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DISCLAIMERS

The findings in this report are not to be construed as an official Depart-
ment of the Army position unless so designated by other authorized
documents,

When Government drawings, specifications, or other data are used for
any purpose other than in connection with a definitely related Govern-
ment procurement operation, the U.S. Government thereby incurs no
responsibility nor any obligation whatsoever; and the fact that the Govern-
ment may have formulated, furnished, or in any way supplied the said
drawings, specifications, or other data is not to be regarded by impli-
cation or otherwise as in any manner licensing the holder or any other
person or corpcration, or conveying any rights or permission, to manu-
facture, use, or sell any patented invention that may in any way be
related thereto.

Trade names cited in this report do not constitute an official endorse-
ment or approval of the use of such commercial hardware or software,
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DEPARTMENT OF THE ARMY
U.S. ARMY AIR MOBILITY RESEARCH & DEVELOPMENT LABORATORY
EUSTIS DIRECTORATE
FORT EUSTIS, VIRGINIA 23604

The objective of this contractual cffort was to provide

a new and useful research and deve.iopment tool fcr those
involved in the advancement of high-pressure-ratio centrifugal
compressor technology. This particular program was to
demonstrate the validity of using data acquired in a test gas
other than air to represent compressor air performance.

For the low-speed-of-sound test gas used, full design speed
air data were replicated while operating the compressor

at a nominal 647 of that speed. Certainly there are many
other test gas possibilities that will provide even grrater
benefits. It is also certain that this R&D tool will be
found useful in other fields of endeavor.

This report was prepared by Creare, Incorporated, under

the terms of Contract DAAJ02-70-C-0022. 1t describes

the analytical procedures, test rigs, and testing techniques
used in meeting the program objectives. 1In addition, the

data acquired in the low-speed-of-sound test gas are compared
with data previously acquired on the same hardware in air.

The utility of this tool was demonstrated by acquiring
high-response-rate pressure data using instrumentation that
could not function in the usual corresponding air environment.

This report has been reviewed by technical personnel of this
Directorate. The conclusions contained herein are concurred
in by this Directorate and will be considered in any future
compressor research programs. The U.S. Army project engineer
for this effort was Mr. Robert A. Langworthy, Technology
Applications Division.
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SUMMARY

The results of a program are presented which demonstrate that
low-speed-of-sound modeling is a practical tool for the research
and development of high-pressure-ratio, high-speed centrifugal
compressors.

The compressor air performance aind the details of its

internal fluid dynamics were replicated at reduced rotat.onal

speed when a low-speed-of-souni gas was used, providing inlet

Mach number, Reynolds number, and gas specific heat ratio were
duplicated.

Duplication of inlet specific heat ratio was essential to
accurate modeling of the air-equivalent flow rate. Stage
pressure ratio and stage efficiency were found to be less
sensitive to the eccurate replication of air-equivalent inlet
spacific heat ratio.

This work has shown that in order to replicate stage efficiency,
similarity in stage hardware geometry must be maintained.

(It was held 1l:1 in this program.) Stage isentropic efficiency
increased as impeller-to-shroud running clearance was reduced
from 15% to 5% of impeller tip depth. (This has been
demonstrated for LSM and is expected to be true also for

air.) In addition, the measured stage efficiency was shown to
depend strongly on the heat transfer between the com-

pressor and surroundings.

The LSM modeling technique has been used to obtain detailed
aerodynamic data of time-varying characteristics of the
compressor.

Data and results of this program are presented and discussed.
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This work is part of a continuing effort to unravel and
better understand the complicated fluid dynamics of the
centrifugal compressor. The emphasis for this work arose
from the desirability of establishing the efficacy and
practicality of facilities and techniques more amenable

3 to the research and development of the high-pressure-ratio
A centrifugal compressor.

We wish to acknowledge the support, the contributions, and
the active criticism of people who have aided this work.

i Particularly we recognize the support of Robert Langworthy,
§ Henry Morrow, and LeRoy Burrows of the U.S. Army Air
Mobility Research and Development Laboratory, Eustis

h Directorate, in seeing this work through to its successful

i completion. Their appreciation of the importance of this
work to future advances in centrifugal compressor technology
was in large part responsible for the results achieved.

The program reported herein was authorized by Contract
DAAJO02-70-C-0022, DA Task 1G1l62207AA7101.
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flow coefficient in the flowmeter equation
ratio of specific heats

thermal conductivity

path length along flow "centerline"

volume fraction of air in the LSM gas mixture
gas molecular weight

Mach number

distance along specified meridional trajectory

mass flow rate
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air-equivalient mass flow rate

compressor shaft rotational speed
compressor pressure ratio
pressure

radius ratio, r/r2

gas constant

universal gas constant

Reynolds number
radius from impeller centerline

impeller tip radius
inducer hub radius
inducer tip radius

entropy per unit mass
streamline distance
circumferential distance from diffuser vane tip

circumferential distance between adjacent diffuser
vane tips

temperature

collector wall temperature
ambient air temperature

compressor temperature ratio
blade thickness (in direction specified)
blade thickness at hub

blade thickness at tip

overall heat transfer coefficient
impeller (metal) velocity
specific volume

general independent variable or parameter

xviii



X axial coordinate (as specified)
X mass fraction of a component in the LSM gas mixture
L expansion factor in the flowmeter equation
Y volume fraction of a component in the LSM gas mixture
Y/ mass fraction of air in the LSM gas mixture
Z number of impeller blades
@ blade angle (as specified)
5 actual inlet pressure

reference pressure
€ emissivity
€ ratio of wake/passage widths
n efficiency
0 actual inlet temperature

reference temperature
u viscosity
p density
g Stefan-Boltzmann constant
o slip factor
¢ transducer position reference angle
Q angular rotational speed
Subscripts
il plenum stagnation conditions with LSM
1 proper value of Freon-13Bl
2 collector stagnation conditions with LSM
2 property value of argon
& flowmeter conditions with LSM
3 property value of air
a air value or "air-equivalent" LSM value
col collector stagnation conditions with LSM

index, referring to . ny component in the LSM gas
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£ m actual LSM value
: stagnation
pln plenum stagnation conditions with LSM
§ s isentropic
s standard or reference conditions in air (519.7°R
and 29.92"Hg)
sos LSM value at the speed-of-sound measuring instrument
w wake
8L tangential leakage
Miscellaneous
1n natural logarithm

log base 10 logarithm
£( ) function of ( )

A incremental (but finite) change

d incremental (but infinitesimal) change, total
derivative

9 incremental (but infinitesimal) change, partial
derivative

comp a general set of variables defining the gas composition



1.0 INTRODUCTION

The testing of small, high-pressure-ratio, high-speed centrif-
ugal turbomachinery presents difficult experimental condi-
tions. For instance, the high shaft speeds, ranging today %o
100,000 rpm, engender high blade-passing frequencies. These
frequencies strain the capability of even the best dynamic
instrumentation to resolve the unsteady flow patterns. In
addition, the high material stresses developed are a serious
impediment to expedient development. When full-scale proto-
type machines are run on air, the final stress, vibration, and
bearing design must be carried out to make a successful test
run. The aerodynamic test impeller must be built nea:ly

as ruggedly as the final production hardware and cannot be
freely altered on the test stand. It would be highly desir-
able if the aerodynamics of the machine could be studied and
developed first, using readily modified blading, without
critical concern for stressing or vibrations.

For these reasons, modeling compressor aerodynamics with a
gas possessing a low speed of sound is attractive. By using
an appropriate gas, Mach number, Reynolds number, and gas
specific heat ratio can be duplicated but at lower speeds
than in air. Since the rotational stresses vary as the
square of the speed, a 50% reduction in the speed of sound
results in rotational stresses only 25% of those in air.
Low-speed-of-sound modeling can thus be used to provide
dynamic flow similarity with an air machine but at a re-
duced rotative speed within the capabilities of existing
instrumentation and at reduced research and development
model costs. Flow measurements obtained in low-speed-of-
sound modeling should more easily provide data from which
empirical relationships and theory may be developed to aid
the designer of small advanced-technology turbomachinery.

There are, however, several apparent problems with attempting
to test turbomachinery using a gas with a low speed of sound.
One of the principal reasons previous attempts have failed

is the continual changing of the gas composition due to air
intrusion. Previous data obtained with low-speed-of-sound
gases in wind tunnels .s often suspected of large errors

due to uncertain composition and continual air intrusion

into the test system.



Another difficulty is the problem of complete similarity
modeling. No realistic modeling scheme can ever successfully
duplicate all of the dimensionless parameters. However,
successful modeling is achieved when those dimensionless
parameters which significantly influence the results are
correctly modeled. Many previous workers (see for example
References 1 - 4) have attempted to use a low-speed-of-

sound gas for aerodynamic modeling. However, those studies
did not attempt to achieve similarity of the specific heat
ratio. The work reported here has utilized a gas mixture
with both a low speed of sound and a specific heat ratio very
close to that of air.

The principal objective of this research was to demonstrate

the feasibility of low-speed-of-sound modeling as a practical
tool in the research and development of advanced high-pressure-
ratio, high-speed centrifugal compressors. Both the
practicality of this procedure and the correctness of the
modeling had to be established. The research had to demonstrate
that filling a closed test loop with an appropriate low-
speed-of-sound gas and maintaining its composition known and
constant throughout a tesat sequence were both practical and
reasonably inexpensive. Furthermore, the correctness of the
mdeling scheme chosen had to be firmly and conclusively
establésned so that researchers could utilize this technique
without nagging doubts as to the validity of the modeling
procedure.

In order to verify this latter goal, low-speed-of-sound

gas modeling was done on a compressor stage that was repre-
sentative of small, high-speed, high-pressure-ratio centrif-
ugal compressors and one that had been extensively tested
in air and for which the test data and hardware were readily
available. This test hardware consisted of a high-pressure-
ratio, high-speed centrifugal compressor stage developed
earlier under U. S. Army support by the Boeing

Company 5/6. The original Boeing hardware was operated in
the low-speed modeling gas (LSM gas), and the test results
were then compared with the original Boeing air performance
data.

This report describes the equipment and facilities, the rig
operation, the experimental studies and the test results
of this program to ob:ain a correlation of low-specd-of-
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sound modeling performance data with known air performance
data. After LSM modeling was successfully demonstrated,

i its application for research was demonstrated by securing
data with high-response pressure instrumentation. This work

is also reportead.
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2.0 SUMMARY OF PROJECT RESULTS

This program has demonstrated that low-speed-of-sound modeling
is a practical tool for the research and development of
high-pressure-ratio, high-speed centrifugal compressors.

The compressor air performance and the details of its
internal fluid dynamics were replicated at reduced rotational
speed when a low-speed-of-sound gas was used, providing inlet
Mach number, Reynolds number, and gas specific heat ratio were
duplicated.

Duplication of inlet specific heat ratio was essential to
accurate modeling of the air-equivalent flow rate. Stage
pressure ratio and stage efficiency were found to be less
sensitive to the accurate replication of air-equivalent inlet
specific heat ratio.

This work has shown that in order to replicate stage efficiency,
similarity in stage hardware geometry must be maintained.

(It was held 1:1 in this program.) Stage isentropic efficiency
increased as impeller-to-shroud running clearance was reduced
from 15% to 5% of impeller tip depth. (This has been
demonstrated for LSM and is expected to be true also for

air.) 1In addition, the measured stage efficiency was shown to
depend strongly on the heat transfer between the com-

pressor and surroundings.

The LSM modeling technique has been used to obtain detailed
aerodynamic data of time-varying characteristics of the
compressor.

Data and results of this program are presented and discussed
in Sections 8, 9, and 10.



3.0 BACKGROUND

One important goal of this program was the clear demonstra-
tion that LSM testing accurately reproduces the compressor
performance that would be obtained in air using identical
hardware. To achieve this goal it was desirable to use
compressor hardware that had been extensively tested on air,
that was representative of high-speed, high-pressure-ratio
centrifugal stages, and for which overall stage performance
data as well as detailed impeller and diffuser performance
measurements were available.

3.1 BOEING/USA AVLABS PROGRAM

An exploratory development of high-pressure-ratio, centrif-
ugal stages was carried out by the Turbine Division of

the Boeing Company uncer U. S. Army Aviation Materiel
Laboratories (USAAVLABS) sponsorship (Contract DA 44-177-AMC-
173 (T)) during the years 1964 to 1967. The results of this
program are reported in References 5 and 6. Creare, under
USAAVLABS sponsorship, performed a fluid dynamic analysis

of the data generated during that program.?

Boeing designed and tested three radial and two mixed flow
compressors. In addition, various diffuser systems were
tested with some of the impellers. Of the configurations
tested during that program, all but the "Workhorse" and
"RF-2" impellers produced limited and uncertain data, as
reported in References 5 and 6. Extensive data were
generated with the RF-2 impeller. The last configquration
tested, and hence the hardware readily available for LSM
testing, was the RF-2 impeller in combination with the V2-2
diffuser. For this reason, this combination was selected
for the Creare LSM modeling program to demonstrate the
feasibility and correctness of low-speed-of-sound compressor
modeling. Specifically, the Creare LSM program sought to
duplicate the Boeing 50,000 rpm air data from Boeing test
numbers 3369, 3369A, 3369B, and 3370A but at a reduced
compressor speed using a gas with a lower-than-air speed
of sound.

*
Now the Eustis Directorate, U.S. Army Air Mobility
Research and Development Laboratory (USAAMRDL) .



3.2 BOEING'S HARDWARE AND INSTRUMENTATION

The compressor test rigs constructed by Boeing were very
extensively instrumented. The pressure instrumentation
included about 150 static pressure taps located on the front
shroud and rear cover, a yaw probe in the semivaneless
region, and five total pressure rakes with three total
pressure probes per rake. The temperature instrumentation
included a miniature stagnation temperature probe as well

as thermocouples for inlet and collector temperature
measurements. [Other instrumentation, not of direct interest
to the present LSM program, included a traversing stagnaticn
pressure probe ("railroad track" probe), schlieren photography
in the diffuser entry region for one channel, and oil-slick
wall traces.]

A more complete discussion of the particular Boeing hardware
and instrumentation used on Boeing test numbers 3369, 3369A,
3369B, and 3370A and thus relevant to the current LSM pro-
gram is given in ‘Section 6.0.

3.3 AIR DATA AVAILABLE

The published air data from the Boeing program is presented
in Reference 6. This data was collected, summarized, and
analyzed in Reference 7. 1In addition to this, USAAVLABRS
made available to Creare several notebooks containing raw
data from Boeing's automatic data recording system print-
outs, as well as intermediate plots of some of the static
pressure data.

3.4 ESTIMATE OF THE UNCERTAINTY IN THE AIR DATA

Although an uncertainty analysis of the experimental data
was not performed by Boeing, Dean et al (Reference 7)
performed an uncertainty analysis of the Boeing data using
uncertainty estimates supplied by personnel of the original
Boeing project for the primary measurements. This analysis
(contained in Reference 7) estimated that, for Boeing's

air tests of interest, the collector pressure was accurate
to + 0.4%, the mass flow rate measurement was accurate

to +1% (or more), and the temperature measurements taken
with thermocouples were accurate to + 5°R. These figures
imply an uncertainty band on the stage pressure ratio of
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0.57%, an uncertainty band on the stage isentropic total-
to-static efficiency of 1.14%, and an uncertainty band on
the referred mass flow somewhat greater than 1%. No
indication of the estimated uncertainty in the shaft

speed is available.

Table I summarizes the estimated uncertainties in the
original Boeing air data. If the LSM data were precisely
accurate, and if the modeling was precisely correct, the
LSM data would agree with the Boeing data within these
uncertainty bands with a probability of 20:1 (i.e. within
two standard deviations).

The uncertainties in the LSM data are discussed in Section
7. The LSM uncertainty analysis is contained in Appendix II.
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TABLE I. ESTIMATED UNCERTAINTIES IN THE ORIGINAL

Parameter, X AX/X
Stage pressure ratio + 0.57%
Actual mass flow rate ke L
Referred mass flow rate >1.0%
Stage isentropic efficiency +1.1%
Actual compressor speed unknown
Referred compressor speed unknown

* Boeing Tests 3369, 3369A, 3369B, 3370A
(References 6 and 7)
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Numerous authors (see for example References 1-4 and 8-10)
have derived compressor scaling relations for various gases
at different inlet conditions. These relations turn out to
be somewhat cumbersome to use experimentally in LSM testing
and are made even more cumbersome when the test gas has a
specific heat ratio different from that of air. Only the
simplest modeling scheme is discussed here. This scheme
has been shown to be valid if the specific heat ratio (as
well as the geometry, Mach number, and Reynolds number)

is duplicated.

4.2 GENERAL LSM SCALING RELATIONSHIPS

The important independent dimensionless parameters which
have been duplicated in the LSM tests to reproduce air com-
pressor stage performance are geometry, Mach number,
Reynolds number, and ratio of specific he&ts based on inlet
conditions. In this discussion, we will differentiate
between specified parameters and derived parameters. The
specified parameters are those dimensionless numbers which
must be held identical to their corresponding air values to
perform a given modeling experiment. These include Mach
number, Reynolds number, specific heat ratio, and dimension-
less geometric variables. The derived parameters are those
"air-equivalent" values which are calculated from the
measured LSM parameters by means of scaling relationships
which depend upon the scaling scheme chosen. The derived
parameters include pressure ratio, efficiency, and flow
rate. Of these derived parameters, the pressure ratio and
the isentropic efficiency are scaled 1l:1. The dimensional
air -equivalent mass flow rate is related to the measured LSM
flow rate by the scaling equation which is derived in the
analysis below.

Specified Parameters

Geometry

Practically all major aspects of the geometry were modeled

by using the same hardware for the LSM tests as was employed
by Boeing to obtain the original air data. Small dimensional
changes due to rotational or different trermal expansion
effects were not exactly duplicated; however, the experimental
results proved that these factors are of secondary importance.

10



4.0 LSM SCALING -~ THEORY AND DISCUSSION

The modeling philosophy and how it is applied to the low-
speed-of-sound compressor modeling program is discussed in
this section. Although other scaling systems could be

used, the one used in this LSM program combines the important
virtues of simplicity and accuracy in predicting (modeling)
full-speed air performance parameters.

The scaling scheme used is also shown to be the one most
widely used to "refer" air data to standard inlet
conditions.

4.1 PHILOSOPHY OF LSM SCALING

The theory of dimensionless scaling for complete modeling of
physical processes is well established. However, in practice,
complete similarity modeling is never achieved; one must be
content with partial modeling. Success in partial modeling
is achieved when the important dimensionless parameters
influencing the system behavior of interest are correctly
modeled. However, correct modeling is not the only criterion
for a practical--not just theoretical--success. Also
required is an experimental modeling technique which, while
correctly modeling all of the parameters of interest, is

also simple enough to be easily used.

The inlet scaling system chosen for this program did correctly
model the important dimensionless parameters, and in addition
contained an inherent simplicity not found in other schemes.
Experimentally it has been found that this inlet scaling
method works exc:eptionally well when an LSM gas is chosen

that has an inlet specific heat ratio reasonably close to

that of air. 1Inlet scaling, however, does break down when

the inlet specific heat ratio deviates significantly from that
of air (as was shown by the "k = 1.3" tests of this program).
Under these conditions, a more complex scaling scheme could

be developed to attempt to correlate (i.e., predict) air data
with LSM data. However, there is no guarantee (and it is
perhaps unlikely) that such a scheme, if developed, would

be capable of "correcting" high-pressure-ratio, centrifugal
compressor LSM data obtained with a gas which has a specific
heat ratio significantly different from that of air.
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Thus, all important geometric parameters were specified
to be in the ratio 1:1 by the choice of the test hardware.

Mach Number

The Mach number M chosen for modeling was the impeller tip
Mach number referenced to the inlet stagnation speed of
sound a,

M = u/a
/O

where u = the impeller tip linear speed.

Since the geometry is identical, u is proportional to N, the
impeller rotational speed. Therefore, Mach number scaling
was achieved by setting the actual speed of the compressor
with LSM gas N, to satisfy the equation

N =N — (1)

where Na = actual air compressor speed to be modeled

L LSM inlet speed of sound

2, = air inlet speed of sound (at Boeing's reference
conditions of 519.7°R and 29.92" Hg).

The only variable in this equation, am’ is a function of the

LSM gas composition and inlet temperature only. These param-
eters were continuously monitored to determine the inlet
speed of sound and hence the required compressor speed, The
airspeed to be duplicated,Nd.was 50,000 rpm for this LSM
program.

Reynolds Number

The Reynolds number Re was based on inlet density po,
impeller tip speed u, impeller tip diameter D, and inlet
viscosity Mot

Re = uD/uo (2)

Po

11



Al = (3)

Using this and the perfect gas law,* the Reynolds number
scaling relation results in the following expression for
the inlet stagnation pressure:

a R T u
- oa om om om (4)
om poa a

p R T u
om oa oa oa

inlet stagnation pressure for LSM, air

w =]
here p , Poa
R _, R __ = gas constant for LSM, air
om oa
T , T = inlet stagnation temperature for LSM, air
om oa
uom' uoa = 1inlet viscosity for LSM, air

All "modeling" parameters on the right-hand side of this equa-
tion are functions of the LSM gas composition and inlet
temperature only. These parameters were continuously moni-
tored and used to set the proper inlet stagnation (plenum)
pressure Pom to assure continual Reynolds number similarity

during a test. The values of the air properties Roa and
Hoa’ which are constants in this equation for a given air
test condition to be modeled, were evaluated at Boeing's

air reference conditions of 519.7°R and 29.92" Hg.

Specific Heat Ratio

For the bulk of the testing, the inlet srecific heat ratio
of the LSM test gas was chosen to duplicate the inlet

*The perfect gas law is applicable to describe the
behavior of the LSM gas mixture. However, properties of
individual components of the mixture, as well as the mixture
properties which resulted, were calculated by using the best
available actual equation of state for each gas component.
This is discussed in Appendix I.

12
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specific heat ratio of air. However, since testing with a

gas that has a lower specific heat ratio than air is attractive
(because a higher molecular weight and hence lower-speed-of-
sound gas and lower rotational speed can be used), the effect
of specific heat ratio on the aerodynamic modeling was
investigated using different specific heat ratio gas

mixtures. The selection of a gas mixture to achieve the
desired specific heat ratios is discussed in Section 5.

Derived Parameters

Pressure Ratio

The stage pressure ratio with LSM gas was compared directly
(1:1 scaling) with the air stage pressure ratio. Absolute
pressures measured throughout the compressor were ratioed
to the inlet piessure and then compared directly with the
similarly-formed air pressure ratios at identical measure-
ment locations.

Efficiencx

The inlet plenum total to collector static isentropic stage
efficiency was calculated from the measured LSM plenum and
collector temperatures and pressures and was compared
directly (1l:1 scaling) with the air efficiency. The isen-
tropic compressor efficiency with LSM gas was calculated
using the definition of isentropic efficiency:

_ isentropic enthalpy rise (5)
actual enthalpy rise

The data reduction computer program, which was used to
calculate the efficiencies reported in this work, calculated
the actual and isentropic enthalpy rises of the LSM gas
based on the best available expressions for the enthalpy
and entropy as a function of pressure, temperature, and
composition (see Section 7.2). The efficiency was not
calculated from an expression of the form

k-1

PR k -1

TR-1
where k would have been some "average" specific heat ratio.
Calculation of the efficiency by this method would have
been at best only an approximation.

13



Mass Flow Rate

The mass flow rate, being a dimensional quantity, does not
scale directly. The "air-equivalent" mass flow rate meq

was calculated from the actual flow rate of the LSM gas
as follows.

From one-dimensional, isentropic mass flow relations for
compressible flow, we can write

k +1
om
2(k__~1)
k-1 _—
Rk T Y2, 1420 m 2
=m0 om oa om] [ oa] 2 m (6)
ed = oakomToa Pom koa+1
k 2(k__-1)
[1+ oa lI 2] oa
2 a
where mo= the actual mass flow rate of LSM gas
k° = the inlet specific heat ratio.

Note that this relation is general for any specific heat
ratio test gas used. The specific heat ratio (and the
other parameters) was evaluated based on the exact composi-
tion. and inlet stagnation temperature for each particular
test.

Since the LSM tests were conducted with Mach number dupli-
cation, we can write

M =M (7)

If the LSM and air inlet specific heat ratios are also equal, the
bracketed term in the above mass flow rate equation is unity
independent of the Mach number. However, even if the LSM

inlet specific heat ratio is not equal to the air inlet

specific heat ratio, the bracketed term is very nearly inde-
pendent of the Mach number used in this expression for all

Mach numbers between 0 and, say, 1.5 or so. For example,

with koa = 1.4 and kom between 1.3 and 1.5, the value of the

14
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bracketed term varies by less than 1% for all Mach numbers
between 0 and 1.5 as long as the same Mach number is used

in the numerator and the denominator of the bracketed term.
Thus, the simplifying assumption Ma = Mm =1 is a very good

approximation. The resulting expression,

k +1
om
2(kom-l)
R k T 1/2 P [kom+l]
o S om oa om] [ oa] 2 ;
eq e RbakomToa pom koa +1 (8)
k +1 2(koa_l)
[—=—]
2

was used for calculating the air-equivalent mass flow.

4.3 SPECIAL CASE

The above scaling relationships were used throughout this
program to reduce all data. Below, we consider a special
case where the scaling equations can be simplified. These
were not used in reducing the data. They are presented to
demonstrate that, in the appropriate limits, this scaling
scheme reduces to the schemes generally used in compressor
testing.

Consider the situation where air performance data is to be
obtained by modeling with air. This is actually done every
time a compressor is tested and the results are "referred"
to a standard reference condition. Boeing used for their
work the reference conditions of 519.7°R and 29.92" Hg.

If the modeling gas is air, we have
k =k and
m a
R =R
m a

Equation (1) for Mach number scaling then becomes

15



Tom
Nm = Na T (9)
oa

where we have used a = YkRT. Defining

6 = Tom/Toa (10)

Equation (9) becomes
N, = Nm//e (11)

where Toa is the reference temperature (519.7°R for Boeing),
Tom is the actual inlet temperature during a given test, Nm
is the actual speed for a given test point, and Na is the

"referred" speed.

Equation (8) for mass flow rate becomes (when kom = k and

oa
R =R )
om oa
P T
a = mm _o_a. T—onl (12)
d Pom oa
Defining
9 = pom/poa s
Equation (12) becomes
m_ =m/0/8 (14)
eq m

where Poa is the reference pressure (29.92"Hg for Boeing),
Pom is the actual inlet pressure during a given test, m
is the actual mass flow rate for a given test point, and meq

is the "referred" flow rate.

Equation (4) for the Reynolds number scaling becomes

16
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om om

Pom = Poa/ T u (15)
oa oa
or
_ H
§ = /5 =0 (16)
uoa

The reader will undoubtedly recognize Equation (11) and
Equation (14) as the conventional compressor scaling equations
used to "refer" test data to selected standard conditions.
However, the reader may not readily recognize Equation (16).
This reflects the general lack of care in correctly modeling
Reynolds number during air testing. The typical procedure

is to measure 6 and § and use these to correct the measured
speed and flow rate via Equations (11) and (14). However,

if Reynolds number is to be held fixed, Equation (16) states
that 6 and 6§ must be set during the experiment in a definite
relation to each other. This is not normally doae since

most compressor designers and testers feel that variations

in Reynolds number will not exhibit a strong influence on the
compressor performance. Although this is probably true for
most "low altitude" testing, one should recognize that

testing without regard to satisfying Equation (16) implies
testing with an uncontrolled parameter -- the Reynolds number.

Since this program used the same hardware for LSM testing as
was used to generate the original air data, the discussion
above considered only 1l:1 geometry scaling. Real gains can
be obtained by using larger-scale LSM hardware. In this case
the modeling equations must be appropriately modified in a
straightforward manner. See for example, Reference 4.

17



5.0 LSM GAS SELECTION AND COMPRESSOR MODELING

Proper modeling of the Mach number, Reynolds number, and
specific heat ratio with the chosen LSM gas was achieved by
mixing the correct proportions of Freon-13Bl1 with argon.

The rationale behind this selection of gas components and how
the gas proportions were selected is discussed in this
section.

5.1 GAS SELECTION

The overriding goal in the evaluation and selection of the LSM
gas mixture was to provide for the modeling of air data at

the lowest possible compressor speed yet stay within reason-
able cost and maintain relative simplicity of operation.

The duplication of the air inlet Mach number is achieved by
satisfying Equation (1). A low compressor speed is achieved
by using a gas mixture with a low inlet speed of sound.

A low inlet speed of sound implies a gas with a high molecular
weight and/or low inlet temperature. The techniques used

in this program to achieve a low inlet temperature are dis-
cussed in Section 6; in the present section, temperature is
discussed only as it affects the properties of the candidate
gases.

The requirement of a high molecular weight leads to the
consideration of polyatomic gases. Chapman11 performed an
excellent evaluation and tabulation of numerous candidate
high-molecular-weight gases. His listing contains many
fluoro-chemicals (Freons). However, Freons, as well as all
polyatomic gases, have a very low specific heat ratio
(typically between 1.1 and 1.2). Thus, to match the inlet
specific heat ratio of air (1.4), proper amounts of a monatomic
gas (with high 1inlet specific heat ratio -- typically about
1.67) must be mixed with the selected polyatomic gas.

Other considerations entered into the gas mixture selection
beyond the obvious factors of high molecular weight and
proper specific heat ratio. These included low cost, ready
availability, low toxicity, low flammability, good thermal
stability, availability of property data, and a saturation
line reasonably removed from the "operating" states of the
mixture.

18



Octafluoropropane C F8 was originally considered as the

3
candidate polyatomic gas component. However, since this gas

was not readily available in a pure form and since its
properties were not well established, bromotrifluoromethane

CBrF., (Freon-!3Bl) was chosen instead. Freon-13Bl is readily
avaiiable in sufficiently pure form and its properties have

been well established (e.g. Reference 12). In addition,
Freon-13Bl is moderately inexpensive (about $5/1b), has low
toxicity, is not flammable (in fact, it is an excellent fire
extinguisher), and has excellent thermal stability. When

mixed with a suitable monatomic gas, Freon-13Bl is also
sufficiently far from its saturation line under normal storage
and all test conditions. Thermodynamic properties of Freon-13Bl
are found in References 11-15. General characteristics of
Freon-13Bl1 are found in Reference 16.

Candidate monatomic gases included argon, krypton, and
xenon. Xenon was immediately removed from consideration due
to its extremely high cost and poor availability. Since
krypton has a higher molecular weight than argon, its use in
an LSM mixture would result in approximately 25% lower
compressor speed than a similar mixture with argon. However,
krypton costs about 200 times as much as argon.

The selection of krypton would have required a special gas
recovery and purification system. In addition, the use of
krypton would involve a serious cost penalty should the LSM
gas mixture become grossly contaminated or should a major
leak develop. Therefore, for reasons of cost and simplicity
of operation, argon was finally selected as the monatomic
component for the LSM gas mixture.

The interested reader is referred to References 4 and 11 for
additional discussion on gas selection for low-speed-of-sound
modeling.

5.2 DETERMINATION OF THE REQUIRED LSM MIXTURE FRACTIONS

The property equations used to calculate the properties oi
the individval LSM gas components and mixture are presenten
and discussred in Appendix 1I.

The exact. fractions of each component of the LSM gas mixture

were fired by the desired inlet specific heat ratio. The
LSM pregram called for utilizing three different gas mixturos:

19



1) 1Inlet specific heat ratio =~ 1.4 (used for the bulk
of the testing)

2) Inlet specific heat ratio = 1.3

3) Stage-averaged specific heat ratio of LSM equal
to the stage-~averaged specific heat ratio of air.

The variation in specific heat ratio of LSM gas with tempera-
ture and mass fraction of Freon-13Bl mixed with argon is

shown in Figure 1. A mass fraction of CBrF3 of 0.476 was

chosen to duplicate the specific heat ratio of air at the
nominal LSM inlet temperature (-5°F). A mass fraction of CBrF‘3

of 0.637 was chosen as the "k = 1.3" inlet LSM gas. A

mass fraction of CBrF3 of about 0.38 was chosen to simulate

the average specific ratio in the compressor which resulted
in an inlet specific heat ratio of 1.45 for this mixture.

Since the fraction of air during any test was always small,
its effect on the nominal specific heat ratio was negligible.
Of course, the amount of air was continuously monitored
during each test, and the actual LSM gas mixture properties
were always evaluated using the actual fractions of Freon,
argon, and air present during each test.

5.3 OTHER MODELING CONSIDERATIONS

Once the gas composition is known, the molecular weight and

jas constant of the mixture are known. (See Appendix I.) These,
together with the inlet temperature, determine the inlet

speed of sound of the LSM gas mixture which dictates the
compressor speed to be set to model any particular air
condition. (The details of how this is done are discussed

in Section 4.)

The dimensional parameters which affect the duplication of

the Reynolds number are inlet speed of sound, inlet viscosity,
and inlet pressure (see Equation (4)). The speed of sound and
viscosity are uniquely determined by the gas composition and
inlet (plenum) temperature. Therefore, for any plenum tempera-
ture and gas composition, the plenum pressure is continually
maintained at the proper value to assure close similarity
between the LSM and the air inlet Reynolds numbers. Typical
values of inlet plenum pressure for LSM testing were between

8 and 10 psia.
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Typical air and LSM conditions are shown in Table II.

TABLE II. TYPICAL AIR AND LSM ACTUAL MODELING VALUES

Typical Typical
Boeing Creare

Air LSM Ratio
Parameter Value Value LSM/Air

Actual speed (rpm) 50,000 32,000 0.64
Air-equivalent speed (rpm) 50,000 50,000 1.0
Actual flow rate (lb/sec) 1.9 15/ -
Air-equivalent flow rate (1lbL/sec) 1.9 1.9 1.0
Stage pressure ratio 9.0 9.0 1.0
Stage efficiency (%) 72.2 71.9 =
Actual power (HP) 400 145 0.36
Plenum pressure (psia) 14.7 9.0 -
Collector pressure (psia) 132 8l =
Plenum temperature (°F) 60 -5 =
Collector temperature (°F) 675 500 -
Temperature ratio 2.18 2.11 -
Inlet speed of sound (£ft/sec) 1120 768 0.64
Inlet specific heat ratio 1.4 1.4 1.0
Discharge specific heat ratio 1,37 1,83 -
Mach number (inlet) - - 1.0
Reynolds number (inlet) - - 1.0
Mass fraction Freon-13Bl - 0.475 -
Mass fraction argon - 0.522 -
Mass fraction air 1.0 0.003 =
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6.0 LSM TEST FACILITIES AND OPERATING PROCEDURES

In this section we describe the Boeing compressor hardware
used in this program, discuss the LSM flow loop constructed
around this equipment, and relate how the LSM tests were
conducted. This LSM test facility is versatile for both
fundamental research and practical performance evaluation
of compressors. Throughout the course of this program, the
operating procedures (and data reduction techniques) have
been continually refined to a point where LSM testing is a
simple and routine procedure.

6.1 TEST COMPRESSOR

The test compressor used for this program was designed and
constructed by the Boeing Company under contract to the

U. S. Army Aviation Materiel Laboratories. The development,
construction, and air performance testing of this hardware
by Boeing are described in References 5, 6 and 7.

During the Boeing/USA AVLABS hardware development and testing
program, Boeing constructed two test rigs. These were
designated by Boeing as the "diffuser rig" and the "impeller
rig". Of the impellers and diffusers developed and tested

by Boeing, the RF-2 impeller with the V2-2 diffu.er confiqura-
tion in the "diffuser rig" was chosen for use in the LSM
program for the reasons discussed in Section 3.

Figure 2 shows this test compressor (diffuser rig) as set up
in the LSM loop. The inlet plenum can be seen on the right
side of this photo; the high-speed gearbox is seen on the
left.

Photos of the RF-2 impeller are shown in Figure 3. A meri-
dional layout of the RF-2 impeller is sketched in Figure 4, and
the geometric parameters for this impeller are listed in
Table III.

The V2~2 diffuser geometry is shown in Fiqgure 5. Also dis-
played in this figure are several of the numerous pressure
tap locations in the vaneless and semivaneless space and in
the diffuser channel. Figure 6 is a photograph of this
region. Although the diffuser vanes have been removed, their
locations are clearly visible.

23



prr

Up

et

Test Compressor as S

in the LS

Figure 2.

M Test Loop.

24




a. View From Inlet.

e 28

b. Side View.
Figure 3. RF-2 Impeller.

25




r
Indué;r o Radial
- 2 > | — Portion————————»

-— -

Inducer Blading Impeller Blading
(Not Symmetrical) (Symmetrical)

Figure 4. RF-2 Impeller Geometry at Zero RPM.
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Figure 5. V2-2 Diffuser Geometry.
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TABLE ITII. RF-2 IMPELLER GEOMETRY AT ZERO RPM

Axial Blade Hub Tip Hub¥* Tip*
Distance Turning Radius Radius Thickness Thickness
X (in.) Angle (dey) rh (in.) rt (in.) th (in,) tt (in.)
0 0 0.813 1.80 0 0
0.01 - 0.813 1.80 0.023 0.032
0.02 - 0.814 1.80 0.027 0.026
0.03 - 0.814 1.80 0.031 0.038
0.04 = 0.815 1.80 0.034 0.04
0.06 - 0.815 1.80 0.040 0.043
0.08 = 0.817 1.80 0.046 0.044
0.10 = 0.818 1.80 0.050 0.044
0.12 4.78*%** (0,819 1.80 0.054 0.044
0.15 - 0.821 1.80 0.057 0.043
0.3 11.60 0.829 1.80 0.062 0.042
0.500 18.59 0.839 1.80 0.061 0.041
0.700 24.87 0.850 1.80 0.060 0.039
0.900 30r32 0.860 1.80 0.059 0.037
1.100 34.88 0.871 1.80 0.058 0.035
1.300 38.53 0.881 1.80 0.057 0.033
1.500 41,27 0.892 1.80 0.056 0.032
1.700 43,10 0.902 1.80 0.055 0.031
1.900 44.03 0.913 1.80 0.055 0.030
2.000 44.15 0.918 1.80 0.055 0.030
2.430 44.80 0.958 1.839 0.055 0.030
2.860 44.80 1.108 2.051 0.055 0.030
3.290 44.80 1.431 2he 77181 0.055 0.030
3.720 44.80 2.313 4.316 0.055 0.030
3.785%%* 44.80 - 4.573 0.055 0.030
3.965%* 44.80 4.573 - 0.055 0.030

* Blade thicknesses measured normal to x -- after

handworking of the blades
** Estimated graphically (tip of impeller)

*** Not corrected for handworking
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All of the aerodynamic instrumentation used is discussed in
Section 7.0.

6.2 LSM TEST FACILITY

The low-speed-of-sound modeling test facility was constructed
around the test compressor. This facility is shown in Figure
7.

The low-temperature LSM gas flows from the plenum through the
test compressor and then through two heat exchangers. These
reduce the gas temperature from the collector temperature of
about 500°F (PR = 9) to about 50°F, These heat exchangers
are followed by a flow rate metering section and a valve.
From the downstream side of the valve, the flow is expanded
through a turbine to return to the inlet plenum at about
-5°F, The flow is distributed and turbulence is damped in
the inlet plenum through a series of flow distributors,
honeycomb sections and screens. The total volume of the
test loop is about 30 cubic feet; about half of this volume
is in the plenum.

LSM Loop Controls

A small amount of LSM gas is continuously sampled from the
loop and its speed of sound measured. This measurement, coupled
with a measurement of the plenum temperature, dictates the
compressor speed and plenum pressure to be set in order to
model any given air Reynolds number and Mach number
(compressor speed). The test compressor speed is maintained
by an auxiliary drive unit. The plenum pressure is adjusted
by controlling the amount of LSM gas in the system. The
compressor back pressure (and hence stage pressure ratio)

is controlled by the back pressure valve located just upstream
of the expansion turbine.

The LSM loop is stable in operation, comes to thermal
equilibrium fairly quickly (on the order of 15 minutes), and

is easily adjusted to model any air-equivalent speed and
compressor pressure ratio. Complete compressor performance
stage maps can be easily and quickly produced. In addition,
this loop provides easy adjustment of the inlet Reynolds

number (through control of the plenum pressure), which could

be used, if desired, to study the effect of Reynolds number

on compressor stage performance or to simulate altitude effects.
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LSM Gas Temperature Control

With a typical LSM test gas, the temperature rise through the
test compressor at 50,000 rpm was about 500°F. In order
to achieve a low inlet speed of sound, it was desired to
cool the compressor exit LSM gas to a low temperature at a
reasonable cost. In addition, a low plenum temperature was
required to keep the temperature of the LSM gas through the
impeller and diffuser regions below the temperature limits
of available dynamic pressure instrumentation. Since this
instrumentation typically has a 500°F maximum temperature,
this implies that an inlet temperature of about 0°F had to
be achieved.

The temperature reduction was performed using two heat
exchangers in series followed by a temperature reducing,
expansion turbine. The gas flowing through the water-cooled
heat exchangers was cooled to about 50°F, Consideration
was given to using a liquid refrigerant in the second heat
exchanger, but this was not done for cost reasons. However,
future programs might do this to realize an even lower
compressor inlet temperature for even lower shaft speeds.

Boeing's "impeller rig" turbine was used as the expansion
turbine. Since this turbine was designed for a somewhat
higher flow rate than was used in the LSM testing, the turbine
was converted to a partial admission design by blocking off
five of the sixteen inlet channels. This helped to maintain
a high turbine efficiency. The turbine was left connected
to the "impeller rig" compressor which operated in a free-
wheeling mode on lab air to "absorb" the power extracted

by the turbine. The ducting between the expansion turbine
and the plenum, as well as the plenum and compressor inlet
bellmouth, was insulated to keep heat transfer to a minimum.

Flow Meter

The flow metering section was constructed with flow straightener:
according to ASME specifications (Reference 17). A square-

edge orifice plate was used with flanged taps located 1"
upstream and downstream of the orifice plate. The measure-

ment of the LSM gas flow rate is discussed further in Section

7: 05
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Surge Relief

In order to quickly bring the test compressor out of surge,
a surge relief bypass loop was provided. This bypass could
be quickly opened with a ball valve when the compressor went
into surge. Surge was sensed by the onset of large
fluctuations at the water manometer used to measure the
pressure drop across the flowmeter orifice.

6.3 AUXILIARY EQUIPMENT

Compressor Drive Units

Throughout the first half of this program, the test compressor
was driven using the air turbine built by Boeing to drive the
diffuser rig. The air supply for this turbine was obtained
from compressor bleed ports of a Westinghouse J-46 jet

engine located exterior to the main test facility. The test
compressor speed was controlled by throttling the turbine
drive air supply. No additional heat input to this air
supply was required to power the test compressor. However,
local noise pollution considerations required that this power
supply be abandoned.

The second half of this test program was performed using an

internal combustion engine coupled to a high-speed gearbox
(15:1 gear ratio) to power the test compressor.

Loop Sealing

To minimize air intrusion into the LSM loop or LSM gas leakage
out, careful attention was paid to sealing all joints and
regions where leaks could occur. Special O-ring seals were
designed for the test compressor and expansion turbine. An
LSM gas recirculating system was constructed to deliver an
0il/LSM lubrication mist to the carbon-faced seals of the
expansion turbine. The carbon-faced shaft seals of the test
compressor were lubricated with an LSM gas/oil mist combina-
tion using LSM gas from a premixed supply cylinder.

These precautions resulted in a system where the test gas
composition would remain unchanged during and after testing.
Thus, uncertainties in the data due to a continually changing
gas composition were minimized. In addition, the same LSM
gas could be stored in the test loop and reused indefinitely,
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provided the loop was not disassembled. In anv event, the
cost of LSM gas was small (less than $25/hr) compared to
the operating costs of typical high-pressure-ratio, high-
speed compressor test facilities.

System Evacuation and Filling

Evacuation and filling of the LSM test loop was accomplished
in several stages. A pair of vacuum pumps extracted air
from the loop to a pressure within several inches of mercury
absolute vacuum. At this stage, the system was quickly filled
from a premixed, high-pressure LSM gas supply bottle.
Complete filling was achieved using about half of a 600-psi
bottle and could be accomplished in about ten seconds. The
system was filled to slightly greater than atmospheric
pressure. Under this condition no further air intrusion is
possible while the system is static (no-flow) since any leak
is out of the system. (During storage of the LSM gas in the
test loop between test runs, the loop was maintained at
slightly above atmospheric pressure.)

This initial evacuation and filling step resulted in several
percent air remaining in the test loop. The amount of air
in the gas mixture in the loop was reduced to a low value
by the following procedure. The back pressure valve of
Figure 7 was completely closed. Evacuation was then resumed
at a point just upstream of this valve. At the same time,
pure LSM from a supply cylinder was inserted into the loop
just downstream of this closed valve. The loop pressure was
maintained slightly above ambient. This caused the
"contaminated" LSM gas to flow through the loop and out
through the vacuum pumps while at the same time being
replaced by pure LSM gas. This procedure was the most
efficient way (in terms of gas cost and time) to minimize the
final air fraction remaining in the gas mixture.

This process could be continued until the fraction of air
remaining in the loop was reduced to a very low value.
Typically, this procedure was stopped when the air fraction
was 1% or less. The amount of air in the loop could be
determined at any time by measuring the speed of sound.
However, since the mass fraction of the gas in the loop
varied with position in the loop during this procedure,

the amount of air in the loop could be accurately determined
only during the test run. Once a test began, the composition
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of gas in the loop was uniform and remained constant.

Rig Lubrication

An oil lubrication and cooling system was constructed to
provide cooling oil to the bearings and thrust disk regions
of the drive engine, the test compressor, and the expansion
turbine. The return oil from the loop was cooled through

a series of heat exchangers.

Rig Control Instrumentation

Both compressor rigs were instrumented with stationary,

preset rub sensors. These were wired to provide for immediate,
automatic shutdown of the drive engine should a near rub

be indicated.

Compressor vibrations were monitored with an accelerometer
mounted on the compressor housing.

0il, bearings, and seal "air" temperatures were continuously
monitored with thermocouples.

6.4 TEST LOOP OPERATION AND CONTROL

As described in Section 5.4, all independent test variables
associated with each operating point and modeling condition
can be expressed as functions of the gas composition and
inlet temperature only. The gas compositon and inlet
plenum temperature were continuously monitored. These
inputs were used in conjunction with a series of operating
charts. Samples of the operating charts for speed control
are shown in Figures 8 and 9. Using charts of this type, the
compressor speed to achieve duplication of the air Mach
number could be set and maintained. Similar charts for the
plenum pressure were used to set inlet Reynolds number.

The compressor speed was controlled by the drive unit. The
plenum pressure was controlled by controlling the amount of
LSM gas in the test loop. The compressor pressure ratio

or back pressure was adjusted using a pair of back pressure
valves (a coarse, control in parallel with a fine control)
located just upstream of the expansion turbine as shown in
Figure 7.
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7.0 INSTRUMENTATION AND EXPERIMENTAL TECHNIQUES

The basic instrumentation used during this program is des-
cribed in this section. Also presented is an estimate of

the uncertainties in the basic measurements, and a summary

of the data reduction techniques used during this program.

An uncertainty estimate for the derived or calculated quanti-
ties is given in Appendix II and is summarized in Section 7.3.

7.1 INSTRUMENTATION

The design, location, calibration, and estimated accuracy
of the instruments and their output signals used to measure
the "primary" experimental variables are discussed in this
section. "Derived" quantities such as pressure ratio, flow
rate, and efficiency are discussed in Section 7.3.

Voltage

A four-place, digital millivolt meter was used for the read-
out of the thermocouples, the compressor speed indicator, and
the time-average signal from the pressure transducers. This
] instrument was calibrated regularly to 0.01% traceable to

g National Bureau of Standards. The estimated absolute
uncertainty in this instrument is 0.01 millivolt.

e
e

Temperature

All temperature measurements were made with premium-grade,
iron-constantan (type J) thermocouples with an ice bath
reference. The thermocouples were calibrated as-wired
against a mercury thermometer standard. The estimated
uncertainty for any thermocouple when used in conjunction
with the four-place voltmeter is less than + 1°F.
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Two thermocouples were mounted in the inlet plenum; five

were mounted at various locations in the collector. The
plenum and collector temperatures used in the data reduction
and analysis were averages of the individual readings of the
appropriate thermocouples. The individual thermocouple
readings were always within 2°F of the average temperature.
Assigning an uncertainty of + 2°F to the plenum and collector
temperatures implies an uncertainty in plenum temperature
(AT/T) of 0.44% (using a typical plenum temperature 460°R)
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and an uncertainty in the collector temperature of 0.21%
(using a typical collector temperature 960°R).

A thermocouple was also placed at a specified location (ASME
standards) upstream of the orifice plate in the flowmeter.
The estimated uncertainty in this temperature measurement

is + 0.30%.

Various thermocouples were embedded in the compressor cover
and the collector. These surface temperature measurements
along the flow path through the compressor were used to:

1) Correct the dynamic pressure transducers for
temperature effects

2) Obtain an estimate of the error in calculating
efficiency when conducting tests with an
uninsulated compressor (as discussed in Appendix III)

The output signals from the dynamic pressure transducers and
the heat transfer calculations are both quite insensitive to
small errors in cover surface temperature measurement; thus
the accuracy of these measurements was not critical.

Pressure

Numerous kinds and types of pressure measurements were per-
formed throughout this program. These will be discussed in
turn.

Barometer

The local barometric pressure was measured using a calibrated
mercury barometer. This instrument was checked monthly against
a barometer located at Dartmouth College. The estimated
uncertainty in the measurement of the local barometric

pressure is 0.03%.

Water Manometer

A 4-foot vertical water manometer was used to measure the
pressure drop across the flowmeter orifice plate. The

estimated uncertainty of this pressure drop measurement is
0.1"H_ 0 or 1% of the minimum pressure drop experienced during
testifg.
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Mercury Manometer

A specially constructed 16-foot mercury manometer was used
for the calibration of the time-average and dynamic pressure
transducers. The estimated uncertainty in this instrument,
taking into consideration thermal expansion effects, is 0.06"

Hg.

Static (Time-Average) Pressures

A pneumatic switching pressure readout system, similar to

that described in Reference 18, was used for selecting the
numerous time-average static pressures. This system had

the capability of switching to any one of 117 static pressure
locations and reading any of these static pressure tap signals
on one of two differential pressure transducers: a + 25 psid
or a 0-100 psid pressure transducer. These transducers

were referenced to ambient pressure and were used to read

all time-average static pressures.

These transducers were calibrated several times during this
program against the l6-foot mercury manometer. Taking into
consideration the uncertainties in the transducer output
voltage reading, the mercury manometer calibration, mercury
manometer reading, and the measurement of the local barometric
pressure, the + 25 psid transducer was accurate to 0.05 psia
and the 0-100 psid transducer was accurate to 0.08 psia.

At a nominal plenum pressure of 10 psia and a nominal
collector pressure of 90 psia, this implies uncertainties in
plenum and collector pressure measurements of 0.5% and 0.1%
respectively.

The static pressure measurements along the compressor cover
and in the impeller exit and diffuser passage regions were
taken using the same pressure taps as used for the original
Boeing data. A full description of these pressure tap
locations is found in References 6 and 7. Figqure 10 and
Table IV show the location of the static pressure measuring
stations along tihe cover of the test compressor rig. At
each of these stations there were three static pressure taps
located circumferentially around the cover. Figure 1l shows
the location of the static pressure taps in the impeller
exit and diffuser passage regions. There were static
pressure taps on both the front and back covers at each of
the indicated locations. Figure 6 is a photo of the

41



casTTodwr 2-49 Yatm sdey sanssaad OT3I®IS I9A0D QT aanbt g

! I
ani3ysg uah&mzy

ELS ¥

IaTradur

suoTjels
dey sanssexg

42



e T RIS R A A TR PR o

T SRR AT T

M

o BRI

e R S R

ERGRE RN

R

TABLE IV. CIRCUMFERENTIAL COVER STATIC PRESSURE
TAP LOCATIONS

Station r X m
Number (in.) (in.) (in.)

7 1.816,0.813 -0.35 -0.35
1.816,0.813 -0.20 -0.20
9 1.816 -0.10 -0.10
10 1.816 0 0
11 1.816 0.10 0.10
12 1.816 0.20 0.20
13 1.816 0.45 0.45
14 1.816 1.50 1.50
15 1.816 2.32 2.35
16 2.25 3.02 3.0
17 3.00 - , 4.0
18 3.80 - 4.8
19 4.54 - 5.7
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nressure tans in this region.

Dynamic Pressure Instrumentation

Measurements of the dynamic (unsteady) characteristics of
the static and total pressures in the RF-2 compressor were
made using miniature high-response-rate transducers. Two
general classes of sensors were evaluated prior to the
final selection:

l) Piezoelectric types, utilizing pressure-sensitive
quartz elements

2) Strain gauge types with semiconductor sensing
elements.

Specific models of each of these types have nominal specifi-
cations which satisfy the general requirements for size,
frequency response, sensitivity, operating temperature

and acceleration compensation.

The final selection of the sensor for use in the dynamic
measurement phase of the program was based primarily on the
relative sizes of the two transducer types. This size
differential becomes important when studying pressures

which vary rapidly with position and time, because the
transducer senses only the "average" pressure acting on its
sensing surface. The larger the sensing surface, the greater
the possibility of "losing" important information. The
smallest piezoelectric transducer considered for this
program has a pressure diaphragm 0.22" in diameter, while
the semiconductor strain gauge type eventually selected has
a pressure-sensitive surface of 0.085" diameter. This

means that the strain gauge transducer can effectively "see"
pressure signals with characteristic frequencies about three
times higher than those seen by the piezoelectric device.
The semiconductor strain gauge transducer was chosen for use
in this program.

Secondary considerations which also weighed in favor of the
semiconductor strain gauge types were:

1) Simpler signal conditioning reqirements

2) Potentially a dc pressure measurement capability.
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