Total Work Input Coefficient: (Shaft power method)

Qm/ \ /33000

(P2~ 33000) (T )
33000 Wi

Qen, = E = 0.849

Machine_Mach Number:

Machine Reynolds Number:

Ub
Rem; = — = 1.583 x 10°
v

which have been evaluated using

pa/pi = 50.4/14.7 = 3.4286
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vilva = (palpi)/(T4/T;} = 3.4286/(832/520) = 2.1429

n = In {pa/pi)/inlvi/vy) = In (3.4286)/In (3.1429) = 1.6167

w; = (2.9595 Ibm/sec) (60 sec/min) = 177.57 Ibm/min

N = 12690 rev/min

D = 11.459 in.

R = 53.53 ft-Ibf/Ibm+°R

Ti = 520°°R

TU? Ny 2 (X U? 12690\ 2 ft - Ibf
( ) =(—) ( ) =( ) 1.11006 x 10° = 6.9828 x 10*
gc Nsp gals 16000 lbm

k = 1.396

0= () - (29 (22 - s

k-1/) 0.396/ \778.16 Ibm °R

Ta = 832 °R

cp = (5574.5 Btu/hr) {1/60 hr/min) = 92.91 Btu/min
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pi in ft? ibm
pi=—= = 0.076047 ——
RT; ft « Ibf ft3
53.53 ( ) 520 °R
lbm °R
tbm S6C
29595 [ o0 (=]
wi sec min ft3
q" = — = = —_
pi Ibm min
0.076047 (—-)
ft3
Py, = 339 hp
ft « Ibf
(20 hp) 33000 (—)
_ min « hp/)" 848.2 Btu
Qm = ft « Ibf B " min
778.16 ( )
Btu

20N D Rad tevy /1 miny /11.459 1 f ft
v="C2 0 (217'———) (12690 —) (—— —)( in.) (— —) = 634.5 —)
24 min/ \60 sec 2

Ibm
1.27 x 1075 ( )
M ft * sec fi2
v=—= = 1.67 x107* —
P Ibm sec
0.076047 (——)
ft3

1
b=0.5in. (— ,—) = 0.0417 ft
12 in.

The preliminary assumption is made that these coefficients with appropriate Reynolds number
correction, also apply at specified conditions. The limits for allowable test Machine Reynolds
number are given by

Rem52 3.411 x 10°%

0.3%1 0.321
Rem; - 100( 107 ) = ]00( 107 ) = 5.32%1

Remg,
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or

6.41 x 10* < Rem, < 1.81 x 10°

The test Machine Reynolds number does fall within these limits and the efficiency correction
may be used. Thus

. 5 _RA,RBy, . 0.977981(0.99648)
C TP T T T R A RB, 1 1.01184 (0.99718)
where
4.8 x 106 b\ RCp
RAsp = 0.066 + 0.934 (—) = 0.97798
Rems,
4.8 x 10° b\ R,
RA, = 0.066 + 0.934 (—) = 1.01183
Rem;,
13.67
log [0.000125 + (R )]
em
RB,, = ? = 0.99648
13.67
log [e + ( )]
Rem;,
13.67
log [0.000125 + ( )]
Rem;
RBi= = 0.99718
13.67
log [e + ( )]
Rem;
with
Csp= 0.988 Rem; 0243 = 0.044696
RC;= 0.988-Rem,, 0243 = 0.053862
b= 05"in.
Rgmg,=3:411 x 10°
emr=1.593 x 10°
= 0.000120 in
So,
Trsp  0.752
Moy, = 0.7524, and Rem¢oyy = — = —— = 1.0118
Np,  0.744

The Reynolds number correction is applied to both the polytropic efficiency and the polytropic
work coefficient.
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In summary, the preliminary assumption is that the following dimensionless coefficient set
applies at specified operating conditions.

b = ¢ = 0.3363

Hing = Min = 0.84317

Qo = Qnp, = 0.84900

‘Q"’sp = .Qsh‘ = 0.84900

Tp,, = Mp, ReMearr = 0.744:(1.0118) = 0.752

0.634

Bp,, = HpReMcor = 0.627 (1.0118)

This assumption is taken to‘be valid to the approximation involved if:
(a) the test specific volume ratio is within +5 percent of the specified condition volume ratio (Table
3.2). The specified operating condition volume ratio is calculated to determine if this requiremept is
met. This is done by using the polytropic work coefficient and polytropic efficiency to calculate the

specified condition discharge gas state, i.e.,
i TU? (L]SP

(&{) =|u _ 8 +1
pi/sp Psp n

i (n-1)RTf

sp

1.11006 x 10° 3.4395
= (0.63 4( )+ ] = 2.9750
(3.4395) 96.31 (570)
where
( . ) ( u ) 1'2807524 3.4395
n-1p \k-1)p "%~ 028 -
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which yields np, = 1.4099.
The specific volume ratio is then

2 1
o= (&)nsp = 2.9751.4099 = 2,167
P Pi/sp

(which 15 within the =5 percent Himit).

b) the test Machine Mach number is within the limits of Fig. 3.4, which is seen to be satisfied;
c) the test Machine Reynolds number is within the limits as already described;

d) the test flow coefficient is within +4 percent of the specified operating condition flow coefficient
of finterest.

{t is concluded that the dimensionless coefficient set developed is valid for the_specified
opgrating conditions. The following quantities of interest at the specified operating conditions are
established from this set as follows.

he section pressure ratio has already been established in the volume ratiocalculation using
the polytropic efficiency and polytropic work coefficient. The discharge gasistate is then

pd Ibf
pd. = (—) pi. = 2.975 (30.) = 8925 —
sp P in?

sp pi

n-1
T pay—= 0.4099
—) == = 2.9751.4099 = 1,373
Ti/sp pi

.
Ty = (_ Ti. = 1.373 (570) = 782.6 °R
Tilsp °P

The flow dsidetermined from the flow coefficient

C (D 3 rad rev /11 4q9f\3 ft3
j= 27N — = 0.03363 2 m—— 16000 — t] = 2944 —
a l¢5p (12) J sp rev min k ) min
144 (30) Ibm ft3 Ibm
wi = pigi = [— —] 2944 — = 231.7 —
96.31 (570) ft3 min min

17
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The power requirement at the specified operating conditions is determined from the total work

input coefficient.

Tu?
w () —-—]
[ 8c 1sp Q"’sp]
Py, = +
P 33000 33000
"'\r:-\' cac ) ff s lhf. + min h'r'\ N
= 3.862 — 60 — 0.849 (1.11006 x 10° ) = 697.3 hp
sec min Ibm /133000 ft + Ibf.
where,
Qm,)  QmJ

Nip\ 25 16000y 25
(—) = 20 hp (——-) = 35.7 hp
N 12690

33000 33000

In this example both the shaft method and heat balance method give exactly the same po
requirement. This may not always be true because of differences in the independent measurem
which are used. This example was specifically constructed using values such that the pov

would match.

wer
Ents
ers
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COMPRESSORS AND EXHAUSTERS ASME PTC 10-1997

SAMPLE CALCULATION C4
TREATMENT OF BRACKETED TEST POINTS

This sample problem is an extension of Sample Calculation C.3. It demonstrates treatment of
brdcketing points. Suppose that a second data point for the compressor of Sample Calculation
C.3 is available. The data is shown in the upper portion of the second column in Table(C,4.1.
Calculations were done for this data set following the same procedure as in Sample Calculation
C.3. The results are summarized in the lower portion of column 2.

The calculated efficiency and work coefficients are plotted as functions of flow, coefficient in

Figt C.4.1. The flow coefficient of interest is for 3000 ft*/min at specified conditions, or

3

3000 —
min
= =_0.03427
rad revy /11,459 \3
27— {16000 — ft
rev min 12

which falls about midway between the data points: in Fig. C.4.1. The data points are valid
brdcketing points in that they are well within 4 percent of the flow coefficient of interest (Table
3.2). In the absence of additional data points,-the values of the dimensionless coefficients at the
flow coefficient of interest are determined by-linear interpolation. Linear interpolation gives

Hing, = 0.838, Hpg, = 0:629, Npg = 0.750, thsp = 0.8438, Q"’sp = 0.8232

These values are used to calculate the compressor performance in dimensional terms as follows:
Flow rate: 3000 ft¥/min as above
Discharge pressure:

n

Su? -l n-1
Pd g T
—=[pp————
pi ( n ) RT, J
n-1
L sp

= 2.9497

1.11006 x 10° ] 3.4304

= [0:629) 3309631570 *

p
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TABLE C.4.1

COMPRESSORS AND EXHAUSTERS

Test Data Units 1st Data Point 2nd Data Point
N [rpml] 12690. 12690.
w; [Ibm/sec] 2.9595 3.0799
pi [psia] 14.7 14.7
T; [°R] 520. 520.
RH; [%] 50. 50.

Pd Ipsial 50.4 49.4
Ta [°R] 832. 828,
Cnm TRp] 20. 20.

Pen [hp] 339. 330.39
Q [Btu/hr] 5574.5 5495.
R [ft-Ibf/Ibm°R] 53.53 53.53
k 1.396 1.396

Calculation Summary:

1st Data Point

2nd Data Point

Test Specified Test Specified
Operating Operating Operating Operating
Conditions Conditions Conditions Conditions
@ 0.034 0.034 0.035 0.035
Min 0.843 0.843 0.832 0.832
HEp 0.627 0.634 0.615 0.623
np 0.744 0.752 0.739 0.748
Qnp 0.849 0.849 0.838 0.838
Qg 0.84900 0.84900 0.794 0.794
Mm 0.5675 0.5320 0.5674 0.5320
Rem 1.583 x 10° 3.411 x 10° 1.583 x 10° 3.411 x 10°
qi/qa 2.1429 2.1668 2.1105 2.1351
where
T ( ) 0.750 (1‘2 ) = 3.4304
n-1_ TP \k-1 Y \o2s) T
A-=—141H45
and,
pa = (pa/pi) pi = (2.9497) 30 = 88.49 |bf/in2
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FIG. C.4.1
FPower requirement:
iHeat balance method:
wi Qpp LU?  Qm)
P’hhb = +
33000 g 33000
{236:08)0-848H 11066 x10%

= — - +35.7 hp = 705.79 hp

where

wi = p; g = [(30)144(3000}}/((36.31}570)] = 236.08 Ibm/min
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Shaft power method:

w;i Qpp TU? + Qm/
33000 g 33000

Pshhb =

_ (236.08)0.823(1.11006 x 10°)
- 33000

+35.7 hp = 689.43 hp

frast
to Sample Calculation C.3. This is due to the contradictory measurements for the second. gata
point, reflected in the two different values for total work input coefficient. One of thevalugs is
clearly in error, indicating an error in measurement. With mutual agreement by parties to|the
test, the options may include:

(a) retest, eliminating the error;

(b) neglecting the error should the difference in results be deemed negligible;

(c) assuming one or the other measurement correct and ignoring the other;

(d) comparison with other data points if available.

In this case the error would appear quite large. Since only two-data points are available it
might well be prudent to retest for verification. As the methods\agree for the first point,| the
second data point is questionable.

Further, since the test shaft power is smaller for the second data point despite a larger mass
flow rate, the shaft power measurement is especially suspect.

Assume that further investigation leads to disqualification of the shaft power measurement for
the second data point. The final results from the bracketing data points may be summarized as

Design_ Calculated
Speed (rpm) 16000 16000
Gas Methane Methane
T; °R) 570. 570.
pi (psia) 30. 30.
gi (f3/min) 3000. 3000.
pd 90. 88.49
Np 0.76 0.750
P 690. 705.79
qi/qa 2.19 2.152

Comparison of the design and actual results indicates that the compressor falls short of mesting
its design pressure-goal at design flow. The implication of this fact to the parties involved| are
beyond the scope’of this Code, as they would be also had the compressor exceeded its design
goals. However, typical industrial reaction in lieu of mutual acceptance as tested is hardware
modification or specified condition speed adjustment. In the event of hardware modification| the
test must/be repeated. For small speed adjustments the test results may remain valid. This is
detérmined by conversion of the test results to the new specified condition speed and verifying
that the limits in departure between test and specified conditions are not exceeded.
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SAMPLE CALCULATION C.5
SELECTION OF A TEST GAS FOR A TYPE 2 TEST USING
IDEAL AND REAL GAS EQUATIONS

This sample calculation is intended to demonstrate how to select a test gas and determine the
test| speed. A compressor designed for use on a hydrocarbon mixture is to be tested in the'shop
with a closed loop for an ASME test. Table C.5.1 gives the specified operating conditions and
preglicted performance for the point to be tested. Additionally, it gives mechanical design
reqplirements of the equipment such as the maximum temperature, pressure, rotating speed
reqpiirements, the impeller design data needed for the evaluation of test equivalency, and the
crit|cal speeds of the compressor rotor system.
The selection of the test gas and computation of the required compressor speed is a multi-
steg process. Table C.5.2 outlines the basic steps involved in flow chart form. The first step
invplves computation of the specified conditions; Reynolds number, Mach number, pressure ratios,
voliime ratios, etc. This data is contained in Table C.5.4. The next.step is to select the possible
test| gases. In this problem nitrogen, carbon dioxide, refrigerant 134a (R134a) and refrigerant 22
(R2P) have been selected as possible test gases.! Knowing @.closed loop is to be used, 20 psia
and 100°F were used for a first estimate of inlet conditions. The selection of the 20 psia was
to 3llow a loop with a positive pressure and therefore, no inward leakage of air as a contaminant
wollld occur. Table C.5.3 lists the test gas inlet conditions for each of the gasses. The next step
is the determination whether ideal gas or real gas.‘calculation methods should be used.
e X factor and Y factor of Schultz were_gomputed for the specified gas as well as for each
of the test gases. It was found that the specified gas required real gas calculations, nitrogen could
be fassumed to be ideal, and CO,, R134a,/R22 required real gas calculations. From the X and
ctors, an estimate of the c, and.the compressibility Z, the test polytropic exponent was
computed. Since the specific volume ratio at test should equal the specific volume ratio at
spegified operating conditions, the test pressure ratio was computed along with the test discharge
prepsure and temperature; see(Table C.5.4. At this point, a check with mechanical design conditions
found that nitrogen and CO_ test discharge temperatures were in excess of maximum allowed
by [the mechanical design and a further comparison of speeds also indicated extremely high
rotdtional test speedsiin excess of mechanical design. Further computation was not needed for
nitrpgen and COy;,as these gases were eliminated. First estimates of temperature and speed for
refrjgerant 134a-and refrigerant 22 (See Table C.5.4) indicated possible test gases since they did
not| exceed mechanical limitations. However, the rotative speed for the preliminary R22 selection
wag only dpercent below the first critical speed and the rotative speed for the R134a selection
wag approximately 14 percent below the first critical speed. For the first pass, there was no
Reynolds’ numbers correction, verification of specific volume ratio, efficiency, or an estimate of
rea
a critical speed.

The next step is the computation of the test head, discharge enthalpy, isentropic discharge
condition, and the real gas correction polytropic work factor. Table C.5.5 has the computed data

1t is recognized that there is a potential environmental problem of using refrigerant 22. The use here is only to
demonstrate the calculation method.
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TABLE C.5.1

SPECIFIED OPERATING CONDITIONS AND PREDICTED CONDITIONS

Inlet Discharge
Pressure, psia 200 650
Temperature, °R 575 704.8
Specific volume ft3/lbm 0.7578 0.2602
z 0.8768 0.7981
Viscosity centipoise 0.01021 0.01373
Specific heat Btu/lbm-°R 0.4894 0.6266
Specific heat ratio 1.128 1.098
Sonic velocity ft/sec 830. 820.
Enthalpy Btu/lbm 164.9 209.8
Entropy Btu/lbm-°R 1.577 1.592
Gas properties: Hydrocarbon mixture
Critical pressure: 646.4 psia
Critical temperature: 577.2 °R
Critical specific volume: 0.7943 ft*/lbm
Mol weight: 35.67
Volume flow rate: 22734 cfm
Mass flow rate: 30000 lbm/min
Polytropic efficiency: 0.781
Polytropic head: 27310 ft-lbf/lbm
Speed: Gas 3600 rpm
Mechanical 100 hp
Mechanical design: Max. temp 350 °F
Max. pressure 900 psia
Max. speed 3775 rpm
1st critical speed: 2600 rpm
2nd critical speed: 4700 rpm
Impeller 1st 2nd 3rd 4th Sth
Diam., in. 36 36 36 36 36
Tip Width, in. 25 2.0 1.75 1.5 1.25
€, in. 0:000125
for R134a. The test specific volume ratio compared to specified indicated that the R134a|gas
conditions are very, close (within the accuracy of estimated gas properties) to that of the specified.
Further check)on the assumed efficiency also indicated it was within 4 percent of specifijed.
The polytropic' head was computed along with Reynolds number correction factor and a pew
speed was{ also computed. Further check of this speed against the critical speed of the unit
indicated-a margin of 8.6 percent, which should be within a reasonable range for unit operatjon;
therefore, R134a could be used.
Table C.5.6 has the basic R22 check data. The test specific volume ratio is considerably| off
from that specified. The test speed is 2556 rpm which is too close to the first critcal speed.
This—problem-demeonstrated-the-extent-of-caleulation—necessaryto-come—up—with-the-te geed
for a given unit. The final test power may be increased by changing the inlet pressure and then
re-computing all the values. Effectively the temperature ratio should remain constant and test
speed may vary slightly with increase of inlet pressure.
The test speed computed is only an estimate. Once the unit is on test, the g/N should be set
and the specific volume ratio, r,, checked from test data. If the volume ratio is not correct, the

test speed should be adjusted and the g/N reset.
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TABLE C.5.2
GENERAL FLOW CHART FOR TEST GAS SELECTION

Y

Compute Specified Condition

Rem, Mach No., g/N, Compute Test Speed J
WP' np' fp, rY \ 4
* Verify Mechanical Design
Select Test Gas JI < NO = for Critical Speed,
+ A MaxSpeed, etc.
Assume Inlet Test Conditions \
pl T

* j NO—‘ Verify VoI;me Ratio 4'

Compute X and Y for Real Gas
Requirements (Table 3.3)

_Estimate New Compute Reynolds No. Ratio
Discharge Pressure and Efficiency Correction

+ Yy ‘
Compute Test | — L No—| Verify Computed

Polytropic Exponent Test Efficiency

Compute Test Pressure Ratio J Compute Corrected

Test Speed
Compute Test Discharge *
Temperature and Pressure - No —oI Compute Mach No.,
+ i - Verify Test Volume Ratio
N
Verify Test I R *

Temperature Pressure Compute Q and Test W J
Lower Than Max. Design

i v

[ Compute Test Power J

Compute Test Head Discharge
Enthalpy and Isentropic
Discharge and Real Gas

Correction

A

1—@

125



https://asmenormdoc.com/api2/?name=ASME PTC 10 1997.pdf

TABLE C.5.3
TEST GAS INLET CONDITIONS

N2 COz R134a R22
pi, psia 20 20 20 20
T, °R 560 560 560 560
vi, ft3/lbm 10.73 6.778 2.8716 3.4122
Z; 1.00 0.993 0.975 0.982
#., centipoise 0.017 0.015 0.0109 0.011
¢ Btu/lbm-°R 0.2499 0.2103 0.2098 0.161
k 1.396 1.273 1.098 1.166
a; ft/sec 1178. 894, 538.8 598.5
Tc °R 227.4 547.7 673.8 204.8
P psia 493, 1069.9 590.3 721.9
MW 28.01 44,01 102. 86.:48
h;, Btu/lbm — 122.3 121.2
Si -_
Xi — 0.07 0.02
Yi — 1.027 1.03

GENERAL NOTE: It is recognized that there is a potential environmental problem\of using refrigerant 22.
The use here is only to demonstrate the calculation method.

TABLE C.5.4
FIRST PASS FOR GAS SELECTION

Specified
Gas N2 CO, R134a R22

7 3.25 5.358 4.309 3.296 3.551
ry 2912 2912 2912 2.912 2.912
it 1.226 1.840 1.495 1.157 1.261
k'max/kmin 1.0273 —_
Np 0.781 0.781 0.781 0.781 0.781
Xmin/Xiak 0.509/1.056 — 0.01 0.08 0.02
Yaiin/Yimax 1.150/1.287 — 1.01 1.03 1.03
Calc type Real Ideal Real Real Real
n 1.1027 1.574 1.366 1.116 1.185
W, ft-Ibf/lbm 27310.0 71422 34860 10499 13750
Rem 2.266 x 107 — — 3.473 x 108
Mm 0.681 — — 0.65
U ft/sec 565.5 — — 350
Pd Psia 072 8672 6579 760
Ta °R 1030. 836.6 648 706

[Note (1)] [Note (1)]
vg fé/lbm — — 0.983
N, rpm 3600 5822 4067 2232 2554

[Note (1)] [Note (1)] [Note (3)]
NOTES:

(1) Test values exceed the mechanical design limit for the tested unit.

(2) No Reynolds number correction or verification of volume ratio, efficiency, or real gas correction.
(3) Test speed too close to rotor critical speed.
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TABLE C.5.5

Specified

Gas R134a
Polytropic work factor f 1.004 1.01
Rem;/Remg, 0.153
Allowable range (minimum) 0.1
r, check 2912 2.92
1p check 0.781 0.779
Wp, ft Ibf/lbm 27310 10605
Remcorr 1.003
N, rpm 3600 2247
Mm 0.681 0.655
q 22734 14190
hp 31790 2039

Supplement C.5.A

Pregsure Ratio rp

Predicted Conditions Specified Gas

pa/pi = 650/200 = 3.25

Vollime Ratio r, = vi/vy = 0.7578/0.2602 = 2.912

kma /kmin = 11283 /1 0975 = 1.028

q/N = 22734/3600 = 6.315

(heck Specified Gas for Type of Calculation

Reduced Temperature = Rymin = Ti/Tcir = 0.996
Rimax = Ta/Teir &°1.221

Reduced Pressure = Rpmin = Pi/Perit = 0.309
Rpmax =Pd/Perit = 1.006

From Schuitz Charts = Xmin—=

509 Ymin = 1.150

Krrtax .056 Ymax = 1.287

Blased on Table 3.3

kmax/kmax OK
Xmax, Ymax NO
Xmim Ymin OK

Use Real Gas Calculation Method for Specified Gas

,'p,' V,'gc 144

Sonic Velocity a; =
Yi

\/1 .128 (200) (0.7578) (32.2) 144
1.15

830.2 ft/sec.
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Tip Speed

U= 7wDN
720
a (36) (3600) ft
= — = 565.5 —
720 >6 sec
Machine Mach Number
Mm = U/a,'

565.5/830.2 = 0.681

Machine Reynolds Number

Rem = Ubi/uv

# = 0.01021 centipojsé~= 0.01021/(1488.2)
= 6.86 x 10-8Ubm/ft-sec
2.5
(565.5) (1—2—)
R = = 2.266 x 107
€M = §.86 x 10-° (0.7678) X
Test Gas Nitrogen (Ny)
Initial Estimate: Assume Ideal Gas
Y =1.0 X = 0.0 f=1.0 Remcor = 1.0
Compute Polytropic Exponent
Np, = Np, = 0.781

n-1 1 k-1
n np k
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= 0.781

1

(1.396 - 1)

= 0.3632

1.396

ng = 1.574

(

Compute Test Gas Pressure Ratio

1

1

(rpsp)"sp = (fpr)"r

i

fp, = (’psp)"SP

1.574

= 3.257.1027 = 5,358

Pd, = fp, Pi, = 107.2 psia

-1
n, = (rg) "5~ 5.35803632 = 1.840

fg, = T, = 1, = 1030R 570°F)
(1545) (560)
RT; 58 01
vi = —t o 22801 = 10.725
144 (20)

pi,
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Test Polytropic Head

1.5704

= 725 (5.35803632 _ 1) 144
b = Tor04 =7 (20) 10.725 (5.358 1)

71422 ft-Ibf/Ibm

Test Speed

WPsp _ Wp' Remcorr

NG N2

W,,' Remcorr
NesNe \——
Psp

71422 (1.0)

= 582
27310 - B2 rPm

N; = 3600

NOTE: Test temperature exceeds mechanical design limit. Test speed exceeds mechanical design limit.

Test Gas)CO;

Initial Estimate:

Remeor= 1.0, =10

Assume Nonideal Gas

Use inlet conditions for initial calculations.

Reduced Temperature = R, = T; /Tie = 560/547.7 = 1.022
Reduced Pressure = R, = p; /pciv = 20/1069.9 = 0.0187

X = 0.01 Y = 1.01 Z = 0.993 ¢ = 0.2103
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Compute Polytropic Exponent

T Y M+ X
ZR (1 . x)
ms=———|—
U Cp M W) Np
0.993 (1545) 1
= 0.01)
778.17 (0.2103) (44.01) (0.781 *
= 0.2749
! 1.3655
n= =1.
1.01 - 0.2755 (1 + 0.01)
Cdmpute Test Pressure Ratio
n 1.3655
o, = 1o,,™ = 3.25:%% = 4304

pd, = ropi, = 4.304 x 20 = 86.1 psia

Cagmpute Test Temperature Ratio

= (rp)m

= (4.304)92749 = 1.494

Tg, = r Ti = 1494 (560 °R) = 836.6 °R

t

0.993 (1545) (560)
_ 4T 77T 44001

= = 6.778
pi 144 (20)

Vil
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Test Head

n-1
n
,,f=n_1p,-v,v(r,J —1)144
1.3655
= |——— 6.778) (4.3049-2677 _ 1) 144
We, (1.3655—1)20( 8 ( )

= 34860 ft-Ibf/lbm
Test Speed

W,,' Remcore
Nt = Ngp —_—
Wpsp

0
m =.4067 rpm

I

w
o
o
o

NOTE: Test temperature is marginal. Test speed exceeds' mechanical design.

Test Gas R134a

Initial Estimate

1.0

Npt = Mpspo ReMeor = 1.0, f

Assume Nonideal, Gas

Use Inlet Conditions for Initial Assumptions

Reduced Temperature = R; = Ti/Tqit

560/673.8 = 0.8311

Reduced Pressure = R, = pi/perit

20/590.3 = 0.0339

X = 0.07 Y = 1.027
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Compute Polytropic Exponent

ZR ( 1 X)
m=—mmmm—|—+
e MW)\n,
_0.975 (1545) ( 1 +007)
~ 778.17 (0.2098) (102) \0.781 )
= 0.12215
1
ns —
Y-m(Q + X)

1
1.027 - 0.12215 (1 + 0.07)

1.1157

Cpmpute Test Gas Pressure Ratio

1.1157
rp, = 3.25"1027 = 3.2955

Pd = Tp pi

= 3.2955 x 20 = 65.91 psia

CpmputerTest Gas Temperature Ratio

n= r,,”l1

= (3.2955)%12215 = 1.1568

Tg=r, Ti=1.1568 x 560 = 647.8 °R (187.8 °F)
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Compute Test Head

1545
ZT 0.9753 (W) (560)
t
== = 2.8716
K 144 (20)

a="1

n
Wp=—n_1p,-v,-(rp " -1)144

144 = 10499 —

Ibm

—( 1.1157 )20(28716) 3.2955
P~ 11157 =1 ) )

(rvs7) - 1) ft-Ibf

Compute Test Speed

/W Rem
Nr = ng ptw core
P

s

10499 (1.0)
= S = 2
N; = 3600 _/ 53375 2232 rpm

Check Volume Ratio

Zs = 0.951
ZRT  0.951 (1545) 647.8 ft3

= = = 0.9832 —
VS Taap MW 1446590 102 - 00T

r, = 2.8716/0.9832 = 2.921

Compute Polytropic Work (Real Gas) Factor

Isentropic
P=65.91 psia
T'=168.7 °F (628.7 °R)
v =0.9205 ft3/lbm
K = 135.46 Btu/lbm
ng=In rp/ln r,/
r/=Vi/v§ = 2.8716 /0.9205 = 3.1196
ns=1In 3.2955/In 3.1196 = 1.0482
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J (hg— h)) = (135.46 - 122.3) 778.17
10241 ft-lbf/lbm

f= W
n ’
PR (pa vd — pivi) 144
_ 10241 _
) M—' [65.91 (0.9205) — 20 (2.8716)] 144 -
1.0482 -1

Compute Reynolds Number and Reynolds Number Correction
Usg Preliminary Test Speed
em = Ub/uv
U= wDNJ720
= 7 36 (2232)/720
= 350.6 ft/sec.

o)

2.5
3506( )

b, = 12 = 3.473 x 106
7.324 x 107% (2.8716)

W

Reynolds Number Ratio

Rem; 3473 x 106

e = 0.153
Remg > 2.266 x 107

Allowable Ratio

Rem,/Remg, > 0.1

Therefore, the Reynolds number ratio of 0.153 meets conditions.
Compute Reynolds number conditions.

RAsp RByp

(= mpsp = (1 = mphe 2= T3,

(4.8 x 10¢ b)RC

RA = 0.66 + 0.934
Rem

= log (0.000125 + 13.67/Rem)/log (e + 13.67/Rem)
RC = 0.988/(Rem)0-243
RCsp= 0.01612
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4.8x106xﬁ
=0. 934 = 1.548
RAp= 0.66 + 0.93 T 76E 107 5

2 6)0.1612

RBy,= 1.0

0.988

|

[«
<P
N
on
-5

“w

N=T13.473 x 105025
0.02543

4.8 x 108 —'—)

( WX

= 0.66 +0.93 = 1.56
RA +03 105 >

RB= 1.0

(1= 7p)sp = (1 = 7phe (%6‘%) (:_g)

1.565\ /1.0
(1= npe=(1-.781) (‘15—48) (1—0) = 0.224

np,= 0.7786

Remcor= 0.781/0.7786 = 1.003

n f n-1
Wp= (n— 1) pvipn =1144

1 1157 0.1157
=0i—157—(1 .01) (20) (2.8716) [3.2955"-1157 — 1] (144)
= 10605 ft-Ibf/lb
CorrectPreliminary Test Speed
/WP, Remgr

N = Ny \/Tp—
sp

10605 (1.003)
Nt = 3600 [——— =
t 27310 2247 rpm
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NOTE: Test speed within 8-1/2 percent of 1st rotor Critical Speed

Calculate Mach Number
Mm= U/a;
U= «#DN/720

= [736(2247)]1/720

= 353 ft/sec.
Mm= 353/539

= 0.655
Mach Number Ratio Difference

Mmy - Mmgp = 0.655 - 0.681 = -0.026

Tlest Gas R22 (Chlorodifluoromethane)

Initial estimate
Np,= "Ipsp
Remeorr= 1.0
f=1.0
se real gas calculation
se inlet conditions for initial estimate
ompute Polytropic Exponent

[N el e

X = 0.02 Y = 1.03 cp = 0.161 MW =)86.48 Z = 0.982

ZR 1
m=_(*‘—+X)
JepMWin,

0.982 (1545) ( 2

= 0.02) = 0.1821
M = 37837.00.161) 86.48 \0.781 * )

1Y = m (1 + X)]
1/[1.03 - 0.1821V(1 + 0.02)]
1.1845

ompute Test-Pressure Ratio

n
n
n

o

(e

1.1845

rp, = 3.25"1%%7 = 3.546

pa = rp pi = 3.546 (20) = 70.9 psia
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Compute Test Temperature Ratio

n, = rff = 3.5460182) = 1,259

Ta=n, Ti = 1.259 (560) = 705°R(245°F)

Compute Test Head

1545
77, 0982 (—) (560)
t

86.48 3.4113
Vi = = 3.
t pi, 144 (20)
n-1
n n
Wp,=(n_1)ptv,-r(rp, -1)144
1 1845 (1.1845—1)
— (_1.19% 11845 / _
= (1.1845—1)(20) (3.4113) (3.545 1] 144

13750 ft-lbf/Ibm

Compute Test Speed

Wpt Remcorr

W‘sp

3600 {13750 (1.0)
27310

2554 rpm

N( = Nsp =

Test speed is too close to the first critical of 2600 rpm.
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SAMPLE CALCULATION C.6
TYPE 2 TEST USING REAL GAS EQUATIONS FOR DATA
REDUCTION

mixed hydrocarbon compressor which was set up in the Sample Calculation C.5 was tested
on refrigerant 134a using a Type 2 test.

Thble C.6.1 outlines the conditions for which this compressor was designed. It tabuiates the
inlet and discharge conditions, as well as the isentropic discharge conditions.

Thble C.6.2 shows the gas composition and critical properties for this hydrocarbon mixture.
The| molecular weight and the calculated gas constant are shown in this table;

Thble C.6.3 shows the derived design functions, specifically pressure ratig,, temperature ratio,
voltrme ratio, as well as polytropic exponent, volume flow, head, efficiency, and power. The
test| is supposed to verify these values. The calculation of these values is shown in Sample
Calgulation C.5.

The unit was tested on refrigerant 134a.! The test data are shown in Table C.6.4. It was at a
test[speed of 2245 rpm. The inlet pressure was held at 20 psia at an inlet temperature of 100°F.
Dis¢harge conditions achieved were 67.5 psia and 187.4°F. The data shown is the average of
the pctual test data readings. It is assumed that all scatter was within the allowable test requirements
for these data point positions.

The derived test functions, pressure ratio, temperature ratio, volume flow ratio, etc., are shown
in Table C.6.5. This is the reduced data from the test point of Table C.6.4. The calculations are
shown in Supplement C.6.A for obtaining each, of the individual items.

TABLE C.6.1
SPECIFIC DESIGN CONDITIONS

Mass Flow 30,000 —Jbm/min
Speed 3,600 — rpm

Inlet Discharge Isentropic
Pressure, psia P 200. 650 650
Temperature T 115 244.8 227.7
Specific'volume, ft3/lbm v 0.7578 0.2602 0.2465
Compressibility factor V4 0.8768 0.7981 0.7749
Viscosity, centipoise n 0.01021 0.01373
Specific heat, Btu/lbm-°R o 0.4894 0.6266
Specific heat ratio K 11283 T.0975
Sonic velocity, ft/sec a 830 820
Enthalpy, Btu/lbm h 164.9 209.84 199.05
Entropy, Btu/lbm-°R s 1.577 1.592 1.577

Tt is recognized that there is a potential environmental problem of using refrigerants. The use here is only to demonstrate
the calculation method.
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TABLE C.6.2
GAS COMPOSITION AND PROPERTIES

Composition: Methane 20%
Ethane 25%
Propane 50%
N-Butane 5%

Critical properties:
Pec = 646.4 psia
-

82722 °R

T

Ve 0.7943 ft/lbm

Molecular weight 35.67

Gas constant R 43.31 ft-lbf/lbm °R

TABLE C.6.3
DERIVED DESIGN FUNCTIONS

Pressure ratio 325
Temperature ratio 1.226
Volume ratio 2912
kmax/kmin 1.0281
g, ICFM 22734
/N, ICFM/rpm 6.315
Reduced temp min/max 0.996/1.221
Reduced pressure min/max 0.309/1.006
Schultz factors

Ximin/ Xmax 0.509/1.056

Yonin/ Yimax 1.150/1.287
1st stage tip“speed, ft/sec 565.5
Machine-Mach no. 0.681
Magchine-Reynolds no. 2.266 x 107
Polytropic exponent n 1.1027
Isentropic exponent n 1.0495
Polytropic work factor f 1.004
Isentropic head, ft-Ibf/lbm 26570
Polytropic head, ft-Ibf/lbm 27310
Polytropic efficiency 0.781
Unit gas power, hp 31790

Table C.6.6 compares the test data and the test data converted to specified operating conditions
with the predicted performance at the specified operating conditions. Supplement C.6.B demon-
strates the calculations for the conversion. The calculation of discharge conditions, pressure,

T ; volum own in ptement C.6.C, which afso ilfustrates the use of an
iterative procedure.

As can be seen the inlet capacity for the converted test conditions was within 1 percent of
the original specified design point and the head was within 2 percent. The converted specific
volume ratio was within the specified 4 percent allowed.

Supplement C.6.A

Calculations: Derived Test Functions
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TABLE C.6.4

TEST DATA
Mass flow 4,923 — Ibm/min
Speed 2,245 — rpm
Inlet Discharge Isentropic
Pressure, psia p 20 67.5 67.5
Temperature T 100 187.4 167.49
Specific volume, ft3/lbm v 2.8716 0.9639 0.9234
Compressibility factor P4 0.975 0.955 0.944
Viscosity, centipoise i 0.0109
Specific heat, Btu/lbm-°R o 0.2098
Specific heat ratio k 1.098
Sonic velocity, ft/sec a 538.8
Enthalpy, Btu/lbm h 122.3 140.04 135.80
Entropy, Btu/lbm-°R s 0.2639 0.2731 0.2639
Gas — Refrigerant 134a
Mole weight 102
Pe 590.3 psia
Tc 213.8 °F
TABLE C.6.5
DERIVED TEST FUNCTIONS
Pressure ratio n 3.375
Temperature ratio n 1.156
Volume ratio iy 2.980
q ICFM 14143
/N ICFM/rpm 6.3
1st stage tip speed (ft/sec) U 352.6
Machine Mach no. Mm 0.654
Machine Reynolds ng, Rem 3.49 x 108
Isentropic exponént ng 1.0718
Polytropic work factor f 1.0017
Polytropic_exponent n 1.1139
Polytropic\head (ft-lbf/lbm) w, 10735.2
Polytropic’efficiency np 0.778
Unit gas power (hp) Py 2059
. 67.5
Pressure Ratio  r, = pa/pi = >0
= 3.375

Temperature Ratio  r, = Ty/T; =

141

(460 + 187.4)
{460 + 100)

647.4

560

1.156
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TABLE C.6.6

DATA SUMMARY

Test Data Converted

Predicted Performance

To Specified At Specified
Test Data Operating Conditions Operating Conditions
N rpm 2245 3600 3600
q ICFM 14137 22670 22734
q/N 6.297 6.297 6.315
W, ft-Ibf/lbm 10736 27690 27310
p 0.778 0.780 0.781
P hp 2059 32180 31790
pi psia 20 200 200
pPd psia 67.5 660.8 650
t °F 100 115 115
ty °F 187.4 246.7 244.8
Vi ft3/lbm 2.8716 0.7578 0.7578
Vd ft3/lbm 0.9635 0.2562 0.2602
vr 298 2,958 2912
h; Btu/lbm 122.3 164.9 164.9
hg Btu/lbm 140.04 210.5 209.84
0.975 (1545) (560)
Inlet Specific Vol ZRT, _~ 102 2.8716
n ic Volume vi = = = 2.
et op "= Taap, 144 (20)
0.955 (1545) (647.4)
Discharge Specific Volume ZoRTy _ _ 102 - 0.96347
u V4 = = = .
ge>p . V4= Taapg 144 (67.5)
2.8716
Specified Volume Ratio = viVg = ——
pecified Volume Ratio r, = vi/vs = 5525
= 2.9805

Inlet_Ca_pa_gi_w_q_=_m_\"-_= 4923 w 2 8716 = 14137 ICEM

14137
2245

Capacity/Speed Ratio  g/N =

6.297
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aDN _ 736.0 x 2245

1st Stage Tip Speed v

720

720

= 352.6 ft/sec

Machine Mach number Mm = U/a

Machine Reynolds number ~ Rem

Isentropic Exponent ng =

Polytropic Work Factor =

352.6

230.86

0.654

Ub/llv

_ 352.6(2.5/12)(1488.2)

In

0.0109 (2.8716)

3.493 x 108

(pa/pi)/In (vi/vd)

In (67.5/20)

In

(2.8716/0.9234)

1.07212

hd - h;

n5—1

N

(pa vd = pi vi)

(138.50 - 122.3) 778.17

‘e = 1.002
1.07212
~—=-=[67.5 (0.9234) - 20 (2.8716)]144
In (3.3750)
Polytropic E t = In ()l Inlr) = o505
olytropic Exponen n n (rp)/In(ry) In 2.9805)

= 1.1138
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[(n f 1) (pava - pivi)

1.1138
0.113

Polytropic Head W,

1.002 ( ) [67.5 (0.96347) — 20 (2.8716)] 144

10736 ft-1bf/lbm

w, 10736
hg - h; ~ (140.04 — 122.3) 778.17

Polytropic Efficiency 7, =

0.7777

W,w _ 10737 (4923)
np  0.778 (33000)

Gas Power Pg

2059 hp

Supplement C.6.B
Calculation: Conversion From Test to Specified Performance

Inlet Capacity

- (&)
Isp = Gt N;

14135 (3600) = 22670 ICFM
2245/

[nY L.l At L. ~= - £ | ot of o200
RCYTIUIUS TNUITIDCT L OITeCun 101 EIIILICIILY

0.988

RC = ———
Rem-243

0.988

= (3.49 x 1060243 — 00254
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log (0.000125 *R

13.67

)

em;
= =1.0
RE: | ( 13.67) !
ogle+ Rem,
L .
RA; = 0.66 + 0.934[ .
Rem;
25 0.0254
4.8 x 108 x 3
= 0. 934 | ———— =1.
0.66 +0.934 | —5—o—rg 565
0.988 0.988
Csp = = = 0.01612
RCsp (Remgp)0243 (2,266 x 107)0-245
4.8 x 106 x bi®E
RA; = 0.66 + 0.934 (——) ®
Remgp
4,8.% 106 X (E) 0.01612
12
=0. 0.934 = 1.548
0.66 + 0.3 = oo x 107 >
RByp = 1.0
RAgp RBgp
1 - =(1- B
mep = (1= 7) 2a, R,
1.548 1.0
1- =(1-0.7777) —— =
Moy = ) 1565 70
1-mp, = 0.2199
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Mp,, = 0.780

Remcorr = 1.003

Pnlytmpir Head

Ngp\ 2
Wpsp = Wpt (T,) Remcor,

110736 (3600)21 003 ,='27690 ft-Ibf
2245/ Y Ibm

Power

Nsp\ (1 )
W, = —_ | —
sp qr ( N:) (Visp

14137(3600)( ! )—29915
2245/ \0.7578) ~

Wo,, Wep 27690 (29915)
nep  0.780 (33000)

Py = = 32180 hp

Supplement C.6.C

The conversion from test conditions to computed specified conditions involves an iteratio

h to

obtain the discharge pressure from the known head and discharge enthalpy. The iteration procedure

and calculation involves assuming a discharge pressure at the known discharge enthalpy

and

finding the corresponding temperature and specific volume. The polytropic exponent and polytropic
head is then calculated for the assumed discharge pressure. This polytropic head is then compared
to the actual and, if not the same, then a new discharge pressure is assumed. The new assumed
pressure is evaluation for properties at the known discharge enthalpy, and a new discharge
volume is evaluated and polytropic exponent are computed. This iteration procedure is continued

until the conditions match the required head.
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28,400 -
F /
28,200 |
-
28,000 F 7
27,800 F /
2 E_______.____/
£ 27.600F |
B = |
8 =
b [ I
Q -
Q - |
o 27,400 F |
> = |
& o
= |
27,200 F
S | Enthalpy = 210.5 Btu/lb
! : Gas composition
= Methane 20%
27,000 — | Ethane 25%
- Propane 50%
t | N-Butane 5%
= |
26,800 |-
= I
- [
-
26'600hllllllll| IIIllJ_lLlllIlIlIlIIIIIlllll|IJ_Llllll NN EENEE
630 640 650 660 670 680 690
Pressure, psia
FIG. C.6.1 POLYTROPIC HEAD vs. PRESSURE,
CONSTANT ENTHALPY
ffigures C.6.1 and C.6.2 are a plot of discharge conditions at a constant enthalpy of 210.5
Btd ] ; \ . o . .

computerized or done graphically as shown in this example.

Calculation Procedure:

Known
W,= 27,690 ft-Ibf/lbm
pi= 200 psia
h;= 164.9 Btu/lbm
v;== 0.7578 ft3/lbm
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FIG. C.6.2 TEMPERATURE/SPECIFIC VOLUME vs. PRESSURE,

CONSTANT ENTHALPY

148
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np= 0.780
f=1.004

Step 1 — Calculate discharge enthalpy.

W
Np hg - h;
w
hg = =L+ h;
Mo
165.9 27690 2105 2
= 94 ———— = 210.5 —
0.78 (778.17) ibm

Step 2 — Assume a discharge pressure.

Pouw = 660.8 psia

Step 3 — For py and hy, obtain the discharge volume for thelproperties.
va = 0.2562 ft3/Ibm

Step 4 — Compute the polytropic exponent.

n=In ry/In r,

rp= 660.8/200 = 3.304

r,= 0.7578/0.2562 = 2.958

n=In 3.25/In 2.905 = 1.102

Step 5 — Compute the polytropic” head.
W, = (%) fpava — pivi) 144

1.102
= (m) 1.004 [660.8 (0.2562) — 200 (0.7578)] 144

= 27705 fiolbf
- Ibm

Step. 6 — Compare the computed W, to the actual.

If they are within acceptable tolerance, then the discharge conditions are established.
If they do not match, then a new discharge pressure must be assumed and the procedure
repeated from step 2 thru 6.
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SAMPLE CALCULATION C.7
TREATMENT OF A TWO SECTION COMPRESSOR WITH
EXTERNALLY PIPED INTERCOOLERS, CONDENSATE

|
for
[(

Al
AL

his sample calculation illustrates the computational procedure, at specified operating conditions,
a multisection compressor having externally piped intercoolers.
Consider a two stage air compressor equipped with one intercooler and an aftércooler.

| Section 1 Section 2
U=1200 D=13.751 U=1065 D=12.204
N = 20,000 N =20,000
< : I |
! | Stage ] Inter ! | Stage [ After . Final :E;charge
%11 D* Cooler * V: * Cooler conditions
'
L __[____} ) L __.I___J
Leakage Condensate Leakage Condensate Power requirements

L |

shd
for
ou
Th
we

the

Measurement stations

It is desired to calculate the compressor performance at the specified operating conditions

wn. The compressor has been tested and the test data reduced to the following dimensionless
M. The data was collected with-pressure and temperature being measured at the inlet and
let of each section. The flow:coefficients were calculated based upon test rotor flow rates.
e selection of test method-and the means of establishing leakage and condensate flow rates
re subject to prior agreement by parties to the test.

The first step in calculating the specified operating condition point of interest is to establish

first section performance, starting with the flow coefficient. Taking the saturation pressure of

walter vapor at 560°R-to be approximately 0.949 Ibf/in?, with the remaining specified operating

co

hditions at thédinlet, we obtain

pw = RHps, = 0.60 (0.949) = 0.569 Ibf/in?

p. =147 — 0560 = 14 131 |bf/in?

and

Raa P 53.34 0.569 Ib
HR = Mw _ Rda 7w _ 22.32 U507 _ 0.0250._mz
Mda Rw pda  85.76 14.131 Ibm da
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