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NATTONAL ADVISORY COMMITIEE FOR AERONAUTICS
RESEARCH MEMORANDUM

for the
Air Materlel Command, Army Alr Forces
EFFECT OF VARIOUS METHODS OF BOUNDARY-LAYER
CONTROL OF PERFORMANCE OF V-1710-93
ENGINE-STAGE SUPERCHARGER

By Robert C. Kohl and Donald R, Diggs

SUMMARY

Four methods of boundary-layer control wero tried during an
investigation to improve the flow in the Impeller passages of a
Vv-1710-93 engins-stage supercharger., The boundary layer along
the impellser front shroud was removed by suction. In one method
the removal was accomplished by recirculation of the air to the
impeller inlet; in another method, by extermal removal, In the
other methods, slots were out through the impeller-blade faces
first at 30 percent and then at 30 and TO percent of the mean~
flow-path length measured from leading edges of the rotating inlet
guide vanes to introduce air from the high-pressure side of the
blades into the region where stagnation and separation were
suspected.

A slight improvement in performance was obtained when the
boundary layer was removed through the lmpeller fromt shroud. In
general, this improvement became more pronounced as the amount of
alr removed was increased even though the excessive impeller
frontal clearence maintained for these tests, together with an
exaggerated negative pressure gradient, spparently induced flow
separation on the diffuser front and rear walls as well es on the
impeller front shroud, The use of slote in the impellers at the
locations selscted had a detrimentel effect on the supercharger
porformance characteristics.

Mmpmlv%
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INTRODUCTION

Studies of the air flow through thes V-1710-93 englne-stage
supercharger (reference 1) have indicated that the impeller passages
flow only partly full, owing to flow separatlons along the impeller
front shroud and within the impeller channels, Inasmuch as flow
geparation can be avolded by elther properly removing or energlzing
the boundary layers in the regions of high adverse pressure gradients
(references 2 and 3), an investigation was made on the engine-stage
supercharger impeller to determine the effects of exerclising simple
boundary-layer controls on the impeller front shroud and along the
impeller blades. Because no data for estimating the megnitude and
extent of the sdverase pressure gradients in an impeller have yet
been acquired, the location of the devlices for dlisturbing the boundary-
layer f£low had to be based on a purely qualitative study of the flow
in Impeliexr channels. The methods used for the boundary-layesr con-
trol had to be restricted to theose requiring only small altergtions
to the supercharger assembly. .

In the first part of this investigation, provision was made for
removal of the boundary laysr by suctlon aver the region of greatost
ourvature on the impeller front shroud. The alr bled through the
impellex front shroud could be removed elther by external low-
pressure exhausters or by recirculation of the air to the inlet duct
immediately before the rotating inlet guide vanes. A etandard .
V-1710~93 engine-stage impoller was used in these runa but the struo-
tural features of the bleéding apparatus necessltated the replacement
of the vaned diffuser by a vanclose diffuser.

The second part of this investigation was concerned with ener-
glzing the boundary layer at selected pecints along the blade chord.
Slots were provided at the downstream edge of the rotating guide
vanes to let ailr from the high-)ressure side of the impeller eoti-
vate and disperse the boundary laysr on the low pressure side, where
gevere adverse pressure gradients are undoubtedly present., After
the effect of these slots had been experimentelly determined, addi-
tional slote were provided at a station that was approximately
30 percent of the mean-flow-path length from thoe blade tips. This
location was selected because 1t was balisesved that the unloading
of the impeller blades begine in this neighborhood and beocause
structurel considsrations did not permit the slotting of the blades
gt a station closer to the blade tips.

These investigations were mede in m veriable-component suvper-
charger rig., Over-all adlabatic efficlencies, pressure cocefficlents,
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and pressure ratios ware obtained together with individual componsnt
efficiencles and total-pressure profiles at the impeller discherge.
These characteristlcs are compared with the correspondling character-
lgtics of the standard supercharger.

MODIFICATIONS
Impeller Front Shroud

A standard impeller assembly was used for the investigation of
the effect of removing the boundary layer from the impeller front

shroud and, for structural reasons, the standard 14%-inoh-d.iame'ber

vaned diffuser was replaced by a constant-area veneless dlffuser of
the same dlameter. The diffuser is described in reference 1. A
circular inlet to the impeller replaced the etandard elliptiocal
inlet. A perforated brass strip, 0.015 inch thiok, with an open
area of 30 percent and 952 perforatioms per square inch formed the
part of the shroud through which the alr was removed by suction
(fig. 1). This sieve extended fram a point approximately 0.50 inch
insids the statlonary shroud of the rotating inlet guide vanes to

a polnt 0,90 _1nch before the impeller digcharge and followed as
closely as possible the contour of the impeller bledes, The sieve
wes held In position by soldering it to two steel rings, one at

the inner diemeter and one at the outer dimmeter, which in turm
woere bolted to the fromt diffuser cover plate, The entire assembly
was polished to a smooth finish and the contour of the impeller
front shroud was similar to that of the part beforse modification.
The clearance between the impeller and the Impeller front shroud
was lnoreased from the standard 0.030 inch to 0.060 inch.

A recess was machined 1n the Impeller front shroud to form
a chamber benaath the brass sieve. .This chamber led to an annular
area surrounding the impeller inlet but separated fram it, The
amnular area in turn was conmected to either of two symmetrical
manifolds, depending on whether the boundary layer was to be
removed by external low-pressure exhsust or by recirculation.
Figure 1(a) shows the arrangement used for external bleeding and
figure 1(b), ths arrangement for recirculetion.

The manifold used in conJunction with extermal bleeding had
two 2-inch-diameter outlets 180° apart. Both of these outlets led
into a 5-inch-diameter pipe, which was connected to the laboratory
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low-presewre exhaust system; the weight flow bled was limited by the
minimm availeble exhaust pressure of 4 inches of merocury absolute,
One prohlem encountered in the external-bleeding apparatus was that
of equalizing the pressure distribution over the entlre sieve. Thse
presaure tended to.be reduced over the areas near the two exhaust
outlets, An elliptical gaskel was inserted, which closed off most
of the passage near the exhaust outlets and gradually opened the
passage to full design width at the greatest distence from them.
(See fig. 1(a).) Although the pressure distribution was equalized
to & large extent, the gasket probably reduced the meximumm flow bled
through the shroud.

In order for boundary-laysr-romoval apparatua to be of prac-
tical value, a more simple exhaust ingtellation must be provided.
The extermal-bleeding duct was therefore replaced by a recirculatory
system and a manifold that retwrmed the eir drawn through the aleve
to the impeller inlet through a small gap in the wall separating the
manifold from the inlet pipe (fig. 1(%)). The recirculating flow
wes 1nduced by the éxpected rising pressure gradient along the impel-
ler front shroud, which established over the bowmdery-layer-removal
slsve a pressure greater than that exlsting in the inlet pipe for
mogt of the operating range. This system had the disudvantege that
no simple meens of controlling or measuring the alr bled could be
readlly provided.

Impeller

All impeller modificatiomns were applled to a V-1710-83 engine-
gtage impeller. This impeller has 15 blades and a dlameter of
9% inches, The sharp bend in the channel at the downstream edge of
the rotating inlet gulde vanes, which is at approximately 30 percent
of the assumed mean-flow-path length, from the leading edge of the
rotating inlet guide vanes, was one of the most probable regions of
flow separsetion. Froperly deslignsed slots should reduce thls separa-
tion by supplying high-ensrgy air from tha high-pressure glde of the
impeller channel to the low-pressure side where separatlon was
suspected. This method has been employed on various slotted elr-
foils (reference 3), A photograph of the impeller slotted at approx-
imately 30 percent of the mean-flow-path length, which was the first
impeller modification investigated (modificetion A), is mresonted in
figure 2. Fdge 1l of the rotating inlet guide vanes was rounded an
the high-pressure side to an arbitrary profile. =Edge 4 of the
impeller bdledss was shaped to the same proflle on the low-pressure
gide. When the modified impeller was assembled with the modified
rotating inlet guide vanes, the desired alot was formed.



KACA EM No. E6L19 5

If separation ococurs in the impeller passages, the effective
area of the dlscharge flow wlll be less than the full erea at the
impeller discharge. In order to energize the boundary layer and
thus increase the effective discharge area, a second set of slots
(modification B) was provided in the impeller blades in the region
where blede vnloading was bellieved to teke place. These slots were
cut as close to the ouber dlameter of the impeller as stress comn- -
siderations would permit. (See flg, 3.) These considerabtions
located the slots at approximately 'TO percent of the mean-flow-path
length. The slots through the impeller blades had a 0.10-inch
throat width and were designed to direct the emergizing alr at an
angle of 30° to the blade walls. The cuts extended through the
blade fillets to the bottom of the impeller channele and the lines
generating the cylindrical surfaces of the cuta were perpendicular
to the assumed mean flow path, PBdge 5 (fig. 3} was roundsd and
edge 6 was sharp., Rdge T had & 0.02-inch radius and edge 8 was
contoured intc the blade wmll. All machlne work was pollished to
& smooth finigh. '

APPARATUS AND METHODS
Instrumentation

Each modification was investigated in a variable-component
supercharger rig in accordance with the recommendations of refer-
ence 4, Extensive internal ingtrumentatlion was installed in order
to evaluate the performance of the separate components, Xor the
series of runs with the boundary-layer removal by suction on the
front shroud, the setup wes the same as that in reference 1, but
additional instrumentetion was installed in the boundary-layer-
removal system. The statlc pressure in the chamber beneath the
sleve through which the boundary layer was removed wag measured
by two statlc-pressure taps at opposite sides of the chember SO°
fram the manifold outlets. A submerged flat-plate orifice waa
installed in the 3-inch-dlameter pipe to meter the smount of air
bled. The orifice installation was made acoording to A.S.M.E,
standards (reference 5). Air temperatures at the orifice were
measwred by two thermocouples installed 3 diameters ahead of the
orifice, A gate valve was provided in the orifice lins to regu-
late the flow of the air bled. The temperature of the ailr removed
by external bleeding was meassured by callibrated iron-constentan
thermocouples, one in each of the two manifold outlets approxi-
mately 2 inches from the chember exit, These thermocouples estab-
lished the fact that the heat loss hetween the chamber exit end
the air-measuring orifice was negligidle,
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In the Investigation of the modified impellers with a standard
elght-vaned diffuser, the sotup and intermal instrumentation were
the same as those of reference 6. In the present investigation,
however, the yaw tube immediately afiter the impeller dlscharge men-
tioned in the references was replaced by a one-hole total-pressure-
swrvey tube, No attempt was made to meesure the engle of flow at
the Impeller discharge.

Methods

With boundary-layer removal by external low-pressure exhaust,
the supercharger was run at constant veluss of weight flow at the
inlet orifice for a range of weight flows of the air bled from zerc
to maximum., The weight flows of the air blad are expressed as per-
centages of the Inlet weight flow., The maximum weight of mir bled
was 13,7 percent of the inlet welght flow (0.255 lb/sec) at an
actual tip speed of 1000 feet per second., As the tip speed Increased,
the amount of air that could be bled became a amaller parcentage of
the total flow until at an actual tip speed of 1200 feet per second,
9.6 percent of the inlet weight flow (0.250 l‘b/sec) was the maximum
obtainable. This reduction in percentage of weight flow bled was
due to the rapid increase in inlet weight flow with tip speed as
compared with relatively oconstant peak weight flows bled, which were
limited by the capacity of the bleeding system.

Runa were made at five inlet equivalent volume flows at an
actual tip speed of 1000 feet per second and st nine inlet equiv-
alent volume flows at 1200 feet per second. Rune were also made at
actual tip speeds of 800 and 1300 feet pser seccnd but because the
trends were repeated at actual tip speeds of 1000 and 1200 feet per
seoond, which bracket the design operating speed, only the perform-
ance at 1000 and 1200 feet per second is presented,

When the boundary-layer coatrol was effected by recirculation
to the inlet pipe, no provision was mada for metering the amount of
alr recirculated. Consequently, the runs were made at actual tip
speeda of 800, 1000, 1200, and 1300 feet per second in the manner
recammended in reference 7. Because the trends at 800 and 1300 fest
per second. were repeated at 1000 and 1200 feet per second, only the
performance at 1000 and 1200 feet per second is presented.

The flow characteristics on the imvwellexr front shroud and the
front and rear diffuser walls for both external and recirculatory
bleeding systems were visually studied by means of lampblack pat-
terns at ons flow condition. The flow condition selected for this
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study corresponded to the point of peak over-all adlabatic effi-
cilency at an actual tip speed of 1200 feet per second. For the pat-
tern with external boundary-layer removal, 12 percent of the Inlet
weight flow was removed through the bleeding syatem.

Impeller modifications A and B wore Iinvestigeted with a stand-
ard vaned diffuser at actual tip apeeds of 800, 1000, 1200, and
1300 feet per second, according to stendard supercharger performence-
testing procedure (reference 7). Equivalent tip speeds corre-
sponding to the actual tip speeds used throughout the present and
reference investligations are given in the following table:

Actual Equivalent tip speed, ft/sec

tip Modi~|Modi- |Stend-] Modified Stand-
speed flcae-|fica-|ard f_ront shroud jard

(£t/eec) |tion |tion |impel-[miter-IRecir- |impel-
A B |lo¥y |nal {oula- |17,
vaned |pjeed-ftory |VaReO-
dif- ing bleed- less
fuser iIlE aif-
(a) fuser
(b)
800 76 | TT9 TIT | TT4 116 (e)
1000 g72 963 g72 g72 866 (c)
1200 1162 |115%5 1157 (1164 1157 1169
1300 1252 |1247 1263 | l261 1249 (c)

8pgta from reference 6.
ta from reference 1.
Cpata not used.

Static pressures at the inlet messuring station were main-
talned at 2210.2 inches of mercury absolute for all runs 1in order
to approximate pressure conditions in ectusl operation of ths
sunercharger at maximm power at an altitude of 22,000 feet and
to duplicate the Inlet pressure condlitions of the runs in refer-
ences 1 and 6. For runs with all modifications, inlst air was
drawn from the room and the temperatures varied from 81° to 109° F.
Altitude and atmospheric exhaust back pressures were used tc oper-
ete the unit over the deslred range of pressure ratios.

CATL.CULATTONS

Calculations and presentatlon of the performance are In
accordance with the recommendations of references T and 8 whenever
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aprlicable. The efficiencles to the Impeller.and the diffuser exits
are based on an arithmetic average of the total-pressure readings.
The total temperature was sssumed to be constant from the impeller
oexit to the outlet measuring station 'because the supercharger rig
was well insulated.

When the boundary-laysr alr was removed by means of an exter-
nal low-pressure exhaust, appreciable percentages of the air
delivered to the impeller inlet were completely removed before the
impeller exit, Conventional representations of the flow based on
Inlet conditions must therefore be consldered inadequate because
they fall to account for the alir removed and the subsequent reduced
flow quantities through most of the supercharger. Thoe performance
of the supercharger 1s thereéfore represented for this seriles of
oxperiments by an equivalent volums flow based on the guantity of
air actually delivered by the ller and avallable to the engine.
The function selocted is Qp/4/Tp, which is discussed in refor-
ence 9. The factor Qz was calculatod from tho weight of air

delivered by the impellexr and the total denalty at the measuring
station in the outlet pipe; To 18 the total temperature at the
same station. The weight flow delivered by the impeller wes
obtalned by subtracting the weight of air bled through the impeller
front shroud from the total weight flow at the Impeller inlet,

RESULTS AND DISCUSSION
Modified Front Shroud

The over-all and component performance characterlastics of the
supercharger with the modified front shroud with both extermal and
recirculatory methods of bleeding is shown in figure 4. The resultas
with the external-blesding system indicated that the effectlveness
of the unit generally increased slightly as the amount of air
removed through the impeller front shroud increased. The peak over-
all adlabatic efficiency at an actual tip speed of 1000 feet per
second was 0.62 with 12 percent (maximum)of the inlet weight flow
removed by bleeding., At the same speed, the peak effioloncy without
bleeding was 0.53., At an actual tip speed of 1200 feet per second,
the pesk efficiency was 0.595 with 4 percent of the alr bled and
0.58 without bleeding., Peak pregsure ratios renged from 1,75 with
14 percent (maximm) of the inlet weight flow bled to 1l.73 without
bleeding at an actual tip speed of 1000 feet per second, and from
2.15 with 10 percent (maximum) bled to 2,12 without bleeding at
1200 feet per second.
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Camparsble performance data from reference 1 for the original
vansless diffuser with an unmodified front shroud at an actual tlp
speed of 1200 feet per second (not shown in fig, 4) indicate that
the greatest variation in characteristics between the modifiled and
wmodified units is in the efficlency at the impeller exit.
Boundary-layer control by suctlon on the impeller front shroud
resulted in an inorease in the efficlency at the lmpeller exlit of
0.02 to 0.08 and & corresponding increase in the over-all perform-
ance of ebout 0.03 in the range where the over-all ediabatlc effli-
ciencies are above 0.55. (See fig. 4(c).)

The performance of the unit with the external bleeding system
was better than that of the recirculatory system (fig. 4}, which
is partly attributed to the greater welght flows removed through
the shroud, Measured pressure differentiels across the sleve for
both methods of bleeding indicated that the recirculated welght
Plows were considerably less than those obtalnable with the exter-
nal bleeding system even though the pressure-equallzing gasket
reduced the exhaust area of the externmal bleeding system.

The effect of the percentage of air externally bled on the
over-all adlabatic efficiency for several supercharger operating
conditions is shown in figure 5. For each operating conmditionm,
the inlet welght flow to the supercharger was held at a constant
value and the weight of air bled was varied. The curves show max-
imum increases in efficiency on the order of 0.02 aa the smount of
bleeding was increased to the maximm obtainable, which demonstrates
the smell effect of the bleeding,

In order to determins the effect of the energy lost in the
externally bled boundary-layer air, seversal over-all adlabatic
efficiencles at an actual tip speed of 1200 feet per second were
recalculated. The energy imparted to the alr removed by bleeding
was added to the work psirformed by the supercharger, The perform-
ance valuss were unaffected by this calculation beyond the margin
of experimentgl error for ths range of air bled in these runs; the
supercharger work lost in the alr bled has therefore been neglected,

The total-pressure profiles at the impeller discharge with and
without boundery-layer removal are compared in figure 6. The
inorease in pressure from the front wall to the center of the
channsl became mors abrupt as the tip speed increased. Thls condi-
tion was due in part to the large frontal clearance between the
impeller and the shroud (0.060 in.), which was nearly twice the
normal running clearsnce. Increasing the Iimpeller frontal clear-
ance tends to aggravate backflow along the face of the shroud,
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which could account for steep gradients of the pressure in thils
region. The increased oclearance was established to prevent possible
ocntact between the impeller and the fraglle perforated sectlion of
the shroud. The effect of the perforated shroud aurface and the
large frantal clearance 1s shown by the greatly reduced pressure at
the front wall (negative pressure gradient) in the testa with the
modified front shroud without boundary-layer removel as compared
with the pressure obtalned wilth the front ahroud before modlfication.

The presence of backflow wes established by a lampblack pattern
nmade at an squivalent volume flow corresponding to the point of peak
efficlency at 1200 feet per second with the meximum avalilable bloed-
ing. The pattern indicated backflow over the entlre front shroud
surface and over all but the outwslde edge of the front diffuser-wall
surface. Separation of the alr stream from the rosr diffuser wall
in the direction of impeller rotation was indicatod to a radius of
approximately one-half inch from the diffuser discharge, where the
boundary flow reversed from an inwerd splral to an outward splral.
Lampblack traces similar in detail to those obtained with the
external bleeding were obtained for the recirculating system. Evi-
dence of separation and backflow was observed on thes diffuser front
and rear walls, as well as on the impeller front shroud,

Modified Impellers

The over-all performance af the two lmpeller modifications 1s
compared in figure 7 wlth the over-all performence of the stendard
unit obtained from reference 6. At &ll tip speeds and throughout
the air-flow range, the performance of the unit with the modified
impellers was below that with the standard impeller., The decrease
in effiolency was on the order of 0.0l to 0.03 and the operating
range of the unlt was reduced approximately 10 percent in the lower
apeed range. The pressure ratios obtained with the modifled impel-
lers wore as much as 6§ percent less than those obtained with the
standard unit, the greatest reduction occcurring with modification B
at the highest tip speed, The prespure ratic decreases probauly
because the air passing through the blade slots is allowod to dis-
charge with e tangentlal-veloclty camponent considerably less than
the impeller tip speed,

The adiabatic efficiencies to the impeller and diffuser exits
are shown for both modifications and the sgtandard impeller In
figure 8, These efficiencies were oconaistently leas for both mod-
ifications than for the standard combination. The difference



NACA RM No. E6LL9 11

between the efficlencies to the impeller diascharge of the modified
and the standard impellers decressed progressively as the tip speed
was increased. This decrease in componsnt-efficlency difference
was also evident in the efficiencles at the diffuser exit and in
the outlet pipe although the effect of the modified impellers wes
subetantially tempered by the ma.sking actlon of the vaned diffuser
and the large collector case,

Total-pressure profiles scross the diffuser channel at the
impeller discharge are indlcative of the impeller performence
because they represent the useful energy in the sir supplied bo
the diffuser by ths impeller. Because thie energy 1s In the form
of velocity, flat symmetrical mwofiles over a wide range of tip
speeds sre an indication of low mixing losses in the diffuser,

The impeller-exit total-pressurs profiles obtained in tests of the
standard impeller are compared in figure 9 with those of the mod-
ified impellers. These date were cobtelned at an actual tlp speed
of 1000 feet per second, which is close to the deslgn operating
tip speed of 1040 feet per second. The asymmetrlical profiles show
very slight changes in the genersl pattern, which indlocates that
the slotted blades had little effect on the large variation in -
total pressute across the channel, The higher pressure ratios of
modification A as compered with modification B axre reflected in
the camponent efficienciss (fig. 8(b)). A direct comparison
between the individual profile curves at any similar flow condi-
tion 1s impossible becauss the equlvalent volume flows at which
the curves were obtained varied slighily for each rumn.

The negative results obtained in these tests comstltute no
condemmation of the slotted-airfoil theory as appliled to lmpeller
bledes. The modifications were somevwhat arbitrarily designed on
the basis of Inadeguate data and the location of the second set of
blade slote at 70 percent of the mean-flow-path length wes deter-
mined primarily by stress, rather than serodynamic, considsrations.

SUMMARY OF RESULTS

Four methods of boundary-layer control were investigated on a
V-1710-93 engine-gtage supercharger, The boundary-layer alr was
removed through the Impeller front shroud by exbternal suction and
by recirculation to the inlet duct. The lmpeller blades wore
slotted at 30 percsnt and at 30 and 70 percent of the assumed mean-
florw-path length, The front-shroud modifications were investigated

wlth a 145-1noh-diameter vanoeless diffuser; the impeller
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modifications were investigated with a standard vaned diffuser of
the same diameter. Runs with these four modifications in a variable-
component supercharger rig gave the following resulia:

1, Boundary-layer control by removing air through the impeller
front shroud slightly lmproved the supercharger performance, In
general, when other conditlons were held conatant, the adiabatioc
efficlency and the preasure ratio slightly improved as the percent-
age of welght Flow bled was Ilncreased even though the excessive
impeller frontal clearance maintained for this investigationm,
together with an exsggerated negative pressure gradlent, apperently
induced flow separation on the diffuser front and rear walls as
well as on the lmpeller front shroud,

2. When the boundary-layer air was externally removed by low-
Pressure exhaust, the performance of the unit was improved in
every respoct over the useful operating range of the supercharger
as compared with the performance of the unit when the boundary-
layer air was reoiroculated to the inlet.

3. The addition of blade slote at 30 psrcent and at 30 and
TO percent of the mean flow path in the impoller resulted in
decreased performence characteristics based on impeller-discharge,
diffuser-discharge, and over-all measurements,

4. The asymmetrical total-pressure distribution at the impel-
ler exit was only very slightly improved by the addition of slots
in the impeller blades.
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5. The empirical nature of the slot design together wlth the
restrictions imposed by the impeller stress considerations per-
mitbted no general oconclusions to be drawn concerning the merits of
Impeller-blade slotting.
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control by suction on impeller front shroud.
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Figure 2. - Standard impeltier of v-1710-983 engine-stage
supercharger with slots cut at downstream® edge of rotating

inlet guide vanes (30 percent of mean-flow-path tength)

{modification Al}.

impeller of v-1710-93 engine-stage
supercharger with slots cut at downstream edge of rotating

Figure 3. - Srandard

(30 percent of mean-flow-path length}

inlet guide vanes
{70 percent of mean-fiow-path

and through .impelter blades
length) (modification g).
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efficiency of standard V-i710-93 engine-stage im-
peller with vaneless dl ffuser with Internal instru-
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diffuser with and without boundary-layer controtl.
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