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TECHNICAL MEMORANDUM NO . 939 

THE DESI GN OF AI ~PLANE-ENGIHE SUPERCHARGERS* 

I! 
By Werne r von der Null 

Su itable supe rc ha r ge rs fo r ~irplane Engines nre a 
requ i s i te for suc cessfu l hi gh-a l titude flyinG ' The un~er
l ying p rincip l e s fo r the compu ta tion and design of air
p l alle- on[' in o supe r ~har s(' r s mus t oe givon further study. 
The re sult s obtained th r ough tests on the various forms of 
rotor v~n e s and counter Vanes and on the design of the 
c as i n~ shoul d prove usefu l ! o r i ~provement of design. 
Well - known computation me thods have s~own themselves, with 
s li ght c odifications, to be suit ablo . The use of single
s t age c entri fuga l su pe rcha r ge rs for supercharging to one 
a t mosphe re .'1.t 8 to 9 ::i lo mete rs ( 25,000 to 29,000 feet) 
a l titude appear s, with suitable regulation, entirely pos
s i ble \/ithout supercharge r ai r cooling. 

I . UND~RLYING POSSIB IL ITIES OF SUPERCHARGING 

I n its ~ res ent fo r m the a irp l ane engine is unsuited 
for se l f -c~arg i ng at the h i Gh e r altitudes since the air 
pump i llg occurs too slowly , Mode r n high- altitude engines 
ar e t~e refor 8 provided with dev ic os fnr charging the en
gine at h i g"l a ltitudes, n amel y, superclargers . Any arrange
mont t h a t lowers the sne cif:c v olume of the combustion 
a ir before en trance to - th e eng in e cylinder is essentially 
suitab l e as an airplan e-engin e superchar ger . The most suit 
able a rran gemen t will be that which combines the highest 
eff ici ency ~ith the mi n i mum bulk and we i ght - that is, which 
pump s i n th e requ ir ed a ir at the fastest rate . Installa
t ions of this type that mee t the conditions required are the 
compr es sors Qnd the "dynamic p re ssure s'G..perchargers; II i. e ., 
those ut ilizing the forward v elocity of the airplane. 

F rom the po in t of view of economy i n the utilization 
of energy , th r ee types of superchargers are distinguished: 
1) those whose drivi n~ powe r is derived from the gross out-

-------------- -------- ---------------------------------
*IfDi e Gestaltun g v on F l ugmotorenle.clern." Luftfahrtforschung, 

v o l . 1 4 , nOG . 4/5, Ap ril 20, 1937, pp. 244-253 . 
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~ut of the eng i ne ; 2 ) those which ut iliz e a sourc e of en 
e r gy tha t wou ld othe r wi se be lost ( fo r ex amp l e, the ex 
h cm~t hea t of t h e engine) :"1.nC t~1UG i mpose n o add i t i on8,l 
l oad on the eng i ne ; an d 3 ) those tha t Br B sepa r ate l y 
cl ri ven . 

Hi gh eff i c i enc i es of the supe r cha r ge r installa t ions 
sh ~uld a l ways be a i med fo r. They are of de c ided i mpor 
tance fo r such powe r un i ts as givo h i gh p r opuls i ve outputs 
at h i Gh alti t udes and so , fo r exacple. at 8 kilome t e r s a l 
titude (25 , 000 fee t) s t i ll _ equ i re an i nlet manifo l d pres
sure of 1 atmosphe r e . F i gure 1 Ghows the outputs ava il ab l e 
fo r an unboo st od eng i ne at vari oun supe r cha r ge r eff i c i en 
c i es at a l t i tudes up to 1 2 k i l oDete r s (~9 , 000 feet), the 
sea- l ovel output be i ng t akon as 100 pe r ceilt . The i n c rease 
in engine 0 t~ut th r ough t he decrease i n the exhaust back 
p r essure has no t been taken i nto accoun t sin c e it deuends 
par tly on the v ~l ve t i mi ng and is of no s i gn i f icance fo r 
com'arison . Tho output r elat i ons o~ the eng i ne be t ween 
zero alt itude a~d the corrospond i ng c ri t ic a l a l t it ude ( al 
titude at wh ich 1 a t mosphere p r essure c an st i l l be ma i n
t a i ned) are no t shown s i nce they de~end on t he des i gn of 
the eng i ne , the ad~ i ss i bl e du rat i on and deg r ee of s u pe r
c harging , and t he reGul ation of the supe r char ger, and these 
factors are al l v e r y d i fferen t . The supe r char ge r eff i 
c i ency may also be of g r eat i mpor t ance fo r the kno c k- free 
ope r ation of t he eng i ne . The supe r char ge r ai r t empe r atur es 
wh i ch , wit h v ar i ou s supe r char ger eff i c i en ci es , a r e set up 
at the d i ffe r en t c ri t i c al al ti tudes, are also sho wn on t h e 
f i gure to ind ic a t e the ,oss i b i l i t i es of safe eng i ne ope r 
ation . I f a tempe r a t u r e of 80° C. is c ons i de r ed as the 
h i ghes t adm i s si b le supe r c har ge r t empe r at ure at wh i ch the 
engine ~ ill s til l r u n wi t h out kn oc k i ng , t he n the a d mi ss i 
b l e c riti cal a ltitudes wi thou t supe r char~e r ai r c oo ling 
wil l b e g iv en by the cu r v e of ~ig~ e 2 a; a fun c t i o n of the 
ad i abat i c supe r cha r~o r eff ici ency . 

Of t he t h r ee d i f f e r e n t des i gns o f s u pe r cha r ge rs, name 
l y , the p is to n , t h e Roo t ' s , and the c en tri f u gB l types - the 
c ent ri fugal type possesses today the greatest i mportnnc e , 
since attemp t s to de v olo}) t he pistOl and Root ' s types wi th 
s a ti sfa c ~ory ope r at in g c ha r act er ist i cs have so fa r fa i led . 
I t oven appears doub t f u l whether the r e ex i sts any necess i 
t y fo r creating othe r supe r cha r g i ng ma ch i nes than the cen 
t r ifugal type s . Two types of wheels a r e used rr i th the cen
tri fugal supe r c har e rs , name l y , the radial and t he axial 
whee ls . The l atte r have, up to the p r esen t time , attained 
no ~arked success s i n c e the ad v an t age of good eff i ci ency i s I 

, I 
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offse t by the disadvantage s of small pressure heads per 
stage, d i ff icu lti es' in manufacturi ng a~d in safe operation 
of the v e ry t~in blades , the low critical speeds of the 
multi - stage a rrange~en ts , and the difficulty in mounting 
when eng i ne driven . I n what fol l ows therefore, only cen
tri f u gal supe rchar ge rs with r ad i a l wheels will be consid
e r ed . At adiabatic co mnress i on wi thout losses the deliv
ery or lJ r essure heaels , pressure r e>,t i os, and temperatures 
for these wheels are sho wn on f i gure 3 . 

II . CHARACTERIST I CS AND PERFORMANCE OF VARIOUS 

CENTR I fUGAL SUPERCHARGERS 

The whenl with buckets o r blades open at both sides 
( fig . 4a ) i s probab ly the o l dest fo r m of impeller. The 
r adial blade type u i t~ 90 0 exit angle has not been de
pn.rted f r om in supe rcharge r <'.es i gn because of the necessi 
ty of h i gh per i phe r a l v elo citi e s and ~ressure rise per 
stage , alt h ough this fo r m of blade compared to the back
ward curved b lade s ha s di s adv['.Jl tage s in operating condi
ti ons and ef ~ ici ency . l) An advant~g e of the blade open nt 
both side s i s the el i mi n ation of axial stresses on the 
bearinG _ A i! improved whee l form 112,s also been applied in 
Germany , uhe r eby the blades receive short radial ribs on 
thei r renr sides . I n DVL tests on a steol impeller of this 
type, the pe ri ~he r al v e locity could be raised for short
t i me i nte rvnls ~ ~ to 605 me t e r s ue r second (120,000 feet uer 
mi_ute) wit hout the setting up ;f a uermanent expansion.-

The ha l f - open i mpelle r ( fig . '4b) is the t~/pe applied 
in by fa r the g r eat est number of riew engine superchargers. 
Th e construction mate ri a ls ar e high quality aluminum alloys . 

I }On the que s t ion of the effect of an exit angle of 90 0 on 
th e efficienc~~, the reade r is ref rred to the paper "Un
t ersu chungen ube r den Einflu~ s des endl i chen Schaufelab
standes in r ad i alen Kr e i selrade rn ," by O. Hansen, Braun
schweig 1 936 , who shows that in spite of the increase of 
the deli v e ry p ressu r e with incr easing exit angle, the effi
ci en cy need falloff only an in si gnificant amount. 

2~Longe r oueration was imuossib l e on account of the too 
~ -

hi g h sl i ding v e lociti e s in th e bearings . 
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The whee l s may be mi l l e d fo r pe ri phe r a l v e locit i es up to 
25 0 me te rs .Je r s ec ond ( 50 , 000 feet pe r mi nute ) , wh il e fo r 
g r ea t e r vel o c it i ~ s t he T may be tnmpe d , usi ng spe cial di e s . 
The whee l di s ~ s ar e gene r a lly p r ov i ded with cu t - out s b e 
t ween t he b lade s . The reason f o r th i s i s gene r a ll y g iv e n 
a s a l ou e ri ng o f ax ial t h r u s t and a dvan fage s i n r egard t o 
s tr en gt h . No ex t ens iv e inv l s t i 8at i on on t he al l ege d use
fu l ne s s of t hes e cut - out s , wh i c h in many cases have been 
t he start i ng po i n t s f o r fai l u r es , i s avail ab l e . A DVL i m
pel le r sh i c ~ sh owed u p ~e l l in a tes t beyond a ~e r ip h o r al 
v e l oc i ty of 400 met e r s ue r second ( SO , OOO fee t pe r mi nute) 
does not hav e th e cut - ou t s s ince theo r et ic a l i nvest i gat i on s 
do not show any ad v an t ag e in rega r d to t he st r eas di s tri 
but i on . 

I epe l lers hav i ng s i d e uolls on bot h s i de s (f i g . ~ c) 
h a v e up to the presen t been app li ed to a i r p l ane - eng i ne su
pe r Char ge r s on l y in i so l ~ t ed c ases . Wh ee l s t hn t a r e p r o 
du c ed by riv e ting or ue l d i ng o ffe r par t i cul a r d i ff icul t i e s 
i n tho matt e r of ac cu nte predict i on of st r esses an d def or 
DRt i ons , r a i se greate r d i ff i culti e s at h i ~h pe ri p h e r a l v e 
lo ci t i e s , and mo s tl y nav e the d i sadvantage of r ough fl ow 
pa s s a f,;os . A spe ci a l fo r m of cl osed i "~pe l lo r i s t ha t of 
Jun ke r s ( f i g . 5 ) . 0 te s t da t a a r e ava i l able on t h e p a rts 
ly i ng between t he i n d i v i ~unl flou pas~nges - tha t is , on 
the outflow - wh ich doe s no t f i l l out the en tir e circu m
fe r ence and i s thus as s o ci a t e d wi th ex c hange l o~se i (r ef 
e r en c e 1) . Th o DVL i mpe l l o r sh own on f i gur e 6 soeks t o re 
mo v e the me c han i c a l d i ff i cult i e s of t _ 0 c losed i mpe l le r 
fo r ve r y h igh po r i p h e r ~l spee ds tnr ou bh a spec i ~l const ru c 
t ion . The out f low c an t ake p l ace all ~long t he en tir e c i r 
cumfe r ence . The ax i . I wi d t h o f the flo w passages may v a ry 
i n a~ ~r b i tra ry ma nne r . I n o v er 1 00 ope r at in g h ou rs of t he 
t e st supe rchar ge r (f i g . 6 ) r>.t ~")e r i phe r al speed s up to 400 
~e t e r o ~e r s eco n d , no fa i l u res or pe r r.an ent defo r~a t ions 

of tho cl o sed i ::11)o ll o r o ccnr r ed . 

Comperison t es ts ha7 e b r ou~h t ou t th e a dv antag e of 
thi s ites i gn a s compar ed ,6th t ho ilalf - open i m-nell e r . F i g ..... 
u r e 7 shous part of t~e r os~lt s ob t a i ned . The hal f - ope n 
whee l u i th its requ i r e~' c ova l' cJ.ea r ~nce e = 1 mn ( f i g . 
80. ) h~s a 5 -pe r cen t- Ies>~ ef:' ici eL cy t ilc n t~le DVL whee l . 
At t ent io n i s br ol'..ght t o a ]D.rt iculnr advn.ntr..g e of the i m
pe l le r cl ose d at b o th s i des , uh i ch advan t age 7i 11 sone day 
lc:ad to Lle g elle I' C'.l n.~Jp' lic at i o n of. t~l i s t Yl")e of i mpe l le r . 

As til0 c r i t i cal r'.lt i t udes ir:.c r ec>se , roso rt t o r:mlti 
s t age centr i fug~l s upe rcha r ge r s b e c ones necessary . Thore 

..I 
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wil l then be d ifficul t i es ~ i th several h~lf- open inpellers 
on ~ rath e r l ong shaft in a single housing and at the vari
ous Qmounts of h eat ing , in keep ing the clearance a (fig. 
Ba) betueen the blade edGe ~nd the casing 7all uithin fa
vorable li mits, a fa ct o r wh i c h has an important effect on 
the efficiency . This cl oe r~nce a may have the greatest 
effec t on th e d elive ry head end eff i cioncy (figs. 8b, Bc) . 
Thi s effo9t v an i shed only at a c e r tain operat~ng condition 
uh i ch ~s y et cannot be p re d ict ed by computations (line 
, - N . figs . Bb , Bc) . 

Of g reat significance for tho delivery pres~ure anr 
eff ici ency of an i mpell~ r i s tho entrance form of the 
bl ~dos . Wh o e ls v it h r ~d i al blados uithout curving at the 
i n l et g iv e snal l e r effic i enc i es and pressures than blades 
having goo d ent ran ce curvatures . Figure 9 gives an idea 
of the o r de r of magn itude of this effect as found from a 
se ri es of tosts . It nay be assumed, as known, that the 
fo r ms obtained by bending tho entrance edges of tho blades 
a r e i n ~ost cases condit i onea more by the ~roperties of 
the mater i a l than by the re quire~ents from the point of 
view of flo~ theo r y . This unfavorable condition ~ay be 
remedied by se~arati nG the curveu blades from the wheel 
itself , us i ng a sp e ci a l outside i ~pellcr (fig. 6). The 
blades on this sopar ate impeller nay be produced by curving 
or mill ing by the spe ci a l Kopie r process or the impeller 
may b3 u ilt up out of i ~d ivi dual blades as in the case of 
steam-turnin e blades . By ex c hang i ng the outside impellers 
the ~mount of a ir de liv e r ed by the super c harger may within 
c e rtai n limits be ~u it ed to the engine . 

One me thod of maintaini ng str aight radial blade lead
ing edges i s by i mpar ting the necessary spiral motion to 
the f~o~ befo r e eLt r ance i nto the im~eller. Without count
ing tne d r o~ in the pressure head per stage introduced by 
th is ~ethod, t~ere arc no test data available on the advan
tageous design of i nlet gu i Qe or diffuser arrangements of 
th i s type . Fully satisfact o r y operation is not attained 
wit h Qn inl et s~iral . 

In the majo rity of in - line engines an exit s p iral with 
or wi thou t a Gu i de -vane rin g finds application while in the 
case of radial e~g i nes the sunerchergers have only exit 
gui de vnnes and a connected v~rtex suace . From the results 
of nuno rous te sts it may be c oncluded that to obtain great 
de liv ery p re ssures and eff ici encies , guide vanes and a spi 
ral should be prov i ded . Flat c~aracteristics. particularly 
in the c ase of too narro w suirals, may sometimes bB att~ined 
by d ro pp i ng the guide vanes- (fig . 10). 
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Th e fo r ms of ex i t gui de v anes , their construction, 
Rnd the dimensiontng of the sp irals d i ffe r v e ry greatly 
and S02st i mes so unsuit ab l y that low eff i ciencies a r e . not 
to b0 wonde r e d at . The supe r charge r s i nvest i gated by the 
DVL of fo r e i g n a irp l ane. eng i n e s had eff ici enc i es of 0 . 26 
to 0 . 55 for del ive r y he~ds between 600 and 3 ,7 00 meters 
(1 nete r ai r column = 1 . 2- 1 . 25 mm Hg) . Fro n the test re
sults it was Geen that the energy con v e r sion in the gu i de 
van es u~ s on l y s li ght Rnd that the inlet housing was too 
narrou and pro vid ed wi th too sharp def lec t ions . 

I I I. REQUIR EMENTS AND TRENDS OF SUPER CHARGER DE VE LOPMENT 

An urgent ~ roblem r equiri ng solut i on is that of i n 
creasing the del iv e ry pressur e attained wit h a s ingle im
peller stage . Fo r tho solut i on of th i s p r ob l em two w~ys 
li e open : first , i nc r eas i ng the deli v e ry pressure of a 
whee l u i th g iv en pe ri phe r al speed, and second, i ncreas i ng 
the attn i nab l e per i phe r a l speed . For the c ase of flow 
entranc e ~ ithout r otat ion and a 90 0 b l ade exit ang l e , the 
f ir st ~ossibility may be judged from the equation (sec 
ref eron ce 1) : 

1 
= ll h ----\ji-r;a 

1 + 
g 

z S 

where ~ i s a coefficient emp ir ic~l l y dete r mi ned , z the 
number of blades , and S = J r dx is the stat ic moment of 
the ~ean streamline . The dec re ase in ~ and the increase 
in nh depend ler ge l y on su i table inlet and exit arrange
monts wh i ch will be fu rthe r co ns idered below . An increase 
in tho number of blndos z (s ee f ig . lla) i s only possi
ble to a limit ed ex tont s i n c e a large numbe r of blades run 
n i ng up to the hub strongly decreases the inl et cross sec
tion ~nd nny raise tho i nlot lo sses . The method of in 
serting shorter intermedi ate radial blades raises d i fficul 
ties ns reag rds st r ength requ i rements ~nd p roper design . 
Tests hnv e shown , h owover , that an increas e in the deliv
e ry hond may be obta i ned as the number of i nte r mediate 
blad o s is increased (!ig . l I b), nlthough at the cost of a 
l owered effici~ncy . 

An impo rtant factor to be considered i s a suffic i ently 
large ratio betwoon oxit and inl e t d i ameter , which ratio 

'-----_. -_. _ - ----- J 
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sho ul d l i o b e t ween 1 . 6 a nd 2 . 2 . Th i s requirement raises 
diff i cul t i es a t l a r ge crit i c al al titudes if, in order to 
att['.. i n s mall e r d i me n s i on s - L e . , h i ghe r rotational 

7 

spee d s - the ex i t d i ame te r is not to be excessively in
cr eased . Fi gure 1 2 s h ou~ t he n ec eosary im~eller cross 
s ec ti ons of t he f i r s t wh ee l of a supe r charger for altitudes 
between · 6 an d 20 k il o me t e r s (3 . 7 3 and 12 . 43 miles) for 
equal i n l e t and exit v e l o c i ties . From about 16 kilometers 
( 9 . 9~ mil es ) on , un s at i s f acto ry wh eel fo r ms are obtained 
a l though t h e in l e t v e l oc i ti i s 0 . 5 of the value of the ve
loc i ty of sound a * . Any incr ea s e in the exit diameter 
of the 'ihee l wi th dec r ea se in angular velocity is opposed 
b y c ons i de r at i ons of k eep i n g small the wheel friction load 
(fig . 1 3 ), t he s iz e , th e wei g h t , and the gyroscopic forces . 

In cr eas i n g the del iv e ry head per stage by raising the 
per i phe r a l v e locity is p o ss ib le only within restricted lim
it s . The r e a r e diff i cul t i e s in securing good efficiencies . 
Rais i ng t h e pe ri phe r a l ve l o ci t i es brings about a simultane
ous i nc r ease in t h e abso l u t e velocity of the air at the im
pelle r exit . This abso lut e v e l o c ity may attain the veloci 
ty of soun d, g ivin g r i ·se when u si ng exit guide vanes, to 
well - kno wn d i ff i cu l t i es . F i gure 14 shows for various oper
ating c on d iti ons t h e c ompu t ed relati ons between the aboo
l ute ve l o citi es a t the i mp el ler exit, the peripheral veloc
i ty , and the v eloc i ty of s ound . 

Spe ci a l d i ff icul ti e s may a r ise on the application of 
whee l s of li g h t met a l al l oys wi th hub bore on account of 
t he expans i ons of t he h u b bo r e due to the low modulus of 
e l ast i c ity - . the s e expan sions , as shown by computation, 
amount i ng t o a b ou t 0 . 5 to 0 . 8 mi llimeter at a periphs~al 
veloc i ty of 350 me t e rs pe r second and usual rotor wheel di 
mens i ons . I n the c ase of st ee l ,heels there is the po~si
b i l i t y of mak i ng the whee l and shaft of one piece or shrink
i ng the wh ee l s wi th g r ea t i n i tial stress on to the shaft. 
Whether oh r ink i ng is pODs ibl e and suitable in the case o f 
light - ~ etal c ons tru ct ion , has not yet been investigated. 
With a suit ablo des i gn t h e hUD bore, also in the case of 
light - mo t a l whee ls, may be dispensed with if the who e l disk 
and s~af t a r e of one piece ana ste c l strengthening bushos 
arc f it ted abou t the shaf t . W~eels of this type developed 
by the DVL gav e n o d i ff icul t i es in . test operation. 

H~nd i n han d wi th tho · inc r ease in the delivery he~d 
of a s i ng l e - s t age sup~ rcha rge r, there must be an improve-
m e ;-. t in tho a p 0 r a t i n g c h a r act 0 r i s tic s, an inc r 0 a s 0 in the 
eff i c i en c y , 3.nd an i mpro v oment i n the rogulation possi-oili ... 
t i es of t he eng i n o- d riv en s upe r charger. 

- -, 
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Ope r at i ng ch a r a ct e ris t ic s and efficiency may b e i m
pro v ed by s i m~ l e means in the design . I n many designed 
sup e r char ge r s the inlet caai~g i s s o fo r med that th e re is 
eit he r no rot a tion - f ree f lo w ( f i g . 15a) or no uniform ad
mission to t he whe e l ( fig . 1 5b) . The most suitable inl e t 
i s under a ll condition s the st r aight ra d i al one ( f ig . · 15c) 
~hi ch al so had tho advantage o v e r the othe r fo r ms in t est s . 

h e re th i s inl e t i s not poss ibl e o n accoun t of mounting 
difficulties , a s imila r action may be o b t a i ned by meaRS of 
an inl et hous i ng i llustrate d i n f i gure 15d . Invest i ga
tions on engine i n st a l lat i ons showe d.that th e slight i n 
crease i n the lenGt h of the s t ruct u r o l oad s to no d if f i 
cul ti e s . 

~~e fo r ~ o f the delive ~ y he~d curv e s as we ll GS the 
eff i ci e~ cy cu r ves mny be affe c ted b y the ex it guide o r 
d iff u s e r a r r L~n g e [1 e j 1 t S • I n the L1'T c st i g c.. t i on::: so fa r c on 
duc t ed , st eep c~~r c.. c terist ics were n lw~y s the r esult of 
t o o n ~rrow 3ui de ~r r ~~g~~en t s ~n d housing . Figure 1 6a 
s h o ~ s t he H~d ~n d n ad cu r ves us affected on l y by the 

form of t he ~uide Valles ( f i g . 1 Gb) . Th o fl nitest fo rD of 
th o Hnd a~d n ad cu r Ves wns o bt~incd in l a ter t e sts 

7ith ODo o t h e u i de ring of r e lativ oly lar ge rad i ~l cxten
cion u i t h co n ne ct e d concen tri c ~~nulnr op ace . F i g ure 17 
S::'l O\7 s the.. t \7i th p rop o r dil!! en si oning 0 -:'" c". sU2=> e r c hnr go r, eLe-
l iv ery hends of 8 , 200 8 0ters Lt ~~iQb atic ef f ici enc i es of 
0 . 7 0 ~,1<'·.y DO at tain e d \dLl c. sin.:;le stase . T 1C size of the 
exper i Den tal cup o rcha r ge r _or ~ sp~rk- i gn i tion eng ine of 
[,,:::lou t 1 , 1 0 0 ho r S02/0\7C r is cora:p a r cd i n f i gure 18 with a 
n odera A~e r ican supe r char g e r f o r 3 ,7 00 mete rD d el iv e ry 
he~d ~t n ~d = 0 . 5 3 and smal l e r nng i ne outpu t . 

A~ove 6 k ilo me t e rs th o necessary nd i abati c del iv e r y 
head f o r cha rg i ng to 1 ~tD osp her e , is ~re~t e r th nn th e al 
titude of fl i gh t - be c o rn i n , in flig h t a t 20 k il ome ters 
~l titudo, 1 . 65 t i De s t he .fli g ht n ltitud e . The nunber of 
Dt~ge s to be consi6erod fo r . har ~ i ng to 760 ~m Hg for the 
v~riouG ~lti tu doD should lie ~ i thin t he r egion i ndic~ted 
o n f i g ure 19 . 

rrit ~ tho rnu lti- Gt ~g e co rnpre~so rs requ ir ed bey ond about 
8 ~il o rno te r s , d if f iculti e s arise rrh i ch do not occu r wi th 
the sing le- otag o d es i g n . I n u6dition t o t~e d ifficulti e s 
of kecp i ng the r o tatio n~l sDeed belov the criticnl spee d 
o f t ~c iDDolle r , t he r e is ~lso th e n roblem of ax i al thrust , 
pl1 rticulo..~ly \l it h the usual cles i :;nc- ( f i g . 20a ), ancl. t ho 
mea sures to be taken for cont r olli ng it or romoving it . 

------- J 
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Th e siTIIJ lest TIethod. that li os ouen is that of the count e r
f lo ~ c.. rr~n goTIen t of tho uheels , as i ndi c ~te~ on ~iGures 
20 b and 20 c fo r tho cnse of c t~o- stage supercharger . The 
ayplic~tion of the l abyr inth piston fani li ar in the dosign 
of stationary cOTIp r esso rs ~ny ~cc t uith space ~nd ~eight 
diff iculti es . Th e light con st ructio n of tho casing and 
th e rosulting s izo of the l abyrinth cloarances rnise the 
ct .. :.n ce r of t oo g roat leakage lonsos. For taking up LlO ~:x:
i ~l thrust uo ch an ica lly. roll e r b earings of the high shoul
d e r typ o of co n struction, aUQ spe ci c..l journal bearings, 
nay u ith i n c e rt~in li mits find a~plication . The necessity 
o f b r in Gi n g up an d c oo l i n g 1 a r g e 'I u an tit i e s of 0 iI, i c a 
d i sadv antago of tho journal boari ng s i nce the problen of 
oil c ~o li ng , os ovary coolin ~ p roblen at high-altitude op~ 
oration , is n d i ff icult one an d TIoreovor, any entrance of 
o il carr i ed nlong ,:, ith the sup e rch[',rgaicdr into the i nto r
c oo l e r, uould i n a sho r t ti n e re duce tho effectivoness of 
the Letto r . 

Studi es cade on suitabl e des i gns indicate t~at the 
a rrangeT10nt of OlJposed f lo\! stnges i s the nos t suitable 
for culti - stage CO TIp re DSOrs, parti cularly i f the compres
s i on ~rocess nust b e i nte rrupted fo r the purpose of inter
coo li ng . A suff iciently hi g h critic a l r . p . n . in below
critic~l opor~tion n~y be ~ttained by us i ng po~erful shafts, 
int e rDodi~t e beari ng s, an d lo u operating s~eeds . Obvious
ly, tho s e me n sur e s a r e ~ t th e expense of i n creased ueight . 
Th e qu e stion as to ~hethe r beloIT-critic~l operation is 
ne cess~ry or whetho r s~fe f light oper~tion m~y be attained 
at ~1)1)reciaoly o,bo v e the fi r st .'"'.,nd suffici ent ly bolo\7 the 
socond criti cal r.r . m. o f the uheel , depends ossenti~lly 
011 tho v e ry i7ide r egUlation ro.n ge of the supercharger at 
high alt i tu~o ope r ation . As long ~s the superchargers are 
d riv el1 by th e eCl.g i ne , the questions of gearing o.,nd regula
tion g iv e ris e t o difftc~l t i es at the h i g h del ivery heads 
of tho supe rcharge rs. At constnn t r atio b e tueen the sup or
c h~r ge r and on g i ne r. p . n ., e ven \7ith good supercharger of -
1 1ci on o i es , th e superchargor temper~tures nttain excessive 
v , .. lue s r.t lor: a l t itudes , ancl on :-', ccount of tho strong throt 
tl i ng re quired, n~k e a sufficiently h i gh take-off pouer 
difficult or e v en eng i ne oper~tion it self, impossible. 
Th e mu l t i spoed g e a r offe rs SO TIO re~cdy for the tiue being . 
Th o st~p eloss or infinitely variable ragulation of tho su
percharGe r speed h a s be en in vest i gatect by the DVL L.nd may 
no longe r be considor e d as an unsolved problen . An experi 
TIental arrangeoent uh i ch quit e approached the stagel ess 
zero - loss regulation , Gave satisfactory results. 
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,Furth e r p ossibiliti e s of regulation i n the case of 
gea r- dr iven, supe rcharge r s that s ho~ p ro mi se ar e , for ex
anp l e , the reg u l ation o f the ad~ i Ds ion of mul t i stage su
pe rc harge r s . Th e i ns ta llations re qu ir ed are s i mp ly cut 
off dev ic es ~ t the ent r ance and exit of on e o r more i m
pe ll e rs a nd addi t i onal inl et open i ngs in t h e hou s in g as 
the c ase may requ ire . I f the cut - of f membe rs are so de
s i gnod that th ey g iv e u suff ici e ntly t i g ht cut - off , an d i f 
the ir a cti on takes place i n su i t a ble sequ ence, then by 
connecting and disconne c t i ng enti r e wheels and us i ng par
t i ~l th ro tt li ng , a n almost stagel ess r egul ation of th e 
supe r char ge r pressure tQ c o rr e s p ond to the alt i tude of 
fl i ght may be attain ed . " ) Al though th i s me thod of regul a 
tion h~ s not ye t b een invest i gated in ope r ation the d if fi 
c u l tie s ['.s so c i at e d with it appe ar capable of solution 
s i nce the parts to b e cont r o ll ed may bo s itua te d a t tho 
f i xed hous i ng and thus hav e an advan t age ove r gears that 
have to be th r own i n nnd out at h i gh speeds . With exhaust 
turbine- d riv en s upe r ch a r gers , the d i ff iculties i n th e 
r . p . m. r egulat ion des cri bed, do no t app ear . 

IV . SO}.~E PRI NC I P LES F OR THE CO MPUTATI ON OF SUPERCHARGERS 

The supe r char ge r inv es ti gati ons so fa r c onducted by 
th e DV L , have shown th~t t ~ c famil i a r co mpu tat i on me thods 
appl i ed i n t h e case of c ent rifugal compresBo rs y i e ld, u i th
out a ny a lJp r e ciable moctification s , g ood r esul ts 8.1so in 
tho case of t he unusua l c onditi ons of a irp l ane - eng i ne su
pc r ch~rge r des i ~n . The i nlet v eloc i ~ i es a t the i mpell e r 
may as sume 0 i gh value s . A li mi t i s set by the cons i de ra
tion that t o o close an aunroach to t he v olo cit y o f sound 
l eads to tl~e a~opearan ce ~f separation phenoIp.ena of , the air 
f lo~ . The ratio o f tho inl e t v e loci t y to t he velocity of 
sound l i e s i n mo st cases with i n the range 0 . 2 to 0 . 3 but 
may be fu r the r increas e d . 

Since tho uhoe l blad es at t~o wh ee l inlet hav e the 
fo r m of axial bl ad es n ear the hub the ent r ance deflection, 
i . e . , the ne cessary set ti ng of the blades should not be 
1 ef t 0 u t 0 f a c c 0 un t i 1"'. t :1 e c o mD uta t ion 0 f the an g 1 eat t 11 e 
b l a de entrance on account of t he relat iv e ly g r eat blnd e 

3.~~~:~:~-~:~:~~~~:~~::-:;-~~:-::::::;-:;-~~~~-::~~:~~~~:~-
depends essentially on the p r ope r d i men sioning of the cut 
off de vic es ~nd on the additi onal iuant iti es r equir ed for 
c oo ling ~oul d load us t oo f~t ~f i eld . 
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sepa r a tion, par t i cu l a rl y a t the maximum inlet diameter. 
The test data a v a il ab l e j us ti fy the assertion that with 
p r ope r app licat i on of fam ili ar c omputation processes (see 
r eference 1 ) sati sfa c to r y r esul ts may be obtained. The 
i nvest i gat i ons h ave fu rthe r mo re shown, with relatively good 
ag r eemen t, t ha t wit h suff i ci en tl y large outlet guide ar
r angement s t he quant it y d e li ve r ed with shock- free entrance 
Vst - that i s , t ha t wh i ch wou l d be delivered if the direc
ti on of the r e lat iv e flow c o i n ci ded with that of the first 
b l ade e l emen t - s t and s i n app r oximately constant relation 
to tha t co rr esp ond i ng to the max i mum efficiency Vn . 

max 
Although the v a l ue i s on l y an approximation, it is not un
i mportant to know i n the c ase of new de~igns that with the 
d i ame t e r r a ti os and numbe r of b l ades usual in present-day 
des i gn t h e quant ity Vn i s 1. 3 to 1 . 7 times as large 

ma x 
as Vst ' Tests on th i s effect are lengthy since every 
change i n the whee l ent r ~n c e a l so requires a change in the 
wh ee l exit d i ff u se r . The tests have nevertheless been 
part i a lly carri ed ou t us i ng the impellers shown on figure b. 

An e s sent i a l d i ff i cu l ty in the des ign of a new impel
l e r fo r a r equir ed p r essur e lies in the computation of the 
effect of the f i n i te numbe r of blades . The number of 
bl ades flu c tuates in the case of the straight radial buck
et a r rangement between 1 0 and 20 . The figure of merit 
qad wh i ch i s the r at i o between the delivery head Hth~ 

(wh ich would be obta i n e d wi th f r ictionless flow with an in
f i n i te numbe r of b l ades ) and the delivery head actually 
obta i ned (wh i ch i s to be c omnuted at comuression without 
c oo li ng f r om the measur ed i nit i al and fi;al values of the 
p r essu r es , tempe r atures, and quantity delivered): 

'lad 

and for wh i ch, wi th different superchargers, the values 
shown on f i gures 21 a and 2 1 b we r e found , is not sufficient 
for the computat i ons since i t includes to a great exte~t 
the effect of the exit gu i de a rr an gemen ts and the housing. 
With the v a l ues H th~ = m Hth and Hth = II h Had there 
i s ob tai ned qad = nh/ m. Fr om extensive measurements and 

c ornputati ons v a l ues we r e found fo r nh between 0.82 and 



1 2 N. A. C. A. Techn i c a l Memorandum No . 839 

0 . 86 so that it appears ~ ossible to g ive f i gures also fo r 
n . If rn i s spl it up acco r d in g to the ~reviously g iv en 
ecuation , values of ~ er e found between 2 . 0 and 2 . 4 . 
~ eu des i gn s that we r e comput e d with th ese values fo r vari ~ 

ous suporcharge rs led to r esults t hat gave good ag r eement 
- i t h the precomputat ions . The fo r n of the flow pas sa es 
was so tes i g ned that the mer idian c omponent of the abso 
l ute velocity, on the a~sumpt i on of cOD~lete ly filled 
blade ? assages between i nlet and out l et of t he wheel, re
ma ine d approx i nately constant or decrea~ed slightly . The 
naxirnuD valu e s of ~ uere found when the exit gu i de pas 
sage uas of snaIl rad i a l extent . With a supe rcharge r size 
such ~s a~pears necessary and also admiss i ble from the 
po i nt of view of spa c e and we i ght sav i ng , t1e values of 
the peripheral v e loc i t i e s ua at the criticnl alt itudes 
shown in f i gure 2 2 should be attainabl e . 

For the correct comput at ion of the guide van es and 
spiral behind tho whe e l exit assumptions must be made re 
gar d i ng the comprecsion th~t took p laco up to th e rotor 
wh ee l ex i t . Fo r t he abo v e - non t ioned case of Co = can 

and for a f ric t i onless p ro cess with i nf i n it e number of 
blades , we ha v e : 

C 2 - c a 
2 0 = ------- - = -- ------- = 

C 2 - c a a an 
2g 2g 

an (1. fo r Sa = 9 0 0 , i . e . , u a = c au 

The d e g r ee of conpression ~ i th infinit e numbe r of blades 
would then be 

0 . 5 
lit h co 

On account of the ex i t deflect i on the theo r et ic a l absolute 
v e l ocity is g r eate r th~n the actua l (c a > c 3 ) and corre~ 

sponding l y c a u > c au . T ~ki~g account of a f i nite number 

of blades nlld writing 

H s tat th = H t h - H 1: i nth 



whe re 

and 

we f i nd 

With 

we find 
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1 
HIcin th = 2g (C3 a -

Hthco = m Hth , i . e . c au = m c 3U = ua 

1 
2m 

13 

Fo r vari ous assumption s the values obtained by computation 
a re those gi v en in f i gure 23 , wh ich g iv e good agreement 
wit h measur ed valu e s a lth ough c e r tain approximations have 
been made i n comput i ng them . Setting the computed value 
P th equa l 'co th e a c tual value p cor r e sp ond. s to the as
s ump t ion of an equal hy~raulic efficiency nh in the rotor 
and gu i de whee ls . 

Ex it gu i de vane s that we r e computed by familiar meth
od s (see r efe renc e 1) ga~ e sutis~actory r esults provided 
t he d iv e r gence ang l e E of the gu i de passage was designed 
co nsi de r ab l y small e r t han wh~t is considered admissible in 
the lit e r a t u r e o~ the sub ject . With the guide vane forms 
so fa r inv est i ga t eQ by the DVL, best conversion ratios 
we r e obtaine~ at E ~ 4° . The effect of the exit guide 
vanes on the fo r n of the c h aracteri stic and the magnitude 
of the superchar be r effic i ency is very great . Figure 16 
shows one examp l e taken f r om numerous investigations and 
f r on wh ich th e for~ s of t he guide passages and the results 
obtainec Day be seen . The ex i t suirals of the sunercharger 
have up to t he present alw8_Ys been c_etermined by the DVL 
b y the c o~d iti o n of constan t rv (~here r i s the radius, 
and v the veloc ity ) with the uall fr icti o~ taken into 
account . Aa accurate analytic a l and experimental investi
gation on a g iv en sp ir a l gave good agreement between theo 
ry and experiment ( f i g . 24) . The values of the constant 
k de t e rmi ned from t he cross sections of the spirals agree 
qu i te TIell with the Deasur ed values of the static and to 
tal p r essur es along the ou ter boundary of the spiral ~nc 
with the v elo city fo r t he s~ne valu es of the quantity do
l iv e r ed pe r sec ond . 
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Summ~rizing, i t may be s~id that uith the forms of su
pe rchargers and underlyi ng principles of computation with 
which we ~re f~mi li B r today, Bnd with prope r utilization 
of t ~ e constructi on mater i a l available, delivery.heeds per 
stage of 7,000 to 8 , 500 mete rs (air column ) at an effective 
effic i en cy, based on the adi a batic process, of 0 . 7 may be 
at tained, t~e space and ~e i ght req irements being kept 
wi thin reasonab l e limits . The view held of a supercharger 
as an i nco~ven i en t ' aux ili a ry device, is no longer justif i ed 
at ~l titudes ~bove " k i lomete r s (10 , 000 feet), since satis 
factory operat i on of the eng i ne io no longer possib l e with
out i t . It should be the p r ob lem of the en g ine designer 
to see that u i th g iven h i g h p r essures and eff ici enc i es the 
size and. ue i Gh t of the supe r charge r are kept as small as 
po~siblc . Th~ t a bad mount i ng arrangement of an engine is 
not al [BYS to be att ri 'ou t ed to t oo l!'\.r.ee a supe rcharger 
may clearly 00 s een f r om the examyle of the Rolls-Royce 
Kest rel eng i ne wi1 i ch , in sy it e of [1, lnrge supe rcharge r , 
may '00 counted in an officient manne r . The question as to 
,hctho r the common present ~rran~e~ ent of the s~percharger 
on the eng in o side, away from th e y r ope ller, should be 
ma i ntained cannot as yet be definitely answe red . 

Tr anslat i on by S . Reiss , 
Nat i onal Adv is o r y Committ ee 
f or A e r 0 11 aut i c s . 
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Figure 16a. Improvement in 
supercharger 

char~cteri6tic8 by proper 
diffuser arrangement. 
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Figure 16b. Guide vane arrange 
ments giving the 

results of fig. 16a. 
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Figure 17. Characteristics of 

DVL supercharger of 
fi g.S. (-o-o-omeasured values 
after a many hour test run). 
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Figure 18. Comparison of 

dimensions of DVL 
tes t Eupercharger (fig.6) with 
a modern American supercharger 
for an in-line engine 
(---- ----American, ---DVL). 
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rigure 19.- Number of stages of 
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up to 20 km. (12.4 mi.) 
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state of development. 
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Figure 20.- a, direct flow two-
stage supercharger. 

b, count er flow two -stage 
supercha rger with deflecting 
space. c , co unt er flow two
stage suoercharger with two 
spirals . 

Figure 21.- Values of qad found for a large number of superchargers 
investigatea. 

2la.Values of qad as a function of Co / Ulm for superchargers wi th 
straight radial blades. c ,inlet velocity t o wheel. ulm . 

peripheral velocity at mean in~et diamet er . Curves 11,]2,13, 
supercharger of a radial engine with ~el l designed ro tor blades. 
Curve 14, supercharged with bad guide arrangement , Curves 15.16, 
supercharger with bad exit guide vanes and connecting annular space. 
21b;- Values of qad as a funotion of V r/v st with curved rotor blades 

at inlet, Vet' computed quantity delivered for shock-free 
entrance. Curves 1,2, supercharger for radial engi ne with unsuit 
able guide vanes. Curves 3,4,5, superchar ger wi t h pressure spira l 
conneoted to smooth guide ring of varying radial extent. 
Curves 6.7,8,9, superoharger with pressure spiral connected to 
various exit guide vanes. 
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Figure 22.-Relation between 
peripheral 

velocity of an impeller and 
attainable critical alti
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values up to 10 km. (6.2 mi.) 
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Figure 24. Computed values of k 

and measured pressures 
and velocities in a supercharger 
spiral. 


