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NATIONAL ADVISORY COMMITTIEE FOR AERONAUTICS

RESEARCH MEMORANDUM

for the
Air Materiel Command, Army Air Forces
PERFORMANCE OF THE MODIFIED V-1710-93 ENGINE-STAGE
SUPERCHARGER WITH A CONSTANT-AREA VANELESS DIFFUSER

By John E, Douglas and Irving R. Schwartz

SUMMARY

As part of an investigetion to increase the power output of
the V-1710-93 engine at altitude, the engine-stage supercharger
was combined with a congtant-area vansless diffuser designed to
improve the performance of the sngine-stage supercharger at the
rated engine operating point, The performance of +the modifled
supercharger was lnvestigated in & varishble-component superchar;er
test rig and compared with that of the stendsrd supercharger with
an 8-vaned diffuser., A geparate eveluation of the component effi-
ciencies and a study of the flow characteristics of the modifisd
supsrcharger were made possible by internal diffuser instrumentation,

At the volume flow required by the engine for rated operating
conditlons, the modified supercharger increased the over-all adia-
batic efficiency 0.05 and the over-all pressure coefficient 0.035,
Furthermore, the capacity of the engine-stage supercharger was
Increased by replacling the standard 8-vaned diffuser with the
veneless diffuser. The peak over-all adisbatic effiolency for the
modified supercharger, however, wag 0.05 to 0,07 lower than that
of the standard unit over the ronge of tip speeds investigated.
The improved performance of the modified supercharger at rated
englins opereting conditions resulted from a shift of the polnt of
peak adiabatic efficiency and pressure coefficlent of the standard
supercharger to a higher volume flow,

The enersy loss through the vaneless diffuser was found to
be small. Because of tke restricted diffuser dismeter, however,
diffusion was inadequate, which resulted In a relatively smalil
static-pressure rise througn the diffuser, high diffuser-exit
veloclties, and excessive collector-case losses.,
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INTROTUCTTON

An investigetion to lmprove the altitude porformance of tkhe
V-1710-93 engine was conducted at the NACA Cleveland laboratory.
Full~gcale tests of the engine (reference l) and component teste of
“he englne-gtage supsrcharger (reference 2) indicated that the
volume flow of charge air reguired at rated engine conditlions was
greater than the volume flaw at which peak supercharger aflicbatic
efficiency and pressure ratlo occurred. Because the performance
beyond the point of pesk conditions rapldly decreased ss the volume
flow increased, the engine-stage supercharger usunlly operated at
less than peak efficiency when in use with the V—1710~93 engine,

In order to increase tlie supercuerger perfoimance at the high
volume flows required for the engine, the stand-rd S-vaned diffuser
wag replaced by a congtant-areg veneless diffuser of the same outer
diameter. The outer dismeters of both diffusers were the seme In
order that the vaneless diffuser could be directly substituted for
the 8-vaned diffuser in the standard supercharger instellation,

The modified supercharger was btomitsd in a wvariable-component super-
charger test rig end internal-piressure measurements wers made in
addition to the usual over-all measurements in order to ascortain
the performance of the supercharger components and the flow char-
acteristlcs through the modified unit.

The adlabatic efficlencies for the impeller, for the impeller
and vanelegs-diffuser combination, and for the complete modified
supercharger including the collector are presented. The over-all
performence of the modified supercharger is comparéd with that of
the stendard unit, The effect of internal instrumentation on over-
all performance and the flow characteristics through the impellor
and diffuser are discussed, '

APPARATTIS AND INSTRUMENTATION

A drawing of the V-1710-93 engine-stage impeller with the
congtant-area vaneless dilffusor is shown in figure 1., The impellexr
and standard 8-vaned diffuser are described 1in reference 2. The
modifiled supercharger wes provided with an axial ililet having a

circular crose section 5,54 inches in dismeter. The vaneless dif- '

fuser was machined from an aluminum-slloy casting and had an outer
diemeter of 14.5 inchea. The diffuser was desgigned to nrovide a
constant passage area equal to the Impeller-exit area at all radli,

The impeller was driven by a 1000-horsenowsr constant-gpead
induction motor with a variable-speed magnetic clutch. Two gear
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boxes with an over-gll step-up gear ratic of 21.03:1 were used to
obtain high rotational speeds. The speed was measured with an suto-
matic counter and fregquently checked with a stroboscope.

The air flow and pressure ratioc were regulated by motor-driven
butterfly throttle valves in the inlet and outlet ducts. Low over-
all pressure ratios (of the order of unity) were obtained by an
evacuated exhaust system. The weight flow through the unit was
measured with a flat-plate orifice st the inlet to the depression
tank and the over-all pressure and tempersture nessurements wore
made according to the recommendations in reference 3, Air pressures
were Indicated by mercury and slcohol manometers and the tempera-
tures were measured with shielded iron-constantan thermocounles.
The collector case and ducting were insulated to minimize heat
trensfer,

Static pressure was messured along the immeller front shroud
and throughout the diffuser by a series of wall static-pressure
tape. A two-boled cylindirical yaw tube was used to survey the
total pressure at the impeller exit; the tube was rotated to read
mgximum pressure at each survey station. A fixed flve-tube
shielded total-pressure rake was used to measure the total pres-
sure at the diffuser exit, (See fig. 1.} Calibration of the rake
showed that 1t would measure true total pressure within 0.5 percent
of the dynamic pressure up to an angle of 44° to the direction of
Tlow, The diffuser-passage width at s station one-fourth inch
beyond the impeller exit and at the diffuser exit was divided into
five equal parts and the total pressure was measured at the center
of these parts.

PROCEDURE AND CATL.CULATIONS

The performance of the modified supercharger wss investigated
in a variasble-component supercharger test rilg at constsnt actual
impeller tip speeds of 900, 1000, 1100, and 1200 feet ner second,
the same actuwal tip speeds at which the supercharger had bteen run
(reference 2), These actual tip apeeds correspond approximately
to the eguivalent tip speeds of 878, 972, 1068, and 1169 feet per
secand (reference 4}, Becasuse internsl diffueer instrumentation
was used during thls investigation, an additional run at an equiv-
alent tip speed of 1169 feet per second was made with the diffuser
instruments removed to determine their effect on supercharger
verformence.

For all runs, the ailr flow was varled from a maximum (at a
presgsure ratic near unity) to the surge polnt, The inlet static
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vressure was held constant at 22 0.1l inches of mercury absolute as
in the tests of the standard unlt (roference 2). Amblent alr,
varying from 72° to 91° F, was used throughout—the investigation;
the %nlet—air temperature durlng each run, however, varied within
$0.5° F.

The calculations and the graphicel presentation of results
were mede in accordance with the recommendations of references 3
and 4, The efficiencies from the inlet measuring statlon to the
impeller and diffuser exits were calculated by the method glven in
reference 2. .

RESULTS AND DISCUSSION
Comparison of Over-all Pe:formqnce

An investigation of a full-ascale V-1710-93 engine (roference 1)
showed that when the engine was operstod at the rated speed of
3000 rpm, the load coefficient of the englne-stage ‘supércharger was
approximately 0.1l for all simulated altitude conditions and
auxiliary-stage supercharger impeller tip 5peeds.' This operating
voint approximately corresponds 4o an equlivalent volume flow of
2510 cubic feet per minute at an equivalent impeller tlp speed of
972 feet peor second.

A comparison between the performance of the superchargers with
the vaneless diffuser and wlith the standard 8-vaned diffuser with
internal ilunstrumentation 1g presented in figure 2. At the operating
point of the standard engine-stage sumercharger for rated engine
conditions, indicated in figure 2(a) for an equivalent tip speed of
972 feet per second, the adiabatic efficiency and the pressure
coefficient for the modified supercharger are 0.05 and 0.035 higher,
respectively, than those of the standard unit, Furthermore, the
performance of the standard supercharyer rapidly decreases with
only & small increase in f'low beyond 251Q cublc feet per minute;
whereas an equivalent volume flow of 2510 cubic feet per minute for
the modified wnit falls approximately at the po,nt of peak perform-
ance and on a much flatter portion of the curve. Performsnce in
this region was therefore only slightly affected by stiell changes
in volume Tlow., This Improved performence of the engine-gtage
impeller when coambined with the Vvaneless diffuser would effect an
increase of the power oytput of the V-1710-93 &1glne at the rated
operating polnt. Becsuse the rapid fall in efficiency of tus
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gtandard supercharger is not caused by the impeller, a similar
significant improvement of the performance of the supercharger 1n
the engline would result from the use of a sultably redesigned vaned
diffuser, . '

Thne over-all performance of the supercharsers is compared at
high equivalent tip speeds with internal diffuser instrumentation
in figures 2(b) and 2(c). The peak over-all adisbatic efficiency
of the modified supercharger is lower than that of the standard
gupercharger, the difference increasing from 0.05 at an equivalent
tip speed of 972 feet per second %o 0.07 at 1169 feet per second.
The reak pressure coefficients of the modified unit are likewise
lowery the difference varying from 0.09 to 0.1l over the same
range of tlp speeds,

Removal of the intermal diffuser Iinstruments from the modi-
fied supercharger increases the peak over-all adlabatic efficiency
and pressure coefficlent approximately 0.02 at an equivalent tip
speed of 1169 feet per second (figs. 2(c) and 3). According to
the results of reference 2, the detrimental effecta of such
internal instruments are practically independent of tip speed.

The capacity of the modifled supercharger was avppreciably
higher than that of the standard unit, the greatest difference
occurring at the lowest equivalent tip speed, The standard suner-
charger operated at substantially lower flows before surging than
did the modified unit, especially at the high tip speeds, possibly
because of the occurrence of flow separation at higher volume
flows in the vaneless diffuser than in the standard 8~vaned
diffuser,

Component Performance of Modifled Supercharger

Component efficiencles, - The component adiabatic efficiencies
of the modified supercharger from the inlet-duct measuring station
to the impeller exit and to the diffuser exit (fig. 4) wore calcu~
lated from a mass-flow-welghted average of the meassured total
pressures, The maximum efficiency to the immeller exit (impeller
efficiency) and the maximum efficiency to the diffuser exit
(efficiency of the impellsr-diffuser combination excluding
collector losses) are apnroximetely 0,84 and ¢.82, respsctively,
at an equivalent tip spsed of 878 feet per second. The meximum
over-agll efficiency, which includes collector-case loeses, is 0.62
at the same equivalent tip speed. All three efficiencies decrease
with Increasing tip speed for the range of speeds rum,
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The rélatively smell drop in efficlency from the lmpeller exit
to the dlffuser exit followed by the large drop from the dlffuser
exit to the outlet-duct measuring station at all speeds (flg. 4)
indicatesa a large energy loss through the collector case as compared
with the loss through the diffuser. The large collector-case losa
is indicative of the excessively high diffuser-exit velocities due
to insufficlent kinetic-energy trensformstion through the diffuser,
For examwple, at an equivalent tip apeed of 116¢ feet per second, the
diffusor-exit dynsmic pressure was more than 12 inches of mercury
or anproximately 800 feet per second in velocity, most of which was
dissipated in the collector case. The over-all performance of tho
suporcharger invesiigated would thus be higher than the data indi-
cate if operated in an actual supercharger inistallation because a
sultable scroll would decreame the large momentum loss usually
obtained vhen a variable-component supercharger test rig is used.,

Impeller-exit and diffuser-exit total-pressure profiles. - The
total-pressure dletributions at tno impeller and diffuser exits are
given in figures 5 and 6, respectively. Several reprasentative
volume flows were chosen from close to meximm 16w Lo aurge for a
range of equivalent tlp apeeds from 878 ta 1189 feet per second.

At 1169 feet per second, the curves represent condltiona for only
a small flow range and are conseguently closer together than at the
other speeds. The impeller-exli total-pressure profiles {fig. 5)
are highly asymmetrical and peak nesr the diffuser front shroud,
Indicating & concentration of air flow et the front of the diffuveer
channsl. Such asymmetry causes diffuser mixing losses that
sdversely affect. the performance of the compressor. The profilles
of ths total pressure at the diffuser exit (fig. 6) are noticeably
more symmetrical and show less variation across the Pacssage than
those at the impeller exit, which indicates fairly uniform flow
leaving the diffuser.

Static pressure through Impeller and diffuser, - The static
prossures measured at various points along the front shroud of the
impeller and the diffuser are plotted in figure 7 against flow-path
length. - For each tip speed, although the stafic pressure at the
Inlet-duct measuring station was maintained at 22 0.l inches of
mercury absolute, the front-shroud static preassure at the Impellex
entrance decresses as the quantity of flow iacreeses. At the dif-
fuser exit, the statlic presswre incrsases from the point of maxlmmm
flow to the polnt of peak efficiency, then decresses with a further
decrease in equivalent volume flow. The peak statlc pressures =t
the diffuser exit increase with speed. '

Cn the average, approximately ons~third of the over-all
static-pressurs rise from the inlet-duct station to the diffuser
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exit takes place through the diffuser. This relatively small dif-
fuser static-pressure rise plus the excessively high diffuser-exit
velocities, which give rise to large collector losses, explain the
reduced peak efficiency of the modified supercharger as compared
with that of the standard unit.

SUMMARY OF ERESULTS

A V-1710-93 engine-stage lmpeller in combination with a
constant-area vaneless diffuser was tested in a variable-component
supercharger test rig. The over-sll results were compared wita
those obtained from similar tests of the standard supercharger.
The following results were obltained:

1. At the supercharger volume flow required for rated condi-
tions of the V-1710-S3 engine, the modified supercharger increased
the adiasbatic efficlency 0.05 and the pressure coefficient 0.035
over that of the standsrd unit. The improved performance of tue
modified supercharger at rated engine operating conditions resulted
from a2 shift of the point of pesk adiabatilc efficiency and pres-
sure coefficient of the standard supsrcharger to a higher volume
flow.

2. The modified supercharger operated at higher capacity
then the standard unit; tibe increase was largest at the lowest
equivalent tip speed at which a comparison was available
(972 £t /sec).

3. The peak adiabatic efficiency of the modifisd superchargsr
was 0,05 to 0.07 lower end the peak pressure coefficient 0,09 to
0.11 lower than that of the standard unlt.

4, The impeller and vaneless-diffuser combinatlon had a max-
imum efficiency, excluding collector-case losses, of 0.82 at an
equivalent tip speed of 878 feet per second; the meximum impeller
efficliency was 0.84 at the same eqguivalent tip speed. These com-
ponent efficiencies are based on mass-flow-weighted averages of
the impsller-exit and diffuser-exit total pressures.

5. A large axial total-pressure variatlon eglsted across
the impeller exit, which led to mixing losses in the diffuser and
impaired supercharger performance, The flow tended to concentrate
in the forward part of the impeller-exit passage, The total-
pressure gradient at the diffuser exit was falrly symmetrical,
which indicates uniform flow leaving the diffuser.



8 NACA RM No. E8K22

6. Although the emergy loss through the diffuser itself was low,
the diffusion was inadequate as evidenced by the relatively small
static-pressure rise through the diffuser and the high diffuser-exit
velocities. These high velocitles caused large momentum losses in
the collector and detrimentally affected over-all performance.
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