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LEAD-OPF TAIX on CO I,:1PRZSSOR, TURBI n E, 

MT.') TURBIN~ COO LDTG RESEA!1CH 
., 

by Oscar D. Schey 

For efficient operation and maximum performance the tur
) 	 bine i n let temper atures of turbojet enGines are limited to 

13000 F and t ~-lC press'J.re ratios to 8 or 10 to 1, whereas turbine
propeller enGi n es for optim~n ?erfoX'me.nce should operate at or 
near stoichi ometric temperature~ and , ressure ratios of 30 and 
possibly as hieh as 60:1. Both types of engines require very 
efficient and re liabl e cOn1;)onents and a large volume flow per.. un it f'::' ontal area • 

• 

The convent ional turbo j et or t ur b ine-:)rope ller enGine 
ut i lizes f or' cO i",lbustion ai)Ollt 1/3 of the a ir pass inc through 
t~1e en .:::;ine. T~1e lL1i tine te:npe ra t uX' e of the turbine blades, 
disks, burners, an{ other turbine ) arts prevents t h e burning 
of all telc 2i1". If means coule, be provided for co oling the 
pnrts of the t urbine exposed to the :10 t sases a s i s done rJ ith 
rec i procat i n .:::; enG i ne parts, 2. much lar:.;er amoun t of the ail'" 
handled by the engine could be utili.zed and c;rea t ly increas e d 
p ower could be obtained. 

., T:1e i ncre ase in specific pm',!er to be obtaine d by inc reasing 
t ~le turbine inlet temperature is Sl10'lim in fi Gur e 1 . At 2. t e my , 	 

perature of 15000 F the power is 120 horsepowe r , a t 2 000 it is 
" 	 210, at 2500 i t i s 312 and at 3000 it is 427. This chart is 


for a turbi:le-prope ller engine havins compressor and turbine 

effici encies of 9 0 perce~t, burner effi ciency of 95 percent, 

and a pressure drop of 5 percent V1rouGh the burner, and no 


.,.. 	 heat loss. The bral.e specific fuel consumption corresponding 
 
to these powers and ten peratures is 0.44 at 15000 F, 0.36 at 
 
20000 F, 0 .325 at 25000 F, and 0.305 a t 30000 F. It will be 
 
noted that the power can be inc r eased apprOX i mately 3 times
• 
and t he f '_1el c onsumption reduced by ap!) r oximately 1/3 by 

increasinG the temperatur e from 15 00° F to 30000 F, In order 


-< 	 to 0 bta i n these improvements in e conouy and power, t'1e pres

sure ratio of t'1.8 encine must be incre1:',sed. The pressure 
 

.... ratio :-:lv i nf" max imum 1')OYJer at each teraDJ.' erature i s also rT,iven
1..-.- u .. 	 '-.. 0 

on t he fi eure. At n temperature of 15000 F, it i8 8 1 at 2000 F 
i t i s 13, at 2500 0 P it i s 19, anC a t 30000 F it is 26&• 

To obtai n t h e se very promlsl nc; result s, c ompressors of hiGh 
pre s sur e 2.nc~ t Lll~b ines of h i :,)'} e xpansi on rat io a r3 essential . 

-{ 	 true:') of oUP com)re s sor and t urb i ne r es ea l"'c '1:J. has been d i re cted 
,;!1 t~'l t ',1i s e:1Ct i n v i 8vv . T~1e m8. x ir.1.um pre s s ur e ratio of any tur
bin e-prop eller enGine no w b e inc built f or service is about 8 
e.nc t he 10Vle st a b out 5 . T'1e COLl")r 2SS0rs for these eng ine s are 
quite bu11:y ; t :,1e ce ntrifuc;al h a s a large diameter a n d t :'1e axi al 
i s Ions. In considerinG eneines of t 11e '1:!,g ~1. pressure ratios 

OJ 
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• 	 associated n it ~ t~ese performances, one would expect t hem to 


be co ~~o so bull:y a s to be impractical, particule.rly in rec;ards 

to l enGt''1 . Fort unately, good progress ~}as been made durin::,; 

the l ast few years in increasing the pressure ratio per stage 

of' iJoth axi al and centrifugal. There has also been a marked 

increase in f low capacity and efficiency. Very encouraging 

~ e su.lt3 have also been obtained on supersonic compressors. 

The results on our turbine research indicate that very high 


... .,. expansion r a tios can be obtained with good efficiency and that 
coolinG can be provided for operatins at temperatures much 
h i cher them used in current enc;ines. Coolinc should also 
irn, rove re liabilit y and r.lCl.l~e poss l b Ie t he us e of non-strategic 
materials. The application of the results of this research 
to ne w power plan ts sbould make it possible to build engine s 

• 	 on tu r bine cooline, t urbines, and com)~essors t ha t arc es s ent ia l 
in obtainin::.; t ~18 se hi:..;'} ;.J crfor:nances. ! ~r. I:lle r broc k v:ill noVl 
t ell you about our VJorl: on turbine coolinG o r h i cl1 temper a t ure 
opcr 8. t i on. 

.. 	 
of pres s ure r a t i os of 16 or 20:1, wi thout any appreciabl~ i n
crea s e i n bull,:: or weicht wi th ? OYler output several times t ha t 
of ;)re E:ent cm.::: i nes Gnd VJit'1 ap!)rec i .'J.bl y improved economy. 
Inci dentally, t he se results of this research should also 
enabl e us to bu i lCt :Tlor e com~)act t urbojet enc ines, ri1y asso
ciates Dill di s cuss t~e re ~ ults ob t a i ne d in cur i nves tigations 

"f 

~ 

". 

-t 

.. 

.., 


.. 

~ 



, 
~ .. .. " 	 " ..

• 	
~ 

EFFECT OF 	TURBINE INLET TEMPERATURE 
 
ON ENGINE POWER 
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Figure 1. 	 Figure 2. 

COOlING EFFECTIVENESS OF HOLLDN BLADES 
 COOLING EFFECTIVENESS OF VARIOUS TYPES 
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ISC~.~~ l~;:~?i~ CT,~~ O:[il IIIGI-i-T~ r~p~~f~TU~-~ TU1BIl'.TB nSSEA'LtC Ii 

by H. H. Ellerbroct and J. B. Esgar 

The Grent importance of operat ins turbi.nes at hiCh inlet 
temperatur e s wa s discussed by the previous speaker. Vigorous 
efforts are beins r.lado by the HACA to find means of building 
turbines that cnn withstand gas temperatures up to 3S00o F, 
the apprm:i:nate tempe ra tura limi t that can be 0 bta ined "vi th 
present hydrocarbon fuels. 

The io.eo.l method of ooinc this vlOuld be to use materia Is 
co.pa b le of \:i thstand:i.n!3 the nec e ss mr7 stresses at hi[3h tempera
tures. One as pect of resenrch by the I:ACA on this method ':1as 
been the development of ceramic ble,des for turbines especially 
those for missile engines. This is a sam91e of the ceramic 
blades. A tv.rbine ni th blades of Bureau of Standards Body 
4211 :naterJ.8.1, will.c ll i s mostly a beryllium ox ide, has been oper
a ted a t ti p spoeds up to 840 feet ~er second at t urbine inlet 
temY)ero.tu:'-'G 3 u·) to 18000 F and the turbine has be en run at 
200CP li' o.t reQ~lce(l tip spced. =leat-s'.10 cl~ and bloVI - OU t tests 
h2 vc been ~Jo. de \hore the [.ins tempe rature dropped f r o:'!l 18000 to 
3000 r in ~ s lit tle as 4 sec onds without ho.rrnin~ the blades. 
nes e a rc~ on t his prornisins method of ob ta ininG turbines capable 
of ope rati DC 8. t h:i.Cl tempera. tur os i s con tinuinc . T:lre e reports 
h8.ve b oeD pul.1i ,~jl.8d on the results of t1J.es e st u d ios t o date. 

Another met'"}.oc of' a :')proac'1 to 1Jhi ch r.1UCl:1 cffort ''las be c; n 
d5.rected to obtain hic;h-te''1}Jo r2ture turbines is to cool the 
turbine blades \711:i. ch nro t'-1e most critical parts of the turbine 
be cause t he y are in dire ct contact with the hot gas. Its pur
p OS GS are t '70f'01d : First, to 8xtend the sa s temperature range 
of turbine operation and , s 0cond, to utilize nonstrategic alloys 
whe re hlgh-t 8'.":lperaturc al loys are no"! ES c d. The ut i 1ization 
of npnstrnt cC:l c a lloys i s especial l~T im)ortant for turbojet 
enGine application where v a ry hiC;h t empe ratures a re not 
nec essnry. 

Analytical studies have been made of several methods of 
coolinG turbine b l ades. ~ so lid blade can be coole d by the 
conduction of' hGs.t n.lonc: i ts l en c; t'l to tho cooled rim of t1:1e 
turbine rotor - this is c a ll ed ri~ coolinG _ Elades can also 
be coo lcd by t~e heat boinC re~ovGd b y air or water flowing 
t :1r OUG'1 P3.SS8.C8S inside t he blades. Consici.er t 111S lo.rge scale 
model of a hollon , a ir-cooled t1..T ~) inG b 12.de, t l'18 cooling air 
floVls thronsh the b l ade and i s t "lCn c1uctod into t he cX:1aus~ jet 
of t ~'18 cn" :ine . !. sl ~ etch of this b lac1.e c ros.':! section i s illus
tr ,~t c; c3 on--~ fi gur e 2. .. '1':.'18 fieure a:!.s 0 shon s 80Y:1G othe r typ
ical c ross s e ctions of a ir-an e. r:8. ter-cooled turbine blades_ 
If an inse~':'t i s insto. l lcd in t~1e blade; passaGo , t he air is 
forcec. to f low be t 1:V80n Vy~ :i.nsert C'. !.1C~ t'.18 blade wal l , whic h 
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in c reas e s b oth t ~e a i r v e locity and t he coolin: offectiveness. 
T~e provis ion of fi n s i n t h e bla de passage along its ent i re 
I G~lG ti.l , as SllOY.TI on t '18 S}:3tc''1e S of t h e 12 f ln and 24. fin 
b l ade s, i ncre a ses the heat-transfe r surface in contact with 
t " l '] cool ine ai r. If slot s a r e cut in t1."1..e walls of a ~ollow 
b l a de, it allovls t h e c oolinG o. i r to f lorI throue;h thes e slots 
and out ove r the blad e surface, forming a cool, insulating 
film of a ir be tw e en t h e blade a nd t he Ga s stream - this is 
called fil !!l cooling . ':rater-cooled b l a d e s h c. v e tilis general 
confiG uration. It i s necessary that the holes through which 
the coolant flovls b e round because o f s tress considerations 
from t h e ua ter pressur e f'.t h iG h rotat i v e speeds. T1:1e cooling 
wO. t or i s c ont i n u ously r e eirculat e d t h1:" ouCh a radiator similar 
to a liquid -cooled r ec i proc a tinJ Gn~ine a pplica tion. 

Tho r esu1t s o f 8, nc.lyt ic a l s tudie s com:JaI'ing the e ffective
n e ss of the cl.if f crcmt t~G thods of turbine blade cooling will be 
p r esen t e d. Thes e results a r e compara t ive only bec ause of 
a ssum:, tions l11n d e in t he a n a l ysis f or s i mp lifyinc p urposes. 

The f irJ t me t~10c~ of blade coolin:.; to be inves t i gat c:d VI Et S 

r i:-1 co·olin ,"' . T~-lO s tud i es sh ov; ed t hc:, t t~lo al l cvv able incre a se 
in t n r bLl0 '- i nlc t t emperatur3 is on ly D. b out 15 0 0 to 2000 F 
wit h pr e30~ t t 12 b i n o blade materials b ut blade l ife can b e 
inc rec.s e d \':i t~l small d e croas os in t :18 r im t eTIl') era turos. 

T~1G next s t e, i n t h o t u rbine-co olin.=; inve s t i gat ion vm s 
to cc te r minc t :1C c ff e ctive nes s of ail' coo line; ~ol low b l ad e s . 
Some r e s u lts of t hese analy t i c 8.1 s t n l: i os a re s h own in figur e

3 i l lustra t in:-:: t11e coolin:, e ff oc t i v on oss of hollow blades 
:ilad.o of v a r i ous ~8.te l'i a ls . Tho a ll ovlG b l e effe ctive gas tc:n
p o:':'a tu r o , nllic :'1 is t~le t cmperc-. t u l' o e f fe ctinc 1.1eat transfer, 
i s ~ lotted a:;ai ns t t 'l.e rat i o of v.reiGbt of coolDnt flow t o we i Ght 
o f sa s flov-v f or t'l e cose 0:' ai r fl ovli1l£ throuc h hollow b lades 
ma de of four differ en t al10y~ . This r a t i o of coo lant f low-to
Cas fl ow wi ll be d eno t ed a s di l uti on h e r eaf t e r in the discussion 
of air coo l i n g . Coolin e - a ir t ompo r a ture a t tho blade inlet 
wa s ass ume d to be 3 000 I' a~1 d l imit inc blade t omper c->,ture wS. s 
bas e d on s tr es s-rup tur e data . The c i1" cle point on the figure 
S'.lOWs t he pre s on t l i:"11t for uilcooled turb ines ~,aving 3-816 
a lloy bl a d e s. (Abou t 13~00 F off Gct i v e ga s t emp era tur e , which 
c. orr e s~Jonds t o a bout 1 [) 00 0 :r t urbine i nlet temperature.) "Jith 
5 pe r c e n t d iluti on, t h e t en tat i v e v a lue conside r e d permissible 
a t p r e 3 cn t for ai r c ooline , thI S ana l y s i s s h ows that turbine s 
wi t h b l a d os ~a de of t h e b es t nl l oy e v a l ua t e d, 3-816, c nn b e 
oper a t o c' o. t Cl 0':S t 8:-;:perat u-:,o a bou t 3500 r h iC'ler than t'Ja t 
o f t h e un cooleu t u r bine . :::; - 0 16 a l l oy, ':l.o \vG v a r , is n ow c on
s i r:1:)r 0(1 n str::-c tc : i c DE':t -; r i. a l and s ul,sti t u t e me t c ls QT'C b a i nG 
SOU~}1t . 'l'he Dct o. l s 21.1 o~:Jn on t':le f i:::;t~ro were e v a l ua t e d a s 
pos s ibl e slili sti t u t on; i n coll s l i s 1 03s st ra t eg i c than 3-816, 
;-~!~ -: 4: 130 h e.s less t ~lan 1 p erc ent o~ a n y s trat e ci c m,-3 t a l, [md 
3C~ 1 01':1 ls o" (~~ ~w. r y aut omobi l e L:n<'l eJ:' s t eo l. T':1o i mport an ce 
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of b 31ns able to usc nonst r ate c ic ma t erials must not bo over
10ok'3d (: U 8 to t~1e a cut e s ho rtage of jTIc t 2,ls us ed in hi.::;h-t e:11
"o : ' a tu'~0 alloys. At a dilution of 5 p~rcent, the r e sults chow 
t 11C-t Hi th hollo...-' nir-cooled b lades of the substi tute r:18 tals the 
nllownb l e effect i ve gas t empe r a ture for t h e turbine will be 
l over t han t hat for } r e s ent-day uncoolcd turbinos with 3-016 
b l a dos. It isl(novm from more ricorous analyses that when 
cycle pressuro ratio and turbine inlot temperature are in
cl"e ns 8c simultnne ousl y to achieve hi :::;h performance tho nmount 
of ho n t trQDsfor is i ncreased and Gre ater dilutions t han those 
s~own ~c rc a re r eq uir e d for a dequate blade cooling . 

It is r eacH 1y S oen t:18.t 80 ;'.le thine; better than hollow 
bIn des 2. r8 nee decl i f 11i eb Gas t emp3r o. tur cs 8r8 to be obt8ined 
with air cooling . This is e s po c i 811y true i f nonstra te c ic 
Bota1s have to be used. Consequently, stu~ ics were made to 
evaluate t ho cool in: eff ect i v enoss of t he a i r-cooled config
urnt ions in fiGur e 2.. 1.vh J.c h -,-,eY'e pr ovi onsly describe d.; t hese 
::r o t ho b1[~ cl os 1,Ii t'-" tho i nsert, 12 f :i.ns, J.nd 24 fins :Ln tho 
coolin:~ p2.ssnse 0.11 (. t'l C f ilm-coole d ;) l c. de. S 0 Y'10 ra s ul ts wi t1:1 
t ~10 SG b l nclo confi.:::ura t ions na co of 3- 816 are S ~10 vm in figure 

~ i7:~LiC ~l il lustra t os t }lO coolins offectiv ene ss of vnr i ous 
t y:)v S of c.:lr-coo1 inc for 3-816 b1 2, des. Here a c:c. i n t 11e a110 vi 
nbl e eff octivo S2 S t emper a ture is ) lotte~ aGainst dilution. 
T~o colors of t he l ines corros ) onC to the colors on t ~os e 
s ':e t che s of bl :::.o.o confi Ulr2. t ion . All confi.:;ur e- t i ons theoret
ic ally prov i~e d c. hi~her 21l owGb l e eff e ctiv e Gn s t em,eraturo 
thcm thn t for t he hol low , a ir'-cool cd b inde. Ope r ation 2t 3500 0 F 
is mcc da 9033ib l o \,Jj_t ~ l 24 f ins i n t h i s ~?n rt icul J. r b l ade a t 8. C1ilu~ 

tion of a bout 6 Dercent. Thjs va luo i s sliGhtly more tho. n that 
now considored nllowRbl e , but t~o actual limitinc value of dilu
tion will ha ve t o be de t crmi n od ex:;orimentn lly. 

Tho blndc with 24 fins wa s so promlslng that further cal
cul a tions were ma de t o de t or mine tho allowa ble effective gas 
t omp or atur e s for t his confi cura tion using metnls shown on the 
f J. rst fizur G plus an aluminum alloy. Figure S- shows 
tho coolinG effe ct i v enes s of bl8.do s ::1a de of vo_rious materials 
o..n o. ~ 10..vi n c 21 fins. Tho r esults inc_ i c[;~ te a nonstrategi c nlloy 
l i ke ~A~ 1015 st eel 8.t n di lution of over 3 perc ent is cnpable 
of wi thst8.i.1d in:::; ce·. s t 0mpernturo ~1i=her t '."'.nn fo r the uncooled 
turbine and t~a t 35000 F o,era tion i s ? os s iblo with tho hiSh 
tor1~er'G.t up o D.lloys. Th e al umi num a lloy 1".Tou:.d be of little use 
n t n coo l i n : nij:' tGl~pe ra ture a t t:1.G ~)l [tde i nlo t of 3000 F, tho 
t em:") or ::t.turo us e d in t he calculations f or this fi Gure; but if 
the air t e~~cratl~o coul d be dropped to 1000 F, op er a tion a t 
15000 F effe cti v e [8.3 t omperature vi t~ t his conf icurat i on would 
be p ossibl s n t Q ~i l ut ion of about 9 perc ent. 

I n ore er to Bxt Gn d the Ga s t om)ora ture limit above t hat 
obt a::"1ab l o by a i l~ cooline, s tUdi es vle r e :"1ade of the effective
n e ss of water c o ol in~ vit~ t hi s b lade confi Guration. Results 
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of t ' y: D.TIc.lytic o. l s tudie s a!'u ilJ.ustrn to C: in figure G 
s~o TI in: t h :; cool i n : eff octiveness of TI~ t8r-coolod blades made 
of vnr i ou s n2tc~ic.ls. This fi~u~G is s i~ilnr to t~c fiGure 
iu ,c-: t t-'1 :!.scu.sscc.; t~10 sn~' 18 ::wta ls ~"'..r o ovaluntod o.nd th:; cool O-nt 
tC~:l1) Or,c_'.turc v[['.s o.ss umee' to bo 2000 P. '..'i t:1 this tY:90 coolin~ 
it 'Jo ule: be ~JossiblG to OPOI';:-. te at 3r,OOo :r cas t CE1:-' GrC'..turo 
nt coolo.nt :Clows of 3 to 9 ~ ()rcont of the G8.S flow with all 
a lloys shown except aluminum, and eve':1 alU':linu'l1 could bo uscd 
e t t or.1:')orn tu!'o s c.bovo t ~'10 opere tin.c; Ihli t of uncoolcd turbines. 
For instEtnCe, nith the coolant florI 10 perccmt of the ges flow 
t''1e nlloYlnblc 8f!'cctivG gas t cmp ornturo is 16000 F which cor
r Gsponds to ebout 18000 F turbino inle t temper2ture. Theso cal
culations have boon verified to some Gxtent in that an exper
imonto.l water-cool ed aluminum turbine) cesignod 8t this 
laboratory has boen succossfully oporatod to dato at turbine 
inlet C2.S t ompcr o. tur ,; s up to 22000 F. The fact th£1.t this tur
bino Ylas nblo to opcrnto o.t a t ompe rature 400 0 hieher than the 
mc xi::1um sho1iTn on the figur e 1'JO.8 made poss iblc by tho cooling 
Wel t e r tcmp crfl.tur o be ing 1000 F inst G2. d of 200 0 Fj and in addi
tion, tho 2Dount of coolant .f low w~s considerably hi~~cr than 
for t'10 ~e cc1 c u l ,.ti ons. Liqui('-~ coolin~' co'11c! ;>rob&b l~.r be used 
nost succ e ss full y in lone r Cl n c e ty e of aircraft wh or e long 
enc in o life Qnd fue l e conomy nre quit o irnport cnt. 

To SU!i1 up, t'13 r es ults in G211or J. l S:101"J t'l--: CL t tV!O ::; roD.t 
c.dvont 1."'..::::o s c~m bo obt a ined by tu_rb5.Do coolin['; : (1) it is 
pos s ib lo to us c nons t r a t ogie ~18 t o.ls in cooled turb i.no s w~1 i10 
:nn into.inins; t he U:'. s t o:·.1p c rntu.rc nt l e v e ls 2.S hiGh or hi~~ hGr 
t'l[ ~ n is now st o. nd ::.rd ;)rf:'. etico in uncool (;d machines, and (2) 
usinc hc[,t res is tt'n t c. llo~Ts tho G2S ' terJ"p ,:. ra ture rn~.1gc of op0r 
a t i on can b e i~erccsQd so th~t l a rGO i n croa sos in power cnn be 
obt 8. incct. T~1C~ eoolin :~ of tw'bino bID.do.:; c'ietat2s P1G use of 
s liC:}lt ly tni eJec r blcc10 St-10. pC S tl~ [!.n t'1oS G in curren t usc. T110 
c.c rodynni'1.:Lc Qs pect s fop obt8. J.n 5. . n~~ s l'.i tc.blJ blrdc shapes will 
bo discusse d by the n ':l xt s ~) Go.ker, ITr. IillClish. 
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TuqBINE A:S~OT')YNAI :ICS 

by Robert E. English 

In advancing the turbine-type of engines maJor improve
ment in engine performunce will result from the solution of 
two research problems: (1) increasine the turbine inlet 
tomper['.ture with the aid of turbine cooling, and (2) raising 
the enGine pressure ratio. The research on turbine aerody
namics is so diroctGd that the turbines will satisfactorily 
meot these che.nsinc; requirements. Three general turbine 
chc,rncteristics have boon sot GS tho c oals toward which the 
turbine research is directed: 

Jii .. !It'O Ti ? 

(1) Blades shapod to contain tho required cooling 
p2~S sO.Ges but still aerodynamicJ.lly officient 

(2) Velocitv 
v 

distributions on the stator and rotor 
blados that keep the transferred heat to n minimum 

(3) High pressure ratio por staGe with hieh stage 
efficioncy 

Goal 1. - If turbine cooling is to bo us ed, the turbine 
blades must necessarily bo thick enough to permit cooling 
passases to be built into the blades. This problem is illus
trated on the next figure (Fig. 7 ). This bla de 
to accormllodr.te cooling passage and may casily be 
blade was designed for no cooling and is typical 
for which design information is available. The 
only thin but twisted, both of which complicate 

was designed 
cooled. This 
of the blades 

blade is not 
the process 

of constructing cooling passages. To design thick, untwisted 
blades requires careful specification of the velocities in 
the turbine, and it is toward this end that some of our re
search is directed. 

Goal 2. - To minimizo the heat transferred from the hot gas 
to the turbine blades reqJJ. ires lrnowledc:e of the boundary-layer 
flo w on the blades (Fig. 'tl ). If tho boundary-laY:Jr flow is 
laminc.r, smooth, stroJ.r.J.lino flow takes place along tho blade 
surface. This pern its the boundary lnyer that is cooled near 
the blo. do nose to r emain in contc.ct with the blade and form 
an insulat i nt; blan ket to prot oct the rost of the blade. If the 
boundary layer is turbulent, srnmoth, strenmlino flow is not 
obtained nnd the scourinG ~ction of the turbulont flow re
places the cooled gas noar the bl ade with hot gas from the main 
stre c. m. '"Ji th r. laminar boundary Inyor tho heat-transfer rnte 
is less than half of tho rato wi-th a turbulent boundary layer. 

http:contc.ct
http:accormllodr.te


-2-

+ 
 

~ 

If tho hGD.t-tr :~msfor rnto is 101"1, fo w coolinG passagos are 
r e quir e d . Also, if a 18minar boundary-layer bl a n l"e ts the 
r ogion noar the tnil, the last coolinG p8ssn13e n oed not bo so-far 
b c.c le in thct slender region. Because a laminar boundary laY'3r 
is a gre~t 2id to turbine cooling, a portion of our r osearch 
is directed toward determininG the desicn conditions that will 
produce laminar boundary layers. 

In working toward the third of our three goals, this 
l a bor :J.tory 11o.S rocently improve d the pressure ratio o.nd effi 

• ci ency of its turbine stages. These hisher pressure r2tios 
~ a r c desiro.blo becaus e the: number of turbino st a gos ma y then 

b o reduc e d, thereby d e cre a sing both t~1e engine weigb.t and the 
required a mount of cooling. In this vvork we usc two cold-air 
turbine s, one of which is here; the other is jus t behind you. 
A partially bladed rotor from this turbine is dis p layed here. 
Tho performance of one s e t of blnd e s 1s shown in the next fig
urc(Fis. i ). (Describe.) "lith this desiGn both hi 311 pressure 
r2.tio ane, hi r.;h effici e ncy we r e obtninod. 

Alth OUGh we obt a in a Gr oe t de a l o f info r mation f r OM tho s o 
tur h ino s concerninc tho ov or-r..ll p c rformc.nc c of t ~e vnri o us 
dosiGns, mo asuremont of t~c f low conditions wi thi n t h o rot or 
l) lo.d o p o.SS o.C;C S pr osonts 8. difficult instrumcnt .';. tion problom ~vhich 
h8 s n o t yot boo n solve d for ma chine s of this s1z o . To d o t 3rmi ne.. 
 
t~o flo~ conditions within tho rotor-blo.do pn ss o. GOS, D O rosort 

~ to 0. t ~o-dimonsional approximat i on for the throG -~ imonsional 

condi tions in tho turbine by m01..nt 5n.::; unt vr ist ed bl o. d o s of uni
form soction i n 0. co.scc~d o ric. This is jU3t lih ) pla cinc n n 

.,. ni r plnn c vl inc; in n n ino tunnol. The cO.sCo.do is schomo.tico.lly 
shown in t ho next ficure (FiC. /O ). Tho blndos ar o shown mounted• 	 in 0. r c cta nGul Qr duct t l1roug11 1Nhich tl.10 o..ir flows in thi s d i r 
oction. Holos drilled in the bl nde surfaco aro us e d to maasura 
st a tic pressur e on the 018.d os. T~1i s i nstrument dovnstroarrJ. of 
tho blad es de t er mines tho ane lo of flow ~nd tho loss e s. In 
this r i e wo c a n c ompare t he FJ.ctuo. l D.nd thooro tical ve loc i ty dis
tributions on the blades. One of t ho se compo.risons is pre
sent e d on tho following fi Guro (FiC; . /I ). (Doscribe.) T:-l.0 
v e locitie s aGre G overywhere oxcopt noar the tail, where a normal 
shock occurs wi t:1.in tho blade chnnnc 1 to invo.lido. to the des ign 
D.ssumptions. Tho occurr(;nc o of th :. shock may bo confirme d by 
looking a t n sch lioren photocraph, which permits tho shock 
waves to b e discerned. A schli e ron 9hotogro.ph o.t this same 
oporatinc condition is prosentod in the followin~ figuro (FiC. 

y 

). This shows the crsco.do with tho flow through the blados 
1'n t l-J is diroct b n. Her e is t ho normal shock within t1}o blndo 
chnnn o l a s tho ~re ssuro measuromon ts i ndicat o d . This is tho 
3 110 c l ~ Da t t o rn o. t tho b 10. do ..:..x i t t "Hi. t ac compan i os high ~) ress urc 
rat io s. Th e so b I c. dos hav :. a c112.nn2 1 rli dth t1-wt continuously 
o :.: cy'oas o s f:!."'o !11 cntr c."'}CG to e xi t s o t '1C'. t t~1 0 blo.d o s C'10]"0 at the 

~ exit. '1.'hi s s h o d : p ntt c r n I s obtainod b y oxpandinG from sonic 
s :Jc o d t o s upcrson ~_ c 3 ~)cod s c. t tl1 G ox i t f r om the blado rOVl . 

http:crsco.do
http:9hotogro.ph
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Bl odes of t~ is t y)O hav e the ~ dvnnt ago of ope r o t i nc s a tis 
f c'.c t ori 1 v ova r t ' '10 on t i r e r an r:o of s ubs on i c vo loci t i e s ['~ld 

v \ <..J 
.. 
 
c l ~ o Dc ll in t ho sup ~r s oni c r~ncc . As pa rt of tho program 
of' r[, is J.nc t he p I' ,:; s sure r a tio p or s tc::::;o, studies arc bo inG 
~ad c of tho shock patterns at the blade oxit. 

To sUillioriz e , the blados must b e shape d to contain the 
coolinG pass aGe s; tho bound a ry-la yer flow must ke ep tho trans
f e rred hoo t to a minimum; tho turbino stngos must hav8 high 
pre ssuro r~1tio and high efficiency. By means of obj octivo 
r c s carc~ such as t his, this laboratory is producing methods 
f or turbine design t'rJ.a t Vlill sat i sfy tho changinc; r equirements 
of turbine s frr a ircraft. 

As [~ n oxo.mp l c of the NACA! s r e sGD.l"ch on turbine s one of 
tho oxpol' imont , l VlO ter-coolo d t urb :i.r18 s is on di spla y in tho 
noxt ro om. The turbine is ru~')nin ~..; ~ t a tip s po ed of 
10,000 rpm~ Instruments above the turbine indicate the 
inle t 8 f:. S t empc rf.l turo and th e t emper a turo of a reprosent a tivo 

tur bine blade. S'ee photoqyc<ph C- 223~r, "e'ft p(),~e. 
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Figure 9. Figure 10. 

COMPARISON OF THEORETICAL 
 SCHLIEREN PHOTOGRAPH OF FLOW 
 
AND EXPERIMENTAL VELOCITY DISTRIBUTION 
 THROUGH A TURBINE CASCADE 
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CENTRIFUGAL COl\iPRESSOR RESEARCH 

by John D. Stanitz 

The introductory speaker at the previous demonstration pointed out the 

need for sma'll, efficient compressors with high pressure ratios. This need 

.. has resulted in the following objectives for compressor researoh :trig. ;; 

OBJECTIVES OF COHPRESSOR RESEARCH 

(1) High effioienoy 

(2) Small frontal area (for a given air-flow rate) 

(3) 	 High pressure ratio per stage (to obtain a compressor with the 

minimum number of stages) 

(4) 'If'iide flow range (at satisfactory efficiency) 

(5) 	 Simplicity (which in general leads to reliability, low cost. 

and low weight) 

At the present time three compressor types appear most promising with 

regard to these objectives. The three types ares (1) the centrifugal, 

(2) the axial-flow, and (3) the supersonic compressor . Each of these types 

will be discussed briefly at this demonstrat~on. This ooncludes the general 

introduction to compressor research. The centrifugal type compres sor will 

now be considered. 

~dvantages of the centri fuga l compressor are; (1) high pressure ratio 

p~ r stage. (2) wi de flow range, and (3) simpliCity. The s implicity of the 

centri fuga l compressor i s especially important at t he present time beoause 
.. 

the resulting ease of manufaoture enabl es l ow cos t , quant i ty production. On.. 
t he other hand , two major problems of centrifugal compressors are~ (1) large 



" 
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i.. frontal area, and (2) low ef ficiency compared to the axia l-flow compressor . 

.' The first major problem, the large frontal area, is being attacked by 

the NACA on axial-discharge centrifugal compressors. The impeller of such a 

compressor is exhibited on the stage. The floVi enters and leaves the impeller 

in the axial direction and centrifugal compression is obtained by the increased 

radius at ,,'hieh the flow leaves. A discussion of this work was given at the 

annual inspection last year and t wo reports have since been issued. The 

"' 	 frontal area of this compressor i s less than half that of conventional centri 

fugal compressors and approaches the low frontal area of axial-flow compressors • .. 
However, the efficiency is 5 to 10 points lower than the efficiency of axial 

flew; compressors~ This is the case for all centrif ugal compre ssors and l eads 
.. 

to the sec onp major problem, i,ea, the relatively low efficiency • .. 
, At the present time the design of centrifugal compressors is primari ly 

an art. The design is not bas ed upon detailed knowledge of flow conditions 

within the impeller. If these flow conditions can be determined and controlled, 

then the efficiency of centrifugal oompressors can be as high as that of axial

, 
flow compressors. 

~ 

As a first step in this direotion analytical mothods have been developed 
... 
 

-, whereby the flow conditions within the compre ssor can be computed for compres .. 
 

'" sible, nonviscous flow. A r esult of the analysis is sho'wn on figure /3 • 
.., 

This plot shows the streamlines for flow through an impeller with 20, straight, 

radial blades, The impeller rotates in the clockwise direction and the air 

enters the impelle r near the center and flows outward between the impeller.. 
blade s and into t he vane l e s s diffuser along the streamlines i ndicated on t he 

... 

-t chart. For the flow rate and rotational speed of this example an Acdy forms 

" 
 



A 
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on the driving face of tho blade as shown. From this streamline configuration 
{ , 

velociti es and pressures can be determined and in this example the velocities 

were found to decelerate rapidly along tho trailing face of the blade. For 

a real, viscous fluid this deceleration leads to separation of the flow f r om 

the blade surface and rosul ts in 10'\\' compressor efficienoy. 

These phenomona, associated with r eal, viscous fluids, are not accounted 

for by the id r al theory _ Therefor e , to investigate the se phenomena and to 

provide a basis for the corre l ation of tho ideal theory v"ith experimental fact 

) the NACA has designf' d and built a res earch compressor "Jhich is sufficiently 

large to a ccommodate complete instrumentation of the impeller. The i mpell er 

. , of this comprossor is exhibited on the platform and a cross - sect i onal diagram 

of the as sembled rig i s shown in figure I~ . The impelle r diamet er i s 48 
l' 

inch€! s and the collector diameter is 100 inches. air flows into the compres

sor at the hub and outward through the impeller and vane l e ss diffuser into 

the collector. The readings of 168 stutic and total pressure taps on the im

peller are transmitted to manometers through the pr essur e commutator as shown 
" 

in tigUre /~ . The experimental information thus obtained will be correlated"' 
,,'i th the theoretical pre ssure s and velociti e s and from this correlati on 

between experiment and analysi s the vvhat and the why for flo",/ conditions in 

T centrifugal compressors vrill be obtained. From this knowledge methods of 

design can be determinod for centrifugal compressors, including the axial-d i s
"' 

charge compressor, v:i th higher ae rodyna.mic effi ciancy and bettor over-all 

< .. performance . 

~ 

This conclude s the discussion on centrifugal compre ssor resear ch. The 

next speaker, mr . Sinnette. wi 11 dis cuss tho r esoarch on axial-fl o,v ~ ompre ssors.
" 
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STREAMLINES IN CENTRIFUGAL COMPRESSOR 
ROTATION ~ 

Figure 13. 

BLADE ROW AS A DIFFUSER 
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Figure 15. 
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Figure 14. 

EFFECT OF MACH NUMBER AND AREA RATIO 
 
ON IDEAL PRESSURE RATIO 
 

1.60 
AREA RATIO 

o 

~ 1.40~ / .. nit 

~ 
;:, 

~ g: 

~ 1.20 
~ 

1.00 
0 0.2 0.4 

MACH NUMBER 

Figure 16. 

~ 
C·22559 
11.29.48 

0.6 0.8 



'. 



.~ 

lii-2 
l' 2 

SUBSONIC AAIAL-FL01fl COi'iiPRESSOR RESEARCH 

by John T. Sinnette, Jr. 
~ 

IJ:r. Stanitz has pointed out tho advantages and disadvantages of the 

cfmtrifugal as compared to the axial-flow compressor. The present-day axial

flow compressor is undoubtedly much more complex, exp() nsivE)~ and difficult 

• 	 to manufacture than the c0ntrifugal compressor. This fact is strikingly shown 

by a comparison bet'h'een tho thousand or so blades required in an axial-flow 
.~ 

(, compressor with tho few dozen rug~ed blades of a centrifugal compressor. 

~ In spite of those handicaps, hov'over, the modern trend i n turboj et and 

.. 
turbine-propeller engines is toward thG axial-fl ow compres sor , because of it s 

intrinsically hi gh effic i ency, outstanding air-flo," capac i ty por uni t fr ontal 
t ' 

area, and aase of stagi ng to obtain high pressure ratio. The necessity of 

being able to produce these compressors in large quantitie s i n any national 
.. 

emergency makes it essential that evory effort be directed. tm'rard mi nimizing" . 
any undesirable features. 

Tho cost and difficulty of manufacturing large numbers of precision blades 

is a problem of utmost importance. Research is therefore being directed 
" 

towards reducing the number of blades required and simplifying the shape so 

as to reduce tho cost per blade. The cost of tho blades can also be nduced 

considerab ly if t he to l Eranc es on blade ac curacy can be relaxe d somewhat. 

Although little is kno~~ at pr esent about the effect s of manufacturing t olerances 

on compressor porformance, r e search i s now boing direc ted towards dets rmining 

t ho se effe c.ts • 

., 
One of 	the most effective methods of r educ ing the number of blado s is by 

.,; 

increasing the pressure r at i o pe r stage so as to rc,duce the numbe:,.' c,f stages 

http:effec.ts
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required~ This increase in pressure rat io per stage is also of considerable 

value in reducing the over-all length of the compressor • 

• 
The method of obtaining pressure rise in an axial-floVor comp~essor is 

sho1!'Il in figure , which illustrates a typical row of blades. As is 

.. 	 well kno~rn, this type compressor may be considered as a series of diffusers 

wherein the pressure rise is obtained by a reduction in the relative velocity 

through each blade row. If the entering velocity is subsonic, diffusion is 

\~ obtained by increasing the effective area acconplished by turning the air in 

) 
tho axial direction. The pressure rise that is obtained in this diffusion 

process depends on the entering l:Iach number. the ratio of i nlet to outlot area, 

and the effici enoy of diffusion. The ratio of the inlet to the outlet area 
t T 

will 	be r eferred to h8r eafter as the area ratio and for compressors v'ill be.. 
less 	than 1. 

The pressure r atio that ".,'ould be obtained in an ideal diffuser of 100 
.,. II 

percent efficiency is sho;'n in figure h , ~here the pressure ratio is 

plotted, against the entering Mach numb E. r for several different area ratios. 

The 	rapid ris e in pressure ratio with increasi.ng l·;iach number indicatES the 

." importance of using as high a Mach number as possible to obtain high pressure., 
ratio per stage . The prossure ratio can also be increased by decreasing the 

-\ 

area ratio as is seon by comparing the differ ent cur ve s. This decrease in 
, oj 

area ratio is accomplished by turning the air through a larger angle. The 

method of obtaining larger turning of the air is i llustrated in figure 17 . 
On the l eft 1"0 see conventi ona l blades des i gned to produc G small turning of the " 

~ . 

air. The blade s have litt l e camber or curvature of the moan line . If l ar ger f 

turning is desire d it i s nccrssary to go to blades vTith more camber as sho~m 

at tho center. However. if the t urning is too lar ge . or tho 1"ach nu.'D.ber too 

http:increasi.ng
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high, the flm~ may separate from the blades be cause of the high blade l oading . 
~ 

..... 	 This flO\'.' s eparation can generally be avoided by placing the blades closer 


together as shown at the right. But closer spaoing means more blades per 


row and higher skin friction. Thus the determination of the optimum combina


~. 	 tion of camber, spacing, and Mach number is of considerable importance, 

particularly since larger turning causes the blades to stall at a lower Mach 

number. .. Figure I shows some of the more promising r asults t o date of the NACA ., 
r os ....'arch direct fl d towards obtaining the optimum combination of these factors. 

The r ed curves show tho stage total pressuro r atio and efficiency plot ted against 

the relative ontering ~,luch number as determined on a l4-inch expn rimcnt com
, ... 

pre ssor with a hub-tip r atio of 0.-8. The corresponding pressure r atio of an 

" 
ideal compre ssor of 100 percent efficienoy is shown for compar i son by the b l ue 

curve . As can be soen, t he experimental pressure ratio does not oontinue to" 
" . 

rise with !tach number as doe s the ideal pressure r atio but reaches a maximum 

beyond which it drops off rapidly. The peak in the pressure ratio curve is a 

result of the rapid drop in efficiency beyond a certain Mach numb(r. This rapid 
~ "'\ 

drop in effici ency is associated with the occurrenoe of local supersonic flow 
~ ~ 

regions over the blades and the production of shock "'aves and flow s eparation. 

~ Although the occurrence of this phenomenon has l ong been recognized, it is 
, ,. 

only recently that sufficient detailed knov11edge has been obtain~d on the vari 

ation of efficiency with l'ilach number to pcrmi t accurately designing compressors 

y 
to obtain t he ~aximum practi cal pr essur e r at i o pcr stage . At a relative 

~ ~ 

entering L~D.ch number of 0.8, we not e t hat the stage pre ssure rat i o exceeds 1. 4 

at a reason~bly high effic ie ncy . Thi s repr esent s a subs tant ia l gain over tho 

stage pressure r at io of 1 . 15 t~pi c a l of present-day compress cr s. Although it 
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may not be practical to obtain the same high pre s sure r atio in all tho stag~ s

• ., . 	 of a multistage compre ssor, the present results nevertheless indicate that, 


with proper design, it should be possible to reduce the number of blades in 


u multistage compressor by approxim~~tely 3S percent with a corresponding de

It 

~ . crease in compressor length and an increase in reliability. 

In contrast to compressors with low pressure ratio per stage, ,,\'here the 

design is not very critical, the design of compressors with maximum pressure 

ratio compatible with high efficiency and high air-floVi capacity is quite 

critical and makes it imperative that V'O obtain more accurate and detailed 

information on the flow processes within tho oompressor. 

For this purpose, several l4-inch experimental compressors have ' been 

used cxtensiv81y at this laboratory to obtain such valuable information as 

Mach nu:nbor and turning angle limitations 1"ith different types of bl ades. 

The oxprrioncc with -I:;hc se compressors, hovvevor, has sho'wn that much l arger 

compressors nre necessary for inv8stigating the details of the complicated 

flow processes within axial-flo1N compressors. A 3D-inch compressor has been 

built and is installed in the setup to investigate th~se processes in compres
~ ""I 

sors having up to four stages. But € vcn this compressor is not large ~nough 
"'\ -< 

to investigate such important problems as the boundary-layer flo¥T and pressure 

~ distribution about rotating blades. To satisfy this need, this 72-inch com

., .. 


pressor has b€ € n built and '\I'ill be ready for use in the nC";ar future. 


In order to obtain the most out of this 6quipment. it is necessary to 

supplement the experimental work with extensive theoretical investigations. 
... ~ 

To accomplish this end, a separate section is devoted to fundamental analytical , .. 
investig&tions on problems relating to compressors and turbines • 

.. 
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In summarizing, "'e muy say that 0. substanti a l increase in pressure r a tio .. 
'- , , 	 pOl" stage has alro Rdy been obtained as a result of the investigations dircoted 

tov'2,rd det ('rmining the optimum combination of l\!iuch number, blade camber, and 

blad e spacing; and, tha t the incorporation of the se principlcs in multistage• 
I- • 	 compressors should r esult in a substantial reduction in the number of blades 

and thc axia l l ength, and an increasc in tho r e liability of futuro compre ssors. 

So far we h[,vG be en concernod only with the so-called subsonic axial-flow 

compressor. ' ['.;0 have s een tho.t L.' rgc the orotica l ga ins in pre ssure ratio are 

obt ninable by incroD.. sing the Mach number, and that tho main reason for restrict 

ing ours e lvos to subsonic flow is the' rapid drop in officienc y tha t h~::. s been 

Gxp c:: rim€	 nta lly found to occur wi th convcIitiona l a irfoil blades a s tho inl et 
., , 

Ivh ch numbe r a pproa ohe s one • 
• 

j ~r. Graham v;ill no'\A' discuss v'hr,t the Nl1. CA ha s dono to dev e lop spe ci a l 
 

.., 
bl ades thnt ~ill e ffici ~ntly diffuse supersonic velociti e s and thus obtain 
 

'. > 

much highor st a ge pre ssure r a tios than a r e possibl e 1dth subsonic compressors. 

" 4 

.., , 

" 
'r " 

, y 

y " 

, ... 
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METHOD OF OBTAINING LARGER TURNING EFFECT OF MACH NUMBER 
ON PERFORMANCE 
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Figure 17. 
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Figure 18. 

THEORETICAL PRESSURE RATIO 

FOR A SUPERSONIC COMPRESSOR STAGE 
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SUPERSONIC COl<:iPRESSORS 
1 

"-." 	 by Robert C. Graham 

-
As pointed out by hr. Sinnette , one of the major factors limiting the 

• pressure rise attainable in axial-flow compressors is the Mach number rela
• 

tivo to the blades. An analysis of tho problem indicated that if high 

relative velociti e s could be used, the pressure ratio could be increased con
~ 

siderably. The NACA, therefore, initiated an invcstig~tion of speci a l blade 

shape s 	 over which tho vc10ci ties arc gro 8. ter thnn the speed of sound, and to 

which the conventional limits of pressure ratio do not apply. 

Although supersonic compressors arc in the early st ~ge of development, 

rosults nlreac1y obtained have shown that it is an outstanding compress or type, 

and that it has inherent advantages of high pressure ratios p6r stage and high 

mass flow. 
y 

~ .. One method of utilizing supersonic ve lociti e s in ~ compressor is illustrated 

• 	 in figurE !~ . The compressor consists of a row of spE;cially shaped rotor 
 

blades which r evolve at a ver y high spoed follo'wed by a row of conv6ntional 
 

..., 	 subsonic stator blade s whi ch nr e st~tionary. The air enters the compressor 
 

in an axial direction and with a velocity clos o t o the speed of sound, thereby 
 

provid i ng a high mas s fl ow. The ins ert shows an enlurged vie'l' of the rotor 
 

and stato r blade pnss o.gc . The subsonic axi al velocity combined with the high 
 

rot~t i onq l ve loc i ty of the rotor r esults in u supersonic velocity relat i vG to 
 

the movinG blades . 
 

Tho rotor pnssngo may t he n be consi dered u supr rsonic diffus er. At design 

conditions. a nor ma l shock wave i s formod at t he point of minimum ~rea . As 

the air pus ses through this shock , of course. the pres sur e is increased and.. 
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the velocity becom€s subsonic. A further increase in pressure is obtained 
't 

from the diffusion of the air in the passage following the shock. The air 

« then l eaves the rotor passage in this direction relative to the moving blades. 

NOVI, again applying the rotativG speed of the rotor, which tends to carry the• 
air around with it, the absolute velocity of the air entering the stators is 

... 
subsonic and is in t his direction. The operution of the stators is, therefore, 

the same as in a conventional subsonic compressor •.. 
Figure 'lO shows the theoretical pressure-producing capacity of this type 

." of supr'rsonic compressor. Pressuro r atio for D. single stage is plotted as a 

4t 	 function of blade turning angle and compressor tip speed. Blade turning anble 

is de fined e.s the angle through which the air is turned in pussing through 

• the rotor. For purpos es of this figuIlt the pressure r atio is calculated on .. 
the basis of t wo-dimensional flow, considering only normal shock loss es. 

These theoretic (·.l curves show that this supersonic compre s sor is capable 

of producing extremely high pressure r atios in a single stage. Pressure ratio .. 
increases v;i th turning angle and t~p speed. However, as pointed out by 1\:Ir. 

Sinnette, there is n limiting entrance kach number into subsonic stator blades, 
.. 

thereby restricting the performance to the shaded area. It may be possible 

" to design stators for supersonic flow also, but since this creates complex 

problems -of stnbility, the NACA has , to date, restricted its resoarch to com~ 

pressors '!lith conventional subsonic st :;;. tor blades~ ),hen losses are taken 

into consideration, it is prob~ble that this type of supersonic compressor 

~ith subsoni c stat ors wil l be limited t o pres sure r at i os of 3~ or 4 t o 1. 

The nttainm()nt of those pres sure ratios in a single stage "'ill, of 

course, be of gre p. t significance in the gas turbine fi Gld. 

~ 
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at +~ ~ tipper r;sht 0)1 th e oI. /sp/ay bo() vd.. (see photo~rqph C-Z 23 ¥b) 
Shovm .em PiP"IIII3' is the rotor used in the initial i nvestigation 

1\ .. of tho supersonic compressor in air at this laboratory. The rotor blades 

.. 
are very thin and therefore had to be supported at the tip to prevent dos

tructive vibrations. In order to obtain the required structural strength, 

it was found necessary to machine this rotor from a solid steel forging. 

The machining w~s thorefore a complex, time consuming, and costly process. 

At the 1947 inspection, the pc; rformance of this compressor was sho1}n ' 

for a single operating speed. At this time I would like to present the per

I ~ 
formanco over the entire speed r unge, and point out a f ew of the more important 

." results obtained from tho analysis of tho data • 

Figure I shows tho over-all opere.tional characteri stics of the compres

sor, with pressure r atio plotted Q S a function of weight flow f or a r ange of 

tip speeds. Before these results were obtained, it wa s f e lt t hat the com

pressor might not operat e satisfactorily until high tip speeds were reached, 

thus cr cH:, ting problems of low-speed opero.tion and acceleration. Howover, no 

such 'Oroblems were encouptcred. As can be s eon, the performance at 800 feot 

per second is comparable to a present-day subsonic stage, with a wide range 

of weight flow and a peak pressure ratio of 1.18. As the spoed is increased,
'i 

through the transoni c r ange , the peak pressuro ratio increases and the 

• characterostic curvo becomes more ve rtical. At a tip speed of 1765 f ee t per 
~ 

second, the compressor reached a pressure ratio of 2.08 and operated at the 
't' 

nearly constant V'lcight fl m'.' that wa s predicted from supersonic theory. This 
.., 

pressure r at i o is, however, less than that for which tho comprossor was de si gned. 

04 A more complete analysi s of oper ation . b~so d on deta iled flow measure

m~nts, ind icat ocl two mothods of improving t his performance. The first met hod 
~ 
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can be illustrated bv r of e r ence to figure 1-2which shows a profile vicw of a 

'--" blD.d " pu s sage . On tho basis of the t wo-dimensional theory used for this dc

• sign, Hir entering the blade passage at a given radius ~'.'as expecte d to flow 

straight through the rotor. . Inst€ud it was found that forces wero cror:.ted 

in passing through the shock 1~hich deflected the air inward in this manner. 

This resulte d in concentration of flow at tho hub, ,with the tip section of 

the pa ssage being practically ineffective. As a r e sult the expected diffusion 

in the passage WElS not obta ine d and the pre ssure r atio v·'as there fore lower 

than that predicted. On tho b a sis of this stud~r, .it became apparent that 

the three-dime nsional [,spects of flow must be taken into a ccount and that the 

blades must be designed to e liminate the forces 'which caus e the defl ection 

• 
of the str(' am line s. 

". .. 
The se cond l~othod of improvinb the supersonic compressor is to increase 

.,. 
the bla ck turning angl e . This increased turning is a ccomplishod by oblique 

shock V!iL,V 0 S in the pc ss age ahea d of the norma l shock. There are t wo advant:1g~ s 
~ ~ 

to this supersonic turning: (1) tho pressure ratio is substantially increa sed 

r 
as vms shown on a previous chart und (2) the bl ade s cem be made considcrs.bly 

0( 

thicker than those used in the initial compressor.
'" ~ Showy. 0'" the.. &AJsplqy Poayo( ,'s a seCOl\o{ YotOY -the blades aV"e... 

Fi~\i1"8 i!!h e~, s e. ble:8~designc d on this basis. Since ~Aapproximutely 

~ 
three time s as t h ick as the thin initial blad es, it is possible to eliminate 

.. 
the shroud and use blades "rhich a r e machined separately and inserted in the. " 

rotor hub. The signi ficance of this i mprovement in compressor design from a 

.. 
manufacturing s t andpoint is evi dent f r om n comparison of t his rc l a tiv8 ly 

~ 

s i mple rotor w5.th the c ompl ex rotor u s ed in the initia l inve stigation. 

In order to fully realize the pot r-.ntialitics of the supersonic com
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pros sor, t ho }rACA is conducting an extensive r esearch progrum. Results al 

1. roady obta ined, on which I have touched bri ( fly, have been released in the 

form of t hr e0 r eports. The objectives in this program are the s o.mc D.S those 

of over-all compressor r osearch; that is, to obtain high pr essure r atio per• 
st e, gc, sme ll fronta l a rea, and good efficiency; at the same time to provide 

a compress or that is s imple , and e:£\sy to manufacture . The attai nment of these 

gener a l obj ective s on the centrifugal, axial-fl~! , and supersonic type s of 
. 

compressors is essential for maximum performance of gas turbine power plants~ 
~ ~ 

for nircraft. , 
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