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SUMMARY

An investigation was conducted to determine the inherent flow
characteristics of the engine-atuge supercharger or 1l8-cylinder
double -row radial aircraft engine. The supercharger inlet elbow
was flow-tested to detormine the veloc ty profile of the alr at
the impeller inlet for carburetor-throttle angles of 66°, 50°, and
40° yrom full closed. The 66° throttle sngle is the maximum flow
sotting for the carburetcr used in the tests. The complete super-
charger assembly was ret up and the Tlow distribution in the
18 outlebs was determined. Tests were run at various speeds,
volume Ilows, outlet pressures, ani carburetor--throttle angles to
investigate tho effect of -each on the flow digtribution.

Considerable variation was found in the air flow in the
18 outlets of the supercharger. The distribution varled, for the
useful range of supercharger operation, from 40 percent above
average to 60 percent below average. The basic distribution
pettern was not appreclably altered by a changs in the impeller
tip epeed, the outlet reference pressure, the volume flow, or the
carburetor-throttle anglé. The distribution spread tended to
docroase as the volume flow decreased but the basic pattern was
meintained. Because the dlzcharge conditiome of the test rig
differed from those in an engine installation, the nonuniform
distribution observed in the present tests will be very much less
in actual operation, but the trend will be similar.
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INTROTUCTION

As part of an investigatlon requested by the Alr Technlcal
Service Command, Army Alr Forces, to lmprove the mixture distribu-
tion of a double-row radlal englne, an extensive test program is
being conducted at the NACA Cleveland laboratory to determine the
air-flow characteristica of this englne.

The results of an investigation of the performaence of an
18-cylinder double-row radial alrcreft englne (reference 1) show a
large variation in cylinder-head temperatures. The hottest cylin-
der,-which determinos the cooling-alr pressure drop ard the degree
of fuel enrichment required for operation within specificatlons,
limits the engine performance and fuel economy. The varlation in
cylinder-head temperatures may be attributed to an uneven distrl-
bution of the fuel and the charge alr to the individual cylinders
and to unequal coolling-alr distribution.

The tests reported herein, conducted during the early part of
1945, were made to determine the inherent charge-air distribution
charecteriastics of the englne-stage supercharger of the double-row
radlal engline, PFPreliminary to the present tests the supercherger
inlet-elbow and carburetor assembly was flow-tested to determine
the velocity dlstribution of the alr at the outlet of the super-
charger inlet elbow for various carburetor-throttle engles. The
complete supercharger assembly was set up with 18 uniform outlet
plpes exhausting Into a collector and the flow characteristics of
this assembly were determined. Tests were made to determine how
the distribution in the 18 outlets of the supercharger was affected
by the impeller tip speed, the volume flow, the outlet pressure, and
the distortion of the velocity profile at the impeller inlet. Com-
plete supercharger data were obtained for all tests In order to
locate the useful operating range of the supercharger.

APPARATUS AND TESTS

For the flow tests the supercharger inlet elbow with a conven-
tional injJectlon-type hydrcmetering carburetor-was set up in a
duct-component test rlg which ls shown schematically in figure 1.
Standard pltot-static tubes were used to make veloclty surveys
across the elbow outlet (station 1) at traverses A, B, and C. The
tests were made for carburetor-throttle angles of 66°, 50°, and
40° from full closed. The 66° throttle-angle position is the maxi-
mum flow settlng for this carburetor.
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For the distribdution studies the complete englne-stage super-
charger end accessory drive unite with the carburetor were set up
for testing asshown in figure 2. - The-supercharger, driven .by.a
liquild cooled alrcraft engine, exhaust into & large symmetrical
collector through 18 uniform ocutlet pipes. The supercharger rig
was not lagged because the mnin obJective cf these tests was to
obtain distribution data rather than supercharger efficlency. In
order to eliminate any effect of the collector on the flow dis-
tribution in the 18 outlet pipes, a baffle was placed in the col-
lector, dual collector ocutlets were used, and‘®the collector was
made as large as space limitatlons permitted. An inlet and an
outlet throttle were used to control the alr flcw through the super-
charger and to regulate the reference outlet pressure measured at
the engine-manifold-pressure fitting on the rear supercharger-
housing cover.

The instrumentation orf the supercharger test rig conformed to
the specifications of reference 2. The welght flow of air through
the supercharger was determinod by measuring the static-pressure
drop across & thin-plate orifice with an NACA micromanometer. The
inlet-alr static pressure, toital prossurc, and temporature were
measured upstream of the curburetor upper deck at a distance twice
the narrow dimension of the inlet duct, which is a stralght rectangular
section 12 times the narrow dimension in length.

The inlet-alr statlc pressure, the total prossure, and the tem-
perature ln each outlet plpe were measured at a station located
15 dlamoetors downstreem of the bend in the pipe and 6 dilamoters up-
stream of the collector. The polnt et which the total-pressure and the
total -temporaturc measurements were taken was one-third the distance
across the Inside dlametor of the pipe.

In order to determine if a possible nonuniformity of outlet
plpes influenced the observed flow distrlbution, plpes 5 and 14,
which exhibited the maximum and the minimum flows, respectively,
were -interchanged. The collector was then rotated 40° with respect
to the supercharger outlet pipes to obsorve the influence of the
collector outlets on the distribution patterm. A distortion plate
was placed between the cerburetor and the supercharger Iinlet-elbow
mating flanges to study the effect on the flow distribution of a
lalrge distortlon of the veloclity profile at the impeller inlet. Thias
plate blocked off half the inlet area at the inside of the bend.
Teste were made to determine the effect of impeller tip apeed, outlet
prossure, volume flow, distortion at impeller fnlet, outlet-pipe uni-
formity, and collector-outlet locatiqn on the alr distribution in
the 18 outlets of the supsrcharger. The variables for the tests are
listed 1n the followling table:
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IEngine speed |Reference out~ !Carburetor-|Test-rlg
(rpm) let pressure throttle varia-
(in. Hg above |angle . |tlons
atmospheric) (deg) (a)
1600-2800 6 66 None
(in incre-
ments of 200)
2200 6 66 A
2000 6 66 A,B.
2400 6 66 A,B
2000 8 55 A,B
2000 6 50 A,B
2000 6 45 A,B
2000 6 40 A,B
2000 6 66 A,B,C
2400 6 55 A,B
2400 6 50 A,B
2400 6 45 A,B
2400 6 40 A,B
2400 6 66 A,B,C
2000 Wide~-open out- 66 A,B
let throttle
2000 3 66 A,B
2000 10 66 A,B
2400 Wide-oven cut- 66 A,B .
let throttle
2400 3 66 A,B
2400 10 66 ! A,B

BTagt-rig variaticns are as follows:
A Outlet plpes 5 and 14 interchanged.
B Collector rotated 40°.
C Distortion plate added.

The test procedure recommended in reference 2 was followed
except for obtaining the values of outlet pressure. Complete super-
churger data were obtalned for all tests in order to locate the use-
ful operating renrs of ‘the supeorcharger.

CALCULATIONS
Inasmuch as low velocities existed in the outlet pipes, these

velocities were computed fr-m the dynamic pressure for lncompres-
gible flow. The mass-flow distribution in the 18 outlet pipes was
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computed from the product of the veloclty and the density In each
outlet plpe on the assumptlion that the veloclty proflles 1n each
plpe were symmetrical and similar; the error lntroduced -by this .
assumption 1s negligible because there were 15 diameters of stralght
pipe before the measuring statlion and the flow wes turbulent for
all tests.

The use of a constant value of load coefficient @/n for com-
paring the results of these tests ls unsatisfactory because a con-
stant value of Q/n at the 1nlet measuring station upstream of
the carburetor does not give a constant value of Q/n at the
impeller inlet. The design of the test rig prohidbits the instal-
lation of instruments for determining the volume rate of flow at
the impeller inlet and a flow function determined by outlet condi-
tions must consequontly be used to obtain comparable flow conditions

trh tc L
within ths supercharger uni Toe flow factors Qp | and Q'zt/'ﬁzt
whers
Q volume flow, cublc feet per socond
n impeller speed, revolutions per second

T absolute temporature, °F

subscripts
2 ocutlet
t total

are satlsfactory as a basls for comparison; QZ/n is a measure of
the geometry of flow and ta'JTEE 18 a measure of the Mach number.

At constant lmpeller tir speeds the effect of both functions is the

same and either may be used, Tho derivation of ta/JTEE 1s shown
in the appendix.

RESULTS AND DISCUSSION

The results of alr-flow distribution for all tests are presented
as ncndimensional plots of M/M'av against outlet-plpe number, where
M 18 the mass flcw for any one pive and M., 1s the computed average

mass flow for ono pipe. The outlot-pipe number corresponds to the
oenglne cylindor. Data are presented in only the useful operating
range of the supercharger,
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Effect of impeller tip speed. - The effect of Impeller tip
speed can be completely isolated only by holding constant either
the geometry of flow or the Mach number at every point in the system,
which may be done by using the flow function Q/n to study the

geometry of flow effect and the flow functiomn Qﬁlf' to study the
Mach number effect. The geametry of flow or the Mach number can be
held constant at only one polnt in the system; at all other points
these factors will vary with changes 1in speed. Because the 1lnstru-
mentation of the test rig limlits the statlons at which the flow
functions can be determined, the outlet station was used. The flow
funictions at this point reflect the gecmetry of flow and the Mach
number at the outlet pipes. In elther case the resuliing varlation
from the basilc pattern 1s not solely a speed effect but a summation
ol' gpeed effects and the effeots renresented by the flow function
that 1s varled.

Figure 3 is plotted for constant values of ta/n and figure 4
for constant values of tald 2y A complete range of speeds 1s not

shown in all plots because of the 1mpossibility of obtailning suffi-
ciently high flows at the low speeds. Poor alr-flow distrlibution
axisted at all speeds and flows; either outlet nipe 1 or 5 had the
highest mass flow and outlet pipe 14 the lowest mass flow. The maxl-
mum deviations from the computed average mass flow ranged from

40 percent above to 60 percent below average. For both flow paraemeters
the basic dlastribution patterr: was malntained at all speeds end mass
flows. For the curves based on ta/n little scatter occurred at

any point other than outlet pipe 13 where the deviation from the com-
puted average Increased wlth speed. Considerably more scatter
occurred 1n the plots using thﬁlﬁzt as a parameter than those

ueing Qgp, /n. This difference in the amount of scatter indicates

that the geometry of flow hed more influence on the alr-flow distri-
bution than the Mach number. Tne impeller speed seemed to have no
declded eoffect on the basic distribution pattern.

Effect of outlet pressure. - The effect of cutlet pressure cn
the alr-flow distribution in the supercharger outlets i1s presented
in figure 5 for wilde-cpen outlet throttle and for reference cutlet
pressures of 3, 6, and 10 inches of mercury above atmospheric, The
reforence outlet pressure at wide-open outlet throttle ranged from
1.5 1nches of mercury above to 0.28 inch of mercury below atmospheric
pressure. These runs were made at engine speeds of 2400 and 2000 rpm
wlth carburetor throttles at 66°. Comparison of the distribution
obtained at the different values of roference outlet pressure indi-
cates that the magnitude of the boost had no apprecieble effect on
the alr-flow distribution,.
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Effect of volume flow. - The effect of volume flow on the alr-
flow distribution 1s shown In figure 6. The test data presented
. ware obtalred from runs at 2000.and 2400 rpm, a carburetor-throttle
setting of 66°, and a reference outlet pressure of 6 inches of mer-
oury above atmospheric. The values of tajfﬁzt for the flows

used were approximately 2.7, 1.9, and 1.5 at 2400 rpm and 2.3, 1.8,
and 1.3 at 2000 rpm. Although the trend is not reflected at all
individual outlet pipes, a reduction in volume flow tends to mini-
mize the magnitude of the devlatlon from the average mass flow
without eppreclably altering the basic distribution pattern. This
effect is to be expected because the conditions contributing to
distortion become more critical with the high veloclties that accom-
puny increases in volume flow. At high volume flows beyond the
normal operatling range of the supercharger, a tendency toward back-
flow was noted in outlet pipe 6.

Effect of distortion at immeller inlet. - The results of the
flow tests of the supercharger inlet slbow are presented in figure 7
as plots of V/V,, against 1/L where V/Vyy 1s the ratio of the
local veloclty at a point to the computed average velocity and I/L
1s the ratio of the distance of the particular pcint from the inside
wall of the bend to the total length of traversev cf the survey.
There was a change in velocity profile with a change ir carburetor-
throttle angle but the basic profile was not appreclably altered.

The effect of carburetor-throttle angle on the supercharger air-
flow distribution in the outlet pipos is shown in figure 8. Any
variation in carburetor-throttle angle and the subaequent distortion
of the veloclity profils at the impellor inlet had no apparent effect
on the air-flow distribution pattern. The slight scatter in data at

low vulues of ta Tz, may be partly attributed to the difficulty
of obtaining precise measurcments at low flows.

A comperison of similer tests, with and without the distortien
plate (fig. 9), shows that the velooity profile of the alr at the
impeller inlet has a slight effect on the alr-flow distribution of
the supercharger. The change in veloolty profile with chango ia
throttle angle through tho operating range, hcwever, i1s not of suf-
ficient magnitude to appreciably affect the air-flow distribution.

Effect of outlet-pipe uniformity and collector-outlet location. -
The results of the tests to check the uniformity of the outlet pipes
by interchanging pipes 5 and 14 (fig. 10) show that eny effect of
outlet-pipe nonuniformity on the air-flow distributicn obtalned is
negligible,
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The investigation of the effect of collector-outlet location
(f1g. 11) shows that the distribution pattern was not appreciably
altered by rotating the collector outlets and therefore the design
of the collector d1d not influence the distribution pattern obtalned.

Duplication of results. - Figure 12 is a comparison of the
results for two approximately equal values of flow function to
demonstrate the degree of accuracy with which data for the same
test conditions could be reproduced. Although excellent agreement
of data is shown for most of the outlet pipes, there was some
variation in pines 3, 11, and 13 as a result of a small fluctuation
of the flow In these mipes. In no case was the varlation in dis-
tribution sufficlent to influence the results obtalned.

Supercharger performance. - The adiabatic efliclency n,5 and
the prossure coefficlent qzq were obtalned for a carburetor-throttle
setting of 66° and 1mpeller tip opeeds Vp corresponding to engine
speeds of' 1600, 1800, 2000, 2200, 2400, 2600, and 2800 rpm. These
datn are presented in flguro 13 as plots against ta//EEEH. The

supercharger performence was teken (rom the inlet measuring station
upstream of the carburetor to the measuring statlions in the outlet
plpes. Because the test rig wms not lagged, the adlabatic effl-
clencles tend to be high. The inclusion of the carburetor pressure
drop 1n the pressure ratic of the supercharger, however, would tend
to counteract the lncroase in eff'iciency due to heat transfer and
would, in all cases, reduce the pressure coofficlents. Absolute
values of the efficiency werv not considored ilmportant inasmuch as
the alr-distribution data were the principal objecilvu of these
tests; the supercharger data are included only to show the range of
operation for which the air-dlstribution data are presented.

GENERAL COMMENTS

The varlation in mass [low 1n the outlets of the supercharger
may be interpreted as an indication of the pressurc distribution
around the collector of the supercharger. Because the flow in each
outlet pine was lIntermittent durfng actuzl engine operation, the
nonuniform dlstribution of charge alr for an englne-supercharger
combination will not be so great as those tests indicate. The air-
Tlow distribution mey be expectod to folluw the same trend with the
highest flow in elther outlot 1 or 5 and the lowest flow in outlet 14,

The asymetry of the alr-flow distribution at the outlets is the
rosult of a summation of the asymmetry of flow pathe throughout the
supercharger system. The tosts of the inlet elbow showed a low-
veloclity area behind the 1mpeller-shaft bearing support that was not
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appreciably altered by changes in carburetor-throttle angle. Inas-
much as poor flow conditions existed at the impeller inlet, it 1s
logical to assume that the flow at the lmpeller outlet would be
distorted. The diffuser bhed 13 vanes which caused an unsymmetrical
location of vanes with respect to the 18 outlets and an uneven
pressure distribution around the collector. This distortional
effect of the diffuser may even further amplify the uneven flow
distribution present at the diffuser 1inlets.

Throughout this Investigation variations in lmpellexr speed,
volume flow, cerburetor-throttle angle, and outlet prossure did not
appreclably alter the basic distribution pattern. The slight varl-
atlons from the basic patterm, produced by the dlstortion plate,
indicated the significance of impeller-inlet conditions on alr-flow
distribution in the outlets. The distribution pattern obtained was
not caused by inlet or dAiffuser ccnditions alone but by a summntion
of both effects. The air-flow dlstribution could probebly be
improved by a symmetrical crrangemeont of diffuser vanes and super-
charger outlets and by improving the velocity profile at the impeller
inleot by rvdesigning the inlet albow.

SUMMARY OF RESULTS

From tests made to determine the flow distribution in the 18 out-
lets of the engine-stage supercharger of an 1€-cylinder double-row
radial alrcraft engine, the following results were obtalned:

1. Poor air-flow distribution was observed in the ocutlets of
the englne-stnge supercharger during all tests. Outlets 1 and 5
recolved the higheat mase flow and outlet 14 the lowest. The maxil-
mum deviations from the computed average mass flow encountered for
the useful range of supercharger operation varied from 40 percent
above average to 60 percent below average. The nonuniform distri-
bution under cunditions of actual engine operation, however, would
not be so great as these tests indicated.

2. A veriation in impeller tip speed for the normal engine
operating range had a nogligible effect on the basic alr-flow dis-
tribution pattern.

3. A varietion in outlet pressure from approximately 0 to
10 inches of mercury above atmosphoric pressure had a negligitle
effect on the basic air-flow distribution pattorn.

4, A decrease in volume flow caused a decrsaso in the magnitude
of the deviation of the air-flow distribution from the average hut
the basic distribution pattern was maintained.
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S. Changes 1n carburetor-throttle angle for the normal oper-
ating range had a negliglible effect on the basic alr-flow distri-
bution pattern. A pronounced distortion of the velocity profile
at the lmpeller inlet, however, had a slight effect on the distri-
butlon pattern.

Alrcraft Ergine Research Laboratory,
Neational Advisory Committee for Aeronautics,
Cleveland, Ohlo, August 28, 1945,



NACA MR No. ESH28 1L

APPENDIX - DERIVATION OF THE FLOW FUNCTION qgt/FE;:

When the supercherger load coefficient @) [n and the speed
ratios are given, the flow function Q; /ﬁ mey be determined by

where

8 spesed ratlio, ratio of impeller tip speed to sonic veloclty at
supercharger 1inlet

y retio of specific heats for normal ailr (cp/ct = 1.3947)

g ratio of absolute to gravitational unlt of mass, 1b/slug (32.174)
R  ges constent for normal air, £t-1b/1b/°F (53.50)

D impeller Aiameter, ft

and the subscripts

8 static

1 inlet

If the performance of a supercharger 1s uniquely determined
by the variables le/n and S, it is therefore uniquely determined

by the variables ng/‘.ﬁls and S.

In order to avoid the effect of changes in flow area on the
actual volume flow, 1t 1s convenlent to use tha total temperature T

with the fictitlous volume flow Qlt’ which is the quotlent of the
mass flow and the total density. The factor Qlt/VTlt is related to

le/lTls by

q l

RG]

(1)

zrgAlzn VI,
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where A 1s area in square feet. The flow function at the outlet
of the supercherger ta/,/T_zt" mey also be used with S for com-
parison of supercharger performance. Thls relation may be expressed

%, %, h T
NP2, 4T, T2 Ty

where P 18 the pressure in pounds per sguare foot.
Then

7 7+l
2(7-1) 1/2
“2y _ Yg 87ER 1 (Plt \/ Tog ) ©
B o)) 2 T
T2 " 18?2 M bt
© 1+ 5= 'zg—'z )

- -

Innemuch as Pzthlt and T2+/T1t are functions of le/n and S,

ta/ [Tz, 1is oleo a function of @ off @nd S. If the performence
of a gliven supercharger is a uniqus function of Q3 /n and S, it
1s therefore also a unique function of taﬁVth and S.

Tho value of this flow function Qo /V 2; 1s determined from
the squation t

2y WRATp
o o ®

vhore W 18 the welght flow ln pounds per socond.
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(a) Test rig.

Figure 2. — Double—row radial engine-stage supercharger test setup.
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(b) Close-up view of test unit.
Figure 2. - Concluded.
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Figure 3. — Effect of engine speed on air-flow distribution in outlets of engine-stage supercharger
of double-row radial engine on the basis of approximately constant values of Q; /n; reference

outlet pressure, 6 inches of mercury above atmospheric; carburetor-throttle angle, 66°.
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Figure 3. - Continued.
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Engine speed ta/n ta/Jth

(rpm)
o 1600 0.2087 1.399
+ 1800 2101 1.569
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(c) ta/n, approximately 0.20.

Figqure 3. - Concluded.
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Figure 4, -~ Effect of engine speed on air-flow distribution in outlets of engine~stage supercharger
of double-row radial engine on the basis of approximately constant values of ta/\/th; reference

outiet pressure, 6 inches of mercury above atmospheric; carburetor-throttle angie, 66°.
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(b) ta/Jth, approximately 1.6.
Figure 4. - Continued.
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(c) ta/Jth. approximately 1.4.
Figure 4. - Concluded.
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Figure 5. — Effect of outlet pressure on air-flow distribution in outlets of engine-stage super-—
charger of double-row radial engine; carburetor-throttie angle, 66°.
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Figure 5. « Continued.

*ON ¥W VOVN

8THS3




NATIONAL ADViISORY
COMMITTEE FOR AERONAUTICS
Reference outlet pressure Q2 AJTZ
(in. Hg above atmospheric) t t
o Wide-open outlet 1.942
+ 3 1.912
n 6 1.915
1.4
’ /\
2&
S 1.2
= \\\\\\r:;;zggf/’
q
1.0 - \ / N
.8 %ﬁﬁé\\
.6 \\\
.4 \
- 2 3 4 5 6 7 8 9 10 b 12 13 14 5 16 17 18

Quttet pipe
{c) ta/VIzt, approximatetly 1.9; engine speed, 2000 rpm,

Figure 5. - Continued.

*ON YW VOVN

BZ HG3




NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
Reference outlet pressure Q2 /VT2
{in. Hg above atmospheric) t t
o Wide-open outlet 1.543
+ 3 1.52i
o 6 1.596
o 10 1.522
1.4
,;E %\\ 1 A
N \
1.0 ,/ 7 N\
: I
g .
g A ]
~
p
.6 \
! \\i/
") 2 30 4 5 6 7 8 9 10t 12 a3 14 15 16 11 8

{d) NT approximately 1.5
Q2t 2,0 @PP y

Figure 5. - Concluded.

Outlet pipe
; engine speed, 2000 rpm,

*ON YW VIVN

8ZHG3




M/Mav

NAT IONAL ADVISORY
COMMITTEE FOR AERONAUTICS

ta//th
| o 2.739
.6 + 1.868
o 1.459
1.4

1.0 Y \\tk,/f4*A<?§t:::j

- \\\/
.4 \

| 2 3 4 5 6 7 8 9 3]
Outlet pipe

(a) Engine speed, 2400 rpm.

12

13 14 15 16 17 8
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Figure 8., — Effect of carburetor-throttle angle on air-flow distribution in outlets of engine-stage

supercharger of double-row radial engine; reference outlet pressure, 6 inches of mercury above

atmospheric.
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Figure 9. — Effect of distortion plate on air-flow distribution in outlets of engine-stage super—
charger of double-row radial engine; reference outlet pressure, 6 inches of mercury above
atmospheric; carburetor-throttle angle, 66°.
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Figure 10, -~ Effect of outlet-pipe uniformity on air-flow distribution in outlets of eﬂginé;stage
supercharger of double-row radial engine; engine speed, 2200 rpm; reference cutiet pressure, 6
inches of mercury above atmospheric; carburetor-throttie angle, 66°,
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above atmospheric; carburetor-throttle angle, 66°,
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Figure 12, - Comparison of results for two approximately equal values of fiow function on
air~flow distribution in outlets of engine~stage supercharger of double-row radial
engine; engine speed, 2200 rpm; reference outlet pressure, 6 inches of mercury above
atmospheric; carburetor-throttle angle, 66°.
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Figure 13, ~ Engine-stage-supercharger performance of double-row radial engine at various impeller tip
speeds; reference outlet pressure, 6 inches of mercury above atmospheric,
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