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METHOD OF MATCHING PERFORMANCE OF COMPRESSOR SYSTEMS
WITH THAT OF AIRCRAFT POWER SECTIONS

By Roeert 0. Burrock. Ropert C. KEETCH, and Jason J. Moses

SUMDMARY

A method is developed of easily determining the performance
of a compressor system relative to that of the power section for a
given altitude. Because compressors, reciprocating engines,
and turbines are essentially flow devices, the performance of
each of these power-plant components is presented in terms of
similar dimensionless ratios. The pressure and temperature
changes resulting from restrictions of the charge-air flow and
Jrom heat transfer in the ducts connecting the componenis of
the power plant are also expressed by the same dimensionless
ratios and the losses are included in the performance of the
compressor.

The performance of a mechanically driven, single-stage
compressor in relation io the performance of a conventional
air-cooled engine operating at sea-lerel conditions is presented
as an example of the application of the method.

INTRODUCTION

One of the principal problems in evaluating the perform-
ance of aircraft power plants for a given altitude is deter-
mining the performence of the compressor system in relation
to that of the power section when the curves describing the
performance-of each have been separately established. The
problem is illustrated by the relation between the perform-
ance of a reciprocating engine and that of a mechanieally
driven, single-stage compressor. For e given altitude,
engine speed, and fuel-air ratio, the weight flow of charge air
consumed by the engine is a funection of the manifold pressure
and temperature. The manifold pressure and temperature,
however, depend on the pressure and the temperature
developed by the compressor and are therefore functions of
the inlet conditions, the speed, and the weight flow of charge
air through the compressor.

An exact solution to this problem can be obtained by
tedious trial-and-error caleulations. ¥When the compressor
speed and the pressure and the temperature at the com-
pressor inlet are known, the pressure and the temperature
at the manifold of the engine can be calculated from an
assumed weight flow of charge air and the curves describing
the performance of the compressor. The resulting weight

flow of charge air consumed by the engine can then be found
from the calculated manifold pressure and temperature and
the curves representing the performance of the engine. If
this weight flow of charge air does not agree with the as-
sumed velue, the procedure must be repeated until the
calculated weight flow of charge air equals that assumed.
This solution is further complicated when pressure and tem-
perature changes occur between the compressor outlet and
the engine manifold.

A more convenient method that provides a rapid means
of relating the performance of a compressor system to that
of a power section is presented herein. This method is
based on the premise that compressors and power sections
are essentially flow devices and are susceptible to & common
dimensional enalysis. If the effects of heat transfer and
viscosity are neglected, a relation may be shown to exist
among the pressure ratio across any component, the Mach
number of the flow, and the ratio of a characteristic speed
of the component to the speed of sound at some point.

The complete solution of the problem requires the con-
sideration of the pressure and temperature changes in the
ducts connecting the components of a power plant. When
heat transfer and viscosity are neglected, the pressure
changes in a duct are a function of the Mach number of the
flow and the effects of these changes can be incorporated by
appropriately modifying the performance curves of either
the compressor system or the power section. When heat
transfer oceurs in the ducts, the additional pressure and
temperature changes are a function of the Mach number
of the flow and the ratio of the heat transferred to the heat
content of the charge air. For any given value of this heat
ratio, if viscosity is neglected, the curves obtained without
the effect of heat transfer may be corrected to include this
effect. A reference point can be so chosen that the per-
formance of the component upstream of this reference point
is given by curves of pressure ratio against Mach number
for various values of the ratio of the characteristic speed
of the compressor to the speed of sound; the performance of
the component downstream of the reference point is given
by curves of pressure ratio against Mach number for various
values of the ratio of the characteristic speed of the power
section to the speed of sound.
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SYMBOLS
A area, square feet
a local speed of sound, feet per second
B gear ratio
D characteristic dxmensmn feet
D, impeller or rotor diameter, feet
g acceleration of gravity, 32.174 feet per second per
second
K factor for conversion of inches of mercury to pounds per

square foot, 70.73

k.. ks proportionality factors

N characteristic speed, rpm

n impeller or rotor speed, rps

P pressure, inches of mercury absolute

Ap  pressure drop, inches of mercury

¢ volume flow, cubic feet per second

R gas constant for normal air, 53.50 foot-pounds per
pound °F

S speed ratio proportional to ramo of impeller or rotor tip

speed to speed of sound (ND/T)
T  temperature, °R
{7 tip speed of impeller or rotor, feet per second
V' velocity of charge air in duct, feet per second
W weight flow of charge air, pounds per second
¥ ratio of specific heats for normal air, 1.3947
n adiabatic compressor efficiency
s aftercooler effectiveness ratio
7.  adiabatic turbine efficiency
8 ratio of actual stagnation temperature at inlet to com-

pressor or turbine and standard NACA sea-level

tempemture (T, ./518.4)

P density of air, slugs per cubic foot
Subseripts:

8 static

t stagnation or total

1 compressor inlet (fig. 1)

2 compressor outlet (fig. 1)

3 power-section inlet (fig. 1)

4 power-section outlet (fig. 1)

DEVELOPMENT OF FUNCTIONS
FLOW DEVICES

When the effects of heat transfer and viscosity are neg-
lected, a dimensional analysis, based on the method
presented in reference 1, shows that the performance of a
flow device can be expressed by a relation among three
variables that are dimensionless or proportional to dimen-
sionless quantities. 'The general relation among these
variables may be expressed

P1=F <—’ Dia
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ND @
= 1
=f ( VT W
where
Do/ D1 ratio of pressures between which deviee operates

ND/+/T speed ratio proportional to ratio of characteristic
" speed to speed of sound
Q/VT Bow function proportional to Mach number of
charge-air flow
Inasmuch as a compressor, a reciprocating engine, and a
turbine are essentially flow devices, the performance of cach
can be expressed by these three quantities.
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F1GURE 1.—8chematic dlagrams of charge-alr passage thirough ty pical alreralt power plunts,

Compressor.—When the performance of a compressor is
expressed by the variables of cquation (1), the dependent
variable becomes the total-pressure ratio p,sfp., across the
compressor. The speed ratio S is conveniently expressed as
the quotient of the tip speed U of the impeller or rotor and
the speed of sound at the inlet of the compressor. In order
to eliminate the effect of the flow area, it is desirable to
expressthe flow function as @,/+/T,, where Q, is a fictitious
total volume flow (the quotient of the mass flow of charge
air and the stagnation density) and 7’ is a stagnation tem-
perature. The flow function is expressed as a function of
the charge-air flow at the outlet of the compressor to fucili-
tate the solution of the aver-all problem. The appendix
shows that, if the performance of a compressor can be
expressed as a unique function of the load coeflicient Q,,/n
and the speed ratio, it is also a unique function of the flow
function at the outlet of the compressor @,a/+'T:s and the
speed ratio. The derivation of the flow of charge air or
the load coefficient of the compressor is also presented.
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The performance curves of typical centrifugal, mixed-flow,
and axial-flow compressors are presented in figures 2, 3,
and 4, respectively, as the variation of p,s/p., with the flow
function at the outlet of the compressor ,s/vT,2and in terms
of the standard flow parameter @,,/+/8 for various values of
the speed ratio. The speed ratio is represented by the
quantity [’/4/8 to conform with the standard notation.
These curves were derived from tests made in accordance
with the recommendations of reference 2. A comparison
of the two sets of curves shows that plotting the performance
of a compressor in terms of the flow function at the outlet
Qc2/+/ T,z tends to give closer verticel alinement to the peak
values of the curves.

Conventional power section.—Because the flow function
depends on the operating conditions of the engine, QINT
can be expressed as the dependent variable by rearranging
the terms in equation (1).
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The flow function Q,s/+/T.s and the pressure ratio between
the manifold and the exhaust p,s/p.4 are related in figure 5
for several values of the speed ratio N/+/T,; for an air-cooled
reciprocating engine. For a given engine, the omission of
the constant characteristic dimension I does not alter the
significance of the speed ratio; in this case, the crankshaft
speed in rpm is used as the characteristic speed.

Turbine—When the variables governing the performance
of a flow device are applied to the performance.of a turbine,
equation (1) may be written

Qt.s= Pea N ND'
VT(.s Z):4 '\/Tg

where the subscripts 3 and 4 denote the inlet and the outlet
of the turbine, respectively, as shown in figure 1 (b).

The speed ratio ND/y/ T, of a turbine can be expressed by
the quantity N/+8. Inasmuch as the effictency of operation
is not readily obtained from & plot. of the variation of @,/vT,
with p.s/p.. for various values of N/ /6, the variation of the
turbine efficiency 7, (based on the over-all pressure ratio)

@)
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with p.s/pi. for given values of N/+/8 may be included (o
clarify the performance characteristics. These two plots can
be conveniently combined to show the performance of n
conventional exhaust-gas impulse turbine by using the varia-
tion of the pressure ratio as a common ordinate (fig. 6).

CORRECTIONS FOR LOSS-ES IN CONNECTING DUCTS

The effects of losses in the ducts connecting the components
of & power plant expressed in terms of the flow funetion can
be incorporated in the performance of the compressor, which,
in effect, converts the actual compressor and duct into an
equivalent compressor in which no additional losses cecur.

Pressure drop.—When the temperature in the duet con-
necting the compressor to the power section remains constant
but a pressure drop occurs, the loss in stagnation pressure
can be expressed

p=Ty X V’

4)
where 17; is the velocity of the charge air at the inlet o the
duct. Inasmuch as the temperature remains fixed, the
velocity is proportional to the Mach number of the flow at
the same point. The flow function, however, is also related
to the Mach number of the flow &t the inlet to the duct with
the result that, in terms of the flow funetion and the stag-
nation pressure at the inlet of the connecting duet, equation
(4) can be written

A_pl le ) (5)
y '\/ 1,2 ) _
where, for a first approximation, the value of 4 can be
assumed constant for a given duct.
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When the pressure drop in a connecting duct is included
in the performance of a compressor, the outlet of this duct
is coincident with the inlet of the power section, and the
over-all pressure ratio between this point and the inlet of the
compressor can be found from

patalin () | ®

The flow function must now be adjusted for the pressure
drop between the same points to complete the conversion of
the performance of the compressor.. When the effects of
heat transfer are negligible, the temperature ratio across the
duct is unity and the flow function at the outlet of the duct
can be evaluated from that at the outlet of the compressor
by the relation

Qt.s Q:z Pea__ Q2 1 )
VT3 VT2 Pe3 T2 1—ka(Qaf VT 12)?

Hest transfer,—In many power-plant installations, heat
transfer in the connecting duets cannot be ignored because of
charge-air coolers or, in the case of compressor-turbine power
plants, combustion. A first approximation of the effect of heat
transfer through a charge-air cooler can be obtained from the
effectiveness ratio 7, of the cooler. The temperature ratio
across the cooler resulting from the loss of heat to the coolant
can then be expressed

8

and the over-all temperature ratio of the compressor including
the effect of the heat transfer in the cooler can be found from

T,,a Tu T;g )
T T, T, ! (9)

The pressure ratio across the compressor and the eooler can be
determined from an expression similar to equeation (7), and
the flow function at the inlet to the powersection can befound
by substituting the value of the temperature ratio across the
cooler in equation (14) of the appendix

Qua_Qea[ _ 1 . Tua
T,,, T‘rzl:l—l‘z(QmNT_c.z)’]\/1—"‘+”‘T_,_2 (10)

* where the correction for the pressure drop includes that
through the cooler and all the ducting between the outlet of
the compressor and the inlet to the power section. Figure 7
shows the results of applying the corrections of equations (6)
and (10} to the variables governing the performance of a
centrifugal compressor. Lines connecting the points where
the adiabatic efficiency is 90, 95, and 100 percent of the
maximum value for each speed ratio'are also shown. For these
curves, the values of b and 7. from equation (10) were
assumed to be 0.015 and 0.45, respectively.
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(a) Experimental performance.
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FicCRE 7.—Camparison of experimental performance of centrifogal eompressor_'and performe
ance corrected for pressure and temperature changes through aftercooler.

The effects of heat transfer are greatly increased by the
combustion of fuel in the burners located between the two
units in a power plant composed of a compressor and a
turbine. Although the change in temperature is the prin-
cipal effect of heat transfer, a change in pressure also occurs,
but it is beyond the scope of this report to evaluate the
factors governing this change in pressure. Yhen the varia-
tions of pressure and temperature are established, however,
the procedures previously outlined ma.y be directly applied
to the problem.

APPLICATION OF FUNCTIONS

The general description of the performance of the com-
pressor in relation to that of the power section can be
rapidly determined when the pressure ratio of each com-
ponent has been established in terms of the flow funection
at & common reference point. between them.
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The performance of a compressor in relation to that of a
power section can be analyzed by superimposing the curves
as shown in figure 8. The performance of the power section
is represented by the solid curves, which indicate the varia-
tion of the pressure ratio p.sf/p,; with the flow function
Q:s/VT.s for constant values of Nf+/T,;. These curves
are similar to the curves of figure 5, which show the per-
formance of an air-cooled engine at sea-level conditions.
The performance of a centrifugal compressor including the
effects of an aftercooler (fig. 7 (b)) is shown by the dashed
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figure 8 (a). The compressor operates at or near 100 pereent
of maximum adiabatic efficiency at an approximate value of
N/VT.; of 73.92 for the engine and for pressure ratios
between 1.50 and 2.47. The compressor, however, will not
develop pressure ratios greater than 2.48 and will not operate
efficiently at engine speed ratios much greater than 73,92.
Efficient operation from the compressor at engine speed
ratios greater than about 78.must be obtained by increasing
the capacity of the compressor; moreover, if pressure ratios
greater than 2.47 are required, a sccond compressor is

curves. Also shown are lines of constant percentage of | needed.
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FiGURE 8,—Perforcance of centrifugal compressor in relution to that of air-cooled reclprocating engtne at sea-level conditions,

maximum adiabatic efficiency for the compressor. In a
practical analysis, the increase in pressure and temperature
due to ram at the inlet to.the compressor would be charged
to the performance of the compressor. The pressure ratio
scross the compressor and the cooler would therefore be the
same as that across the engine and the effect of the after-
cooler would be more indicative of actual flight conditions
at a given altitude. For the present purposes, however, the
effects of ram have been neglected.

A general description of the relation between, the perform-
ance of the compressor and that of the engine is presented in

A more detailed analysis can be made by expressing the
performance of the compressor in terms of constant values of
NB/+/T.s when the compressor is shown (o satisfy the
general requirements of the engine. (See fig. 8 (b).) For
this particular case, which involved the combined performn-
ance of a compressor and an aftercooler, the value of
NB/+T,; was found from equation (9) and the relation

r U

'\" T:.s '\l Tl.l

Tes
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The performance of each component in terms of variables
common to both is shown in figure 8 (b), when the perform-
ance of the compressor is represented by curves of constant
NBf+/T,;. The gear ratio required to drive the com-
pressor is given by the ratio of the values of NB//T,; for
the compressor and of N/+/T,; for the engine at the mter—
section of the curves representing constant values of these
quantities. The varietion of the performance of the com-
pressor can therefore be examined for 2 given gear ratio and
various values of N//T,; for the engine. This variation is
shown for an arbitrary gear ratio of 13.52. The heavy solid
line E-F shows the change in the performance of the com-
pressor as the speed ratio of the engine is reduced from 82.08
to 58.56. The compressor develops & pressure ratio of
approximately 2.10 at 100 percent of maximum efficiency
when the engine is operating at 2 speed ratio of about 75.55.
Additional lines of constant gear ratio may be added to
indicate the performance of the compressor for various
operating conditions of the engine.

CONCLUDING REDMARKS

The method presented for obtaining the relative perform-
ance of a compressor system for a specified altitude derives
its advantage from the use of three variables—the flow
function, the speed ratio, and the total-pressure ratio—which
not only define the performance of a compressor but also
that of 2 powersection. A reference point can be established
to make the values of these variables representing a given
operating point of the compressor equal to those of the corre-
sponding variables defining an operating point of the power
section. This procedure allows the use of a composite plot
that clearly shows the performance of the compressor in
relation to that of the power section.

Pressure and temperature changes occurring in the ducts
connecting the compressor and the power section can also
be expressed as functions of these same variables and included
in the performance of the compressor. In addition, the use
of these three variables to define the performance of a com-
pressor facilitates the use of the characteristic curves and
results in closer vertical alinement of the peaks of the curves.

ArrcraFT ENGINE RESEARCHE LABORATORY,
NATIONAL ADvIsORY COMMITTEE FOR AERONAUTICS,
CrEvELAND, OH10, Norember 15, 1945.

APPENDIX
RELATIONS AMONG Q/\'T,

The fiow function @./+/T: can be expressed as a function
of either the weight flow of charge air or the load coefficient
@,1/n and the speed ratio S of the compressor. Inasmuch
as the weight flow of charge air between the inlet and the
outlet of a power plant is nearly constant, the flow funetion
at any point in the system must depend on the weight flow

$43107—50—9

, W, AND @/n
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of charge air in order to maintain continuity. This relation _
can be derived from the statement that

pgQi =W
from which
Q. WRT,
Ijt" Kp, ‘ (11

When the compressor load coefficient @,:/n and the speed
ratio S are given, an expression for a flow function is

Qn Qn S‘\’YQR
e (12)

4,1

If the performance of a compressor is uniquely determined
by the variables @,;/n and S, it is therefore also uniquely
determined by the variables @.;/vT:; and S.

In order to avoid the eflect of changes in flow area on the
actual volume flow, it is frequently convenient in engine
apalysis to use the stagnation temperature T';; together with
the fictitious volume flow €,,, which is the quotient of the
mass flow and the total density. The flow funection at the
inlet Qqi/v T can be derived from Q,4/+/T.; by use of the
general energy equation and the adiabatic relations between
the temperatures and the densities for static and stagnation
conditions at the compressor inlet. These expressions can
be combined and simplified to obtain

*+1

&_ Q!l 1 %0 (13)
‘rﬁ T Qsl
e

The Bow function at the outlet of the compressor Q,sf/v Tz
may also be used with S to define the performance of the
compressor. This function can be found from @.,/+/T,; by
means of the perfect gas law and is expressed

Q:z - Qn B Tl.! (14)
VT TaPaNTu

Substitution of equations (12) and (13) in equation (14)

“results in
it
Qt2 Qu 1 SvvgR vgR X1 Pea Tea
'\/T;'g n =D, _[__'Y (Qal) Dea TI.I
2 r’D ’A

(15)

Inasmuch as p,sofp,; and T,sfT,, are functions of @,./n
and S, the value of @,o/+/T.s is also 2 function of Qu./n.
If the performance of a compressor is & unique function of

@:1/n and S, it is therefore a unique function of @, o//T,z2 and
S for & given compressor.
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