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INVESTIGATION OF EFFECTS OF REYNOLDS NUMBER ON OVER-ALL PERFORMANCE
OF AN EIGHT-STAGE AXTAT.-FLOW RESEARCH COMPRESSOR
WITH TWO TRANSONIC INLET STAGES

By Richard P. Geye and James G. Lucas

SUMMARY

The effect of Reynolds number on the performsnce of an eight-stage
exisl-Tlow compressor with transonic inlet stages was investigated at an
inlet-air temperature of approximetely 410° R (-50° F) with the compres-
sor uninsulated for a range of equivalent weight flow at 90 and 100 per~
cent of equivalent design speed and at single flow polnts at 80-percent
speed for chord Reynolds nunmbers from 96,000 to 1,080,000. At design
speed the pegk adisbatlic efficiency decreased from 0.834 to 0.730, the
maximim equivelent weight flow from 72.1 to 60.5 pounds per second, and
the surge pressure ratioc from 10.7 to 8.8 as the chord Reynolds number
was decreased from 1,050,000 to 96,000. At SO-percent speed the effi-
ciency decreased from 0.839 to 0.720, the welght flow from 62.4 to 50.8
pounds per second, and the pressure ratio from 8.2 to 6.2 as the chord
Reynolds number wes decreased from 1,050,000 to 112,000. EBguivalent
welght flow also decreased as chord Reynolds number was decreased at 80-
percent speed, and rotating stasll was encountered at approximately the
seme equivalent welght flow as 1t had been at 73-percent speed at a high
chord Reynolds number (1,100,000). Thus, rotating stall was encountered
at higher equivalent compressor speeds as chord Reynolds .number was
decreased.

The effects of heat transfer were investigated by operating the com~
pressor at an inlet-elr temperature of 410° R with the compressor insu-
lated end at 550° R with the compressor uninsulated and comparing these
data with those et 410° R with the compressor uninsuleted. The effect
of insulation with the low inlet temperature on Reynolds number effect
was smell, indicating that the data for low inlet temperature (uninsu-
lated) provide a reasonsbly sasccurate measure of the change in compressor
performance with Reynolds number. Increasing the inlet temperature from
410° to 550° R with the compressor uninsulated partially mesks the effects
of Reynolds number on adigbatic efficiency.

__UNCLASSIFIED
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INTRODUCTION

One of the major limitations on flight at extremely high altitudes
with turbojet powerplants 1s the detrimental effect of low Reynolds
numbers ot component performance, One ¢f the components most adversely
affected is the compressor: Previocus investigations (refs. 1 and 2)
have been concerned with the effects of Reynolds numrber on compressors
designed for subsonlc velcocltles relatlve to the blade rows and conserv-

gtive stage pressure ratios.

To facilitete the study of the performance problems of multistsge
compressors wilth high-pressure-retio, high Mach nunber stages, an eight-
stage axial-flow cotifressor having two tranéonlc inlet stages was designed,
fabricated, and tested at the NACA Lewls laboratory. Reference 3 presents
8 detailed account of the serodynamic deslgn eand over-all performance dats
of this compressor. During the course of this study of performence prob-
lems, several modifications were incorporated in the compressor in an at-
tempt to lmprove the mechanical. characteristlcs of the blading and the
aerodynamic performence at high speeds. These modifications are presented
in reference 4, and the compressor performasnce cbitained wilth these modi-
ficatlone is presented in references 5 and 6.

In orderto determine the effect of Reynolds number on the pexrform-
ance of this modified elght-stage compressor, the over-all performence
characteristlics of the compressor were obtained at 80, 90, and 100 per-
cent of equlvalent design speed for a series of inlet-elr pressures rang-
ing from 12.9 to 0.9 inch of mercury abscolute. This report presents the
over-all performaence characteristics for this range of pressures. In
addition, the effects of heat transfer are evaluated by obtalning the
compreseor performsnce with and without casing insulation at an inlet-alr
temperature of 410° R and without casing insulation at an inlet-air tem-
perature of 550° R.

SYMBOIS
c chord length at tip of first rotor, £t
P absolute total pressure, in. Hg
Re Reynolds number relative to first rotor tip, pV'c/u
T total temperature, °R
V' velocity relative to first rotor tip, ft/sec

w  weight flow, Ib/sec

oy
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S retio of inlet total pressure to NACA standard sea-level pressure
of 29.92 in. Hg gbs

1 adishatic temperature-rise efficiency

e ratio of inlet totel temperature to NACA standard sea-level tem-
perature of 518.7° R

viscosglty based on total tempersature at tip of first rofor,
1b/(£t) (sec)

0 statlic density at tip of first rotor, lb/cu ft
Subscripts:
0] inlet depression-tank station

20 discharge measuring statlon

APPARATUS AND INSTRUMENTATION
Conpressor

A cross-sectionsl view of the compressor, the inlet bellmouth noz-
zle, and the discharge collector is shown in figure 1. The aerodynamic
design details for this compressor are presented in references 3 and 4;
and the over-all performsnce (high Reynolds number), rotating stall, and
blade~vibration characteristics are presented in references 5 and 6.

The major deslign values are as follows:

Total-pressure ratio . . . e v e « e e e ¢ ¢« s+ o o s « 10.26
Equivalent weight flow, Ib[sec « o e s e s e s e s s s a4 e e« T8.4
Equivelent tip speed, ft/sec e e o s s s s e e e s s e s e e s « s 1218
Inlet hub-tip dlameter ratio « « ¢« o « ¢ ¢ o o ¢« « ¢ o ¢« o o ¢« &« « 0.46
Diameter at inlet to first rotor, in. .« « ¢« ¢ o ¢ ¢ v o « + &« o « 20.88

L] L] L] L - . L] - L] - L] [ ] O - 3147

Chord =t tip of flrst rotor, £t . . .

Installation

The compressgor wes driven by & 15,000-horsepower varlgble-frequency
electric motor. The speed was maintained constant by an electronic con-
trol and was measured by an electric chronometrlic tachometer. Alr en-
tered the compressor through a submerged thin-plate orifice, a butterfly
inlet throttle for controlling inlet pressure, and s depression tank 6
feet in diemeter and epproximately 10 feet long. Screens in the depres-
sion tank and a bellmouth falired into the compressor lnlet were used to
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obtain 8 uniform distribution of dair entering the compressor. Alr was
discharged from the compressor Into a collector connected toc the labora-
tory altitude exhaust system. Alr welght flow was controlled by & butter-
fly valve located 1in the exhsust ducting.

Instrumentatlion

The axlal locations of the instrument messuring stations are shown
in figure l. The inlet depression-tank stetion end the compressor dis-
charge statlion hed axisl locations thet were 1n accordance with reference
7. The radial distribution of ocutlet total temperature wes obtained from
multiple~-probe rakes located et the area centers of equal annular sreas.
The discherge statlc pressure was obtained from six well static taps.

The instruments used at each station are similar to those 1llustrated in
reference 5. The methods of measurement were as follows:

(1) Temperature messurement: self-balancing potentiometers

(2) Pressure measurement: mercury menometers referenced to atmos-
phere for inlet pressures greater than 3 iunches of mercury abso-
lute, dibutylphthslste manometers referenced to pressure measured
with a O to 100-millimeter pressure gage for inlet pressures less
than 3 inches of mercury absolute, and mercury msnometers refer-
enced to atmosphere for all compressor discharge pressures

(3) Weight-flow measurement: a thin-plate submerged oriflce that
wae changed depernding on inlet volume flow so that the pressure
drop across the orifice was generally maintained between 20 and

80 inches of water

PROCEDURE

The investigation of the effect of Reynolds number end heat tranefer

on the over-all compressor performance was carried cut in three phsses:

(1) The compressor was uninsulated, an inlet-ailr temperature of ep-
proximetely 410° R (-50° F) was maintained, and the Reynolds number rela-
tive to the tip of the first rotor wae varied from spproximately 26,000
to 1,080,000 by controlling the inlet-air pressure. The Reynolds number
used in thils report is defined as pV‘c/u, where p 1s the static den-
sity, V' d1es the relative veloclty, u 1s the viscoslty based on total
temperature, and c¢ 1s the chord length at the tip of the first rotor.
During this phase the compressor was opersted st 80, 90, and 100 percent
of equivalent design speed. At 90 and 100 percent of design speed at
each inlet pressure, & range of alrflows was Investigated from a maximum
flow at which the compressor dlscharge plping system was choked to a

24
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minimm flow at which surge occurred. At each inlet pressure at 80 per-
cent of design speed a single data point was obteined, the maximum flow
at which rotating stall was encountered.

(2) The compressor was insulated with 4 inches of Fiberglaes, an in-
let temperature of spproximately 410° R (-50° F) was maintained, and the
Reynolds number relative to the tip of the first rotor was varied from
approximstely 96,000 to 1,030,000 by controlling inlet pressure, The
compresgor was operated at 100 percent of equivalent design speed, =
range of airflows being investigated at each inlet pressure.

(3) The compressor was uninsulated, an inlet temperature of epprox-
imately 550° R (90° F) was maintained, and the performence of the compres-
sor wes determined at Reynolds nunmbers relative to the tip of the first
rotor of spproximstely 100,000 end 150,000. In this phese the compressor
was operated at only 90 percent of equivalent design speed because of
compressor discharge temperature limitations.

Table I summsrizes conditions at which date were obtained. The over-
all compressor performance characteristics were calculated from the orifice
and drive-motor speed measurements, the inlet total pressure and tempera-
ture, and the discharge static pressure and total temperature. The dis-
charge total pressure was calculated by the procedure recommended in ref-
erence 7. This method does not credit the compressor with nonuniformities
of outlet flow veloclty or deviation from axlial discharge and 1s the same
as the method used in the presentation of the cslculated over-all per-
formance data in references 5 and 6.

RESULTS AND DISCUSSION
Compressor.Performance

High Reynolds number. = The over-all performance characteristics of
the compressor were obtalned wilth the Reynolds number relative to the tip
of the first rotor maintained at approximately 1,100,000. (At design-
point conditions the ratlos of Reynolds number gt the flrst-rotor hub and
the first-stator hub and tip to Reynolds mumber at the first-rotor tip are
0.48, 0.30, and 0.27, respectively.) These performance characteristics are
Presented in figure 2, the data of which were obtalned from reference 8.
The over-all total-pressure ratio is plotted as s function of equivalent
welght flow at various values of equivelent speed, wlth contours of con-
stant adisbatic temperature-rise efficlency, the surge-limit line, and
the rotating-stall region indicasted. Thils performance is discussed in
detail in reference 8.

Variation with inlet pressure. - The varilation of compressor over-
ell total-pressure ratio with equivalent welght flow is shown in figure
3(a) for compressor speeds of 80, 90, and 100 percent of equivalent de-
sign speed (13,380 rpm), en inlet-air temperature of 410° R, and inlet-
air pressures ranging from 12.9 to 0.9 inch of mercury sbesolute. The

TN
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. surge limit and the reglion in which rotating stall was encountered at a
high Reynolds number (ref. 6) are also indicated. The variation of adia- -
batic tempersture-rise effleciency with over-all total-pressure ratio l1s
shown in figure 3(b) for 100 snd 90 percent of equlivalent design speed.

97

Bffect of Reynolds Number on Compressor Performance

In order %o make the following discussion readily Interpreted on
the basis of altitude, figure 4 presents a plot of altitude against the
compressor Reynolds number used in the present investigation for equiva-
lent compressor—speeds of 90 and 100 percent of design and f£light Mach
numbers of 0.8 and 1.5. The Reynolds number used 1n fligure 4 1s based on
measured deta snd tekes into account the variation of equivalent weight
flow. A pressure-recovery factor of 100 percent is assumed in the

calculation.

Adigbatic efficiency. - The variation of peak sdlabatic efficlency
with Reynolds number, which was obtalned at an inlet temperature of 410°
R with the compressor uninsulated, is presented in figure S(a) for 100
percent of equivelent design speed and in figure 5(b) for 90 percent of
equivalent design speed. At design speed the peak adlabatic efficleuncy -
decreases from 0.834 at a Reynolds number of 1,050,000 to 0.798 at a
Reynolds number of 250,000 and to 0.730 at & Reynolds number of 96,000,
At 90 percent of equivelent design speed the loss in efficlency follows v
e similer trend, the peak adiabatic efficiency decreasing from 0.839 at a
Reynolds number of 1,050,000 to 0.794 at a Reynolds number of 250,000 and
to 0.720 at a Reynolds number of 112,000.

For turbulent-boundary-layer flow over a flat plate, the losses are
approximately proportional to Reynolds number to the -1/5 power. 1t is
therefore suggested that 1t may be more than numerical coincidence that,
using the efficiencies presented in flgure 5, the minim loss as repre-

sented by (1-n) is approximately proportional to Re™1}/°., However,
without data from compressors of greatly different physlcal and aero-
dynamlc geometry, it is not possible to demonstrate that this fact has
any real physical significance. :

Equivalent welght flow. - The meximum equivalent welght flow obtained
at an inlet tempersture of 2410° R with the compressor uninsulated is plot-
ted as a function of Reynolds number for 90 and 100 percent of equivalent
design speed in figure 6. At design speed the meximm equivalent weight
flow decreases graduslly from 72.1 to 69.1 pounds per second as the
Reynolds number 1s decreased from 1,050,000 to 250,000. As the Reynolds
number 1s decreased to 96,000, the equivalent weight flow decreases
raplidly to 60.5 pounds per second. At 90 percent of equivalent design
speed the meximum equivalent welght flow decreases similarly, from 62.4
pounds per second at a Reynoclds number of 1,050,000 to 58.7 pounds per ~
second at a Reynolds number of 250,000 end to 50.8 pounds per second at
& Reynolds number of 112,000. )

. ]
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Surge limit. - The variation of surge pressBure ratio with Reynolds
number is plotted in figure 7 at an inlet temperature of 410° R with the

' compressor uninsulated. The design-speed surge pressure ratio decreases

from 10.7 at & Reynolds number of 1,050,000 to 9.9 at a Reynolds number
of 250,000 and to 8.8 at a Reynolds number of 100,000, Similarly, the
surge pressure ratio at 90 percent of equivalent deslign speed decregses
from 8.2 at a Reynolds number of 1,050,000 to 7.4 at a Reynolds number
of 250,000 and to 6.2 at & Reynolds number of 112,000. In figure 3(a)
it can be seen that the surge points obtalined at the various Reynolds
nunbers (inlet pressures) at 90 and 100 percent of equivalent design
speed. gpproximately coincide with the surge-limit line defined by the
80-, 90-, and 100-percent-speed surge points obtained at a Reynolds num-
ber of 1,100,000 (ref. 6). Thus, it sppears that the decrease in surge
pressure ratio and equivalent weight flow with decreasing Reynolds num-~
ber is such that the surge limit obtained at a high Reynolds number can
be used to roughly spproximate the surge 1limit that can be expected at

low Reynolds numbers.

Roteting stall. - In figure 3(a) single date poilnts obtained at 80
percent of equivelent design speed at four inlet pressures are presented.
These points represent the highest equivelent weight flows at which rotat-
ing stall was encountered at the various 1inlet pressures at 80 percent of
design speed. These dats spproximate the first-stage stall line obtained
between 70 and 73 percent of equivalent design speed at a Reynolds number
of 1,100,000 in reference 6. Thus, the equivalent weight flow at which
rotating stell 1s encountered sppears to remain approximately constant
regardless of the value of Reynolds number, However, since there 1s a
decrease in equivalent welght flow at a given equivalent speed as Reynolds
number is decreased, rotating stall is encountered at progressively higher
equivalent speeds &s Reynclds number is decreased.

Effect of Heat Transfer on Indicated Performance

In order to determine the effect of heat transfer on the indicated
effects of Reynolds number, additionsl data were obtained st an inlet-
air tempersture of 410° R wilth the compressor insulsted and at an inlet-
air tempersture of 550° R with the compressor uninsulated. To simulate
the case of no hest transfer, the compressor was linsulated and the com-
pressor performance was obtalned at design speed with an inlet-alr tem-
perature of 410° R and inlet-air pressures ranging from 10.2 to 0.9 inch
of mercury sbsolute. The varistions of over-gll total-pressure ratio
with equivglent welight flow and of adigbatic temperature-rise efficiency
with over-all total-pressure ratio obtained under these conditions are

ghown in figures 8(a) and (b), respectively.

To similate the case of maximim heat trenefer from compressor to
gtmosphere, the compressor was left uninsulated and the compressor per-
formence was obtained at 90 percent of design speed with ar Iinlet-alr
temperature of 550° R and inlet-air pressures of 2.2 snd 1.5 inches of
mercury sbsolute, For these conditions, the varigtlon of over-all total-
pressure ratio with equivalent weight flow is shown in figure 9(a) and
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the variation of adiebatic temperature-rise efficlency with over-all
total-pressure ratio is presented in filgure Sfb) Because of compressor
discharge tempereture limitations, data at the high-inlet-teuperature
condition could not. be obtalned at 100 percent of equivalent design
speed; therefore, the comparisons are to be made st 90-percent speed.

The compressor performance verigbles of peak efficiency, maximum
equivalent weight flow, and surge pressure ratic for the conditions
stated are compared with the previously discussed date obtained at an
inlét temperature of 410° R with the compressor uninsulated in figures
10 to 12, The variation in Iindicated pesak efficiency with Reynolds num-
ber at design speed (fig. 10(a)) is much the same for the two cases of
insulated and uninsulated compressor with an inlet temperature of 410° R;
however, the insulated-compressor indicated efficiency is about 1 polnt
lower. than that of the uninsulated at the highest Reynolds number and

1

ZE points lower at the lowest Reynolds number. 'This_ingicates that the

date obteined with the compressor uninsuleaeted and an inlet temperature
of 410° R are a falrly accuraste representation of the effects of Reynolds
number with no heat transfer. The temperature of the smbient air sur-
rounding the compressor during all tests was sbout 560° R. Therefore,

it can be assumed that, with the compressor uninsulated and an inlet tem-
perature of 410° R, the amount of heat transfer into and out of the com-
pressor wes sboutequal. This could explain the relatively good agree-
ment between the insulated and uninsulated dsta.

When the compressor was operated uninsulated and the inlet tempera-
ture increased to 550° R (about equal to the awbient temperature so that
all heat transfer is from the compressor to the atmosphere), the effects
of Reynolﬁs number on compreseor efficlency were partially masked (fig.
lo(b) Although data could only be obtained at low Reynolds numbers for
this condition because of rig operational limits, the level and variation
of efficiency with Reynolds number are markedly changed. At the lowest
Reynolds number (approximetely 1. 0x105) the indiceted pesk compresdor ef-
ficiency for the 550° R tests is about 7 points higher than that measured
at an inlet temperature of 410° R. In addition, the indicated increase
in efficiency at these low Reynolde numbers 1is about 2 points for a 50-
percent increase in Reynolds number with an inlet temperature of 550° R
a8 compared with 4 points for the same change in Reynolds nuwmber with an
inlet temperature of 410° R.

In figures 11 and 12 1t can be seen that heet transfer has little
effect on the variation of maximum equivelent weight flow and surge pres-
sure ratio with Reynolds number,

From the date presented herein it can be concluded that, with high-

pressure~ratio compressors, the effects of heat transfer on equivalent
welght flow and surge pressure ratlio are relatlively minor; however, the

] ?SQ?L.
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effects of heat transfer on indicaeted adisbatic temperature-rise effi-
clency are extremely lmportant in the evaluation of the effects of
Reynolds number. For this reason, no Reynolds number investigation should
be conducted without exercising a great deal of cere to minimize heat

transfer,

SUMMARY OF RESULIS

The following resulbs were obtained from an Investigation of the
effect of Reynolds nuiber and heat transfer on the over-all performence
of e modified eight-stage axisl-~-flow compressor with two transonic inlet

stages: U

1. With the compressor uninsulated and an inlet temperature of 410°
R, the design-speed peek adisgbatic efficlency decreased from 0.834 at &
Reynolds number of 1,050,000 to 0.730 at & Reynolds number of 86,000, and
the 90-percent-speed peak adisbatic efficlency decreased from 0.839 at =
Reynolds number of 1,050,000 to 0.720 at & Reynolds number of 112,000.

2. With the compressor uninsulated and an inlet tempersture of 410°
R, the maximmm equivalent weight flow decreased from 72.1 to 60.5 pounds
per second at design speed and from 62.4 to 50.8 pounds per second at 90-
percent design speed for the range of Reynolds nunber covered.

3. With the compressor uninsulated and an inlet tempersture of 410°
R, the surge pressure ratio decreased from 10.7 to 8.8 at design speed
and from 8.2 to 6.2 at 90 percent of design speed for the range of
Reynolds nunmber covered.

4. Rotating stall wlll be encountered at progressively higher equiv-
glent compressor speeds as Reynolds number l1s decreased.

5, The effect on lndicated performance gt equivalent design speed of
insulating the compressor with en inlet tempersture of 410° R was to de-
crease the level of measured performances slightly but not to significant-
1y change the varietions in performence with Reynolds number obtained at
the same inlet temperature with the compressor uninsulated.

8. An increase in inlet tempersture from 410° to 550° R with the
compressor uninsulasted at 90-percent equivaelent design speed partially
mesked the effects of Reynolds mumber on compressor adiabatic tempersture-
rise efficiency becsuse of heat transfer from the compressor to the am-

bient test atmosphere.

Lewis Flight Propulsion Laborstory
Natlonal Advisory Committee for Aeronautics
Cleveland, Ohio, December 11, 1956
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TABLE I. - SUMMARY OF TEST CONDITIONSL

Pgs Uninsuleted, | Insulated, Uninsulated,

in. g | To = 410° R | Ty = 410° R | Ty = 550° R
Speed, percent design
100 | 90 | 80 100 90

12.9 v

11.1 o

10.2 o =

8.2 | ¢ | ¢

5.3 a | a

3.2 A LN K

2.2 DD N X D

1.9 o

1.8 *

1.7 ¢

1.6 fa) «

1.5 O Tl w v

l.4 e

1.3 | © vl

1.1 | 9 |3 J

0.9 A <

1Open and talled symbols:

data obtained over

flow range from maximum %o surge; solid sym-
bols: data obtained only at maximm flow

for roteting stall; tailed symbols:

ted compressor.

insule-

11
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Compressor totel-pressure ratio, Ppq/Py
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Adidbatic temperature-rise efficiency, 1
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Effect of inlet pressure on over-all performance.
Inlet temperature, 410° R; compressor uninsulated.
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Peak sdisbatic temperature-rise efflclency, 1
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Maximim equivalent welght flow, wa/8/8, Ib/sec
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Maximum equivalent weight flow, w+/6/B, lb/sec
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