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- _ - _ -I
-

.
ae ch on t e snbje is aeeded to ind t e best piston arrangeme t and mot on syn-

on tion to g ve s i c cle e ency and power out ut witho t egcessive si e
snd we ght.

iA T R NE

' 1. D c io op
A mple urbop o or gas rb e-p opell er ombiaa ion is show schemati a ly

to Fig. 1. A r ente s t let dn t der local atmospheric onditions, and is co -
psessed by a compresso of eit er e a l or centrif gal pe. The original press e

d te perature of t e e terin s i re denoted by P, and ' espe t ely, and the
alnes c a ge through e i et d ct to P a d T: at the upst eam face of the com-

p ssor. hrough the o p essor, t e pressure is increased to P, and the temperature
to T: respect vely. Comb don takes plsce in t e combus on a ber i to ich fuel
i u p ed t ough ao r s T roag o b stioa, t e pressure d ops somewhat to
P., wl le t e te pe t e s in rca ed b the combustion p ocess to T . The produ ts
of o b ion, a ele a .pr ss e a d e per t re, pass through he t cbine, through

1 c e pressure dr r o a a ne P s d t e temperature to T he e haust gases
' t e psas t ongh t e a pe he e the are nall y discharged to t e at osphere

der ondi ions P, and ' . e ompressor and turbine are usuall y tercoanec ed
he same s andb a t, n nor al o oprop p rt of t e turb e work s used n d v g

the compres or, wh l e r der gce s into t e propell er dr ve. ome residual
e ergy ce s i to t e je , is a so li ed or prop lsion. Ia t e pu e turbojet,
w i w b d ossed n e ae t o , t e tarbine tak s just enough energy from
the ss to dri e t e co p e or, e e rest of the energ goes enti ely into the jet
a d is t e so le m a s of propu sion.

Z. . r od na i Cr .
The si ple gas.tnrb cle s epresented on the pressure-vola e d agram in

Fig. 2a. A - B rep e en e sd ab c c mpre sion in the co pressor, B - C is com- _b s oa at essen s ly n t pre sn , d C - D is adiabati c c ansion in t e turbine.T e net work performed by he cyd e given by he area u der t e r e. is same
c cle in t e temperatar t y or the e t a py-entropy d agra is s6own in Fig. 2b.' e vl lines sho the eo eti l e with adiabatic expansi n, and the dotted lines

, represeat t e ac ua c e here the de adon om the adiabat c is dne to losses in t e
' c pre sor and tn bi e

F m suc di g ms, e spe c net power and t e spe c fuel cons mption can
be est mated for v rion ed ond tions of press e ratio , t biae inlet temper-
atnre, compressor e e y, tarbi e 'ciency, etc. This as been done by M. Alperin
or a syste atic series tl es of t e d erent fa tors, for the purpose of studying

rio ue ce on s-t rbin pe fo m nce, as discussed in the foll o ia par -
g

. f nc. r a ro . ,For t e de elopme of tu e i pro ed gas turbines, it is of importan e ot study
the n uences o a s t rs on th t eore al perfor a ce of t e gas turbine. One

4
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4. od o b i Te po ry cr a e of ru . . '
Methods of o bta n ng te po ary increase of thrust are especially im ortant for

jet engines at bo th ends o f t e speed ran e. Fo r take-o ff the over-all effi cien y o f the jet
un it is lo w due to t e high residual knietic ener y asso ciated with the larg e di erential
between jet velo city and a rpla e speed. Since the e iciency o f he turbo jet increases
w ith rpm , cruising co nditio ns are clo ser to the m aximum tha is the case fo r a co n-
ventio nal en ine. Increased t rust is, therefo re,

desirable for tem po rary increase o f
speed.

O ne metho d o f o btaining a te po rary increase o f thrust i s by af erburni g o r
supplementary co m bustio n in the tail pipe. T he am o unt of th ust increases w ith in-
c easin pressure ratio . T erefo re, terburning i s especially e ective w i high pres-
sure ratio gas turbines, an d the thrust increases rapidly w ith ght speed due to the
ram pressure . I he repo rt by Sears, Ashkenas, and Hasert, it w as estim ated that
lt o ug superso nic speeds w ere questionable fo r turbojets now in o peratio n, a ter-

burnin wo uld fur i sh eno ugh thrust to m ake superso nic speeds appear feasible . D ue
to the importance o f this questio n, it is reco m ended that systematic theo reti cal and
ez peri ental studies be co ndu ted to explo re the po ssibilities of afterburning , es-
pe all y at superso nic speeds.

Another pro m ising means o f o b aining increased thrust is by li quid injectio n,
es ec ially in co m binatio n w ith a erburnin . Injectio n o f amm onia and fuels sho uld
receive furt her attentio n, espec all y w ith regard o o xyg en-bearing fuels fo r altitude
o peratio n.

5. ima a S p r o ic pe d
.

Experimental data o n t e perfo r aace o f turbo jet units above the speed of so und
are g reatly needed at the present time fo r the predi io ns o f future applic tio n of super-
so nic ai rcraft. So me t eo red cal estimates of turbo jet perfo r aa ce at supersonic speeds
have been made by M. A perin. T he assum ptio n was m ade that a sho w ave fo rm s in
f o nt o f the du t ent ance of t e t rbo jet, and that the ft ow throug h the turbo jet i s
subso ic. Pressure, densit , aa d temperature changes acro ss the sho ck wave w ere
calculated by the usu l si o ck equatio ns. W ith these new values o f pressure , density ,
and tem perature at the inlet, the t bo jet per o rm ance w as calculated in the no rmal
way. Sam ple cu ves sho ing the infl uence of pressure ratio o n speci6c fuel co nsump-
tio n fo r several Mach n bers are given in Fig . 14 . It is to be no ted t at the o ptimum
pressure ratio of the turbo jet co mpresso r decreases w ith increasing Mach num ber as
wo ul d be expe ed be use of t e increasing co ntributio n o f ram pressure. It is seen
fro m the curves t at as Ma num ber increases a value wi l be reached w here the o p-
ti um co mpresso r pressu e ratio is o ne, and the turbo jet beco mes a ram jet. T he trans-
iti o a po int betw een tarbo je and ram jet depends o a the assu ptio ns as to turbine-inlet
te perature, co m presso r effi cien y and turbine effi cien . T he hig her these values the
6 ig her the Mach nu ber at w hich a turbo je w ill be eff e ive.

T he infl uence o f turbine-inl et tem perature o n specifi c fuel co nsu ptio n and speci-
6c t ust is sho w n in Fig s. i S and 16 respectively, fo r a ight M ach num ber of 1.6 .

It should no t be co n uded f o m t e above, ho wever, t at turbo jet u ita no w in
o pe atio n are capable o f pro pul sio n at superso nic speeds. In the repo rt by Sears,

10
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- - - ,
4

4. C np or R a '
I

Axial compressor have been dev o ed to a fa rly high state of eff ciency by using
many stages of relative y highty loaded air oil-type blading. The use of lattice-type
bladin with closely spa d and highly cambered blades, as developed at Wrig t
Field or saperso ic iad-t nel co p essors, would greatly increase t e stage pres- ,
sure rise, and, there ore, decrease the n mber of sta es. This would be quite ad-
vantageous to ards decr asing the weight and complication of a as-tu bine unit
p oviding high e en could be maintained. However, the chief a tor li iting
t e develop ent of hig er stage pre ure ratio is the a nost complete lac of e eri-
mental data on the be a ior of blade sec io s in lattice arran emeat at high Mach
n ber. Since the stage press re developed by a compressor is approximately pro-
portional to the square of the inlet Ma h nu ber, it is apparent t at any ain in inlet
Mac nu ber is ve advantageous provided t at no excessive loss of e ciency is
involved. Hi h-s eed blade research s ould be actively sponsored not oaly in two-

,
di ensional stat ona y h ce mode s, but also on three-dimensio l rot ting grids.

Bou d ry layer coatrol appli ed to ompressor blades has been considered b
t e Power Plant Labora or , Wright Field, b furt er in estigation is needed to see
i the increased compli ati on is justifi ed.

o t er po ssibil ty is the utilizatio n o f superso nic fl o w in the co presso r. Encke
o Gotting en experi e ted w ith w edge-shaped roto r blades at superso nic relative
velo c itie s, but fo und t e o perati g co nditio n to o far aw ay fro m the desi n point to
w a rant any co nclusio n to be dra . W ei se o f t e DV L has an egperi ental co m -
presso r w hereby the velo ty leaving t e ro to r blades w as superso c. T he stato r vanes
behind the ro to r w ere arra g ed to a e a no rmal sho ck w hich added to the pressure

' ri se . Estimates sho w ed p om ise o f co nsiderable increase in stag e-pressu e rise in this
w ay, but prelim inary e perim ents s o ed deviatio n fro m the desi n co nditio n to o
. eat to be co nclusive.

Considerable in ea e mass ow and associated t ust per on t frontal area
of a gas-turbine unit is be eved possible by a Cial compressor rese rc aad develop-
ment. Wind•tunnel o pre or desi at Wright Field has ind c ted that s a er hubs

i ht be used tha is s all y ed i present gas•turbine systems. This means in-
creased disk area aad asso ated cre se mass 8ow and thrust. At the sa e time it
is bel eved that t e a al velo ity components relati e to the blades can be iacreased,ith still fur her in ease of mass fl ow and thrust. To explore these possibilities re-
quires intense appli ed re ar in the fi eld of compressor design, especiall y for three-
dimension l 8ow in rot t ng system . .

It is reco n ended that the subje t of hig -speed fl ow i rotating achinery be
g en much more attention in the fat re. gh-speed compoaent test facili ties are
needed.

S. H - e ps c 1 s ials
T he develo pment of ig -tem pe tu e m aterial s is especially impo ant in view

o f the co nsiderable incr ase o f hrust o r po w er per nit frontal area w hich o ccurs
wit i crease o f the t rb ne inlet temperature. It sho uld be emphasized t at the fatigue

ara teristic s at high tem peratures are o f g reater im port nce th si ple rupture

- 14
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• . Fu. / Rs a .
It is reco ende t at m o re udy be g iven to the heat co ntent per it vo lum e o f

vario us fuels as w ell a t e he t co ntent per po und, since w it the l rg e quantities o f
el t equired b jet irp es, the ontal area is a sig nifi c nt fa o r. Co m bustio n eff -

cienry sho uld al so be studied, sin e a uel w it a hig h energy co ntent may lo se its
advant ge if the co m bu tio n eff cien y i s low . H ydro en i s attra tive f o m a heat value
st dpo int and investig atio n is reco m ended as to the po ssibil it fo r its utilizatio n•

Development of fue for high-altitude operari on: It ay be necessary to carry
Ruel wi h a certa n percentage of self-o idi er to be used for altitudes above the li its

of normal combustion.
O para o unt impo rt nce fo r the uture is the po ssible uti z tio n o f ato i c

fuel s. T his is di s ssed in t e re o rt by H . S. T sien. It is po inted o ut that altho ugh
e e t co ntent o f ato c uels ran e etw een 3 x 10 8 and 3 x 1U10 BT U/ !b as com-

pared w i h 1.8 7 z 10 H U/ l b fo r gaso line, tbe sig a i5 nt facto r fo r its utili atio n in
as t bines, etc., is the te o f ener y release, w hich i s abo ut 5 10 ' B / hr/ lb

,fo r a t p ic c se. Altho h lo w, app t o n to s-turbine propulsio n appears w ithi
t e ng e of feasible appli t o n.

There is a distin need for engineering development work to apply the abstract
results of nuclear physics to engiaeering udlization of nu lear power for p opulsion.

9. Cyc . R a c
h has been o ted an earli er part o f t i s repo rt t at co nsiderable g ain in f el

eco no my can be o btai ed by use o f regeneratio n , reheating , use o f a o sed cle w ith
as under pressu e, e t . H ow ever, e advantag es are co unterba ced by increased

w eig ht and co mpli at o n. It w ould be hig hly im po ant to k o w to w hat deg ree w eig ht
and co mpli catio n mig ht be ut do w n by suitable research o n heat exchang ers and other
su item s entering t6 ese cy es.

h is reco mended t t e co ponent pa t involved in c e improvement be
snbje ted to systemat c research regarding future i prove ents. Si ilar studies
should be ade on e compound en ine, the free-piston system, the turbofan, and
c e use of new gases in csnjunction with a closed c cle.

10. D R c .
At ig speeds the erodynamics of shapes at e trance and exits of duc s, as well

as lze interior portions, become in ea ingly impor nt, espe ally at transonic and
upersonic speeds. It has been found for instance, t at an i crease in di user e -
ea at superso c speeds is obt inable b cone, entrances, and also by suitable boun-dary ayer co tro The w ole subje t of high-speed fl ow in duc s should be he sub-je of combined theore ical and e peri eatal research. This should also include the

e e t of a les of at a or w on the fl ow, since unbalanced entrance condition a
tu the aerodynam c perfor a ce of compressors or turbines, and if the nonuniformi-
ty is great e ou h it may lead to b ade failures. Theoretical work on compressible
fl ow should also in ude the fl o th ou h both t e rotating and stationary blades of
compressor and t rbi e.

16
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the speci c fuel consu ption. However, the diff ere ce for a rather large change from
pressure ratio nine to pressure r tio six is quite small. The parts of the curves for ight
Mach umber less than unit are d wn in bro ken lines, to indicate that the simple
theor does not correspo d to a real situation, due to the negle t of expansion and
escape of the combustion produ ts from the front opeaiag of t e du . Thus, in general,
the ide li zed valveless aeropulse will g ive a speci6c consumption equal to 2 1b/ hr/ lb
of gross thrust in the supersonic regio n. A tually, of course, m nor losses are in•
evitable aad a valveless aeropulse will have a specifi c consumption somewhat higher
than this, i.e., between 2 and 3 1b/ hr/ lb•thru st. The higher value is the specifi c con-
snmption of the valved ty pe, for example the Germaa aeropulse for the fl ying bomb.
2. INCREASE IN THRUST COEFFICIENT

For the valveless aeropulse the throttli ng eff e of the spriag valve aad the ventu i
is eliminated and the pressure of air in the combustio n chamber at the beginning of
combustion is wice as high as for the valved t pe. Siace the temperature of the air is

' the same as in the previous case, the density o f air in the amber is also twice as lar e
as for the valved type. Thus the mass of air fl owing through a du of given size w ill
be doubled. If the heat added per unit mass of air is made the same by usiag the same
combus ioa pressure ratio , the tot l heat added will be twice as large. Oa the other
hand, the specifi c consumptio is lowered by a a tor of tw thirds, as stated in the
preceding par graph. Therefore, the thurst produced for a given size of the duc will
be three times as large as the valved type. A tually, i losses o ccur, the diff erence will
not be as large. How ever, it seems that a CFas high as 1.0 for a val eless aetopulse
in supersonic Hight can be considered reasonable.

CO CL I N 6 REM A RK S

In the fo re oiag sections, the possibilities of urther improving the aeropulse
are di scussed. It seems that with these developments a ight eight aeropulse could
be made, with a weight as low as 0.16 1b/ lb gro ss thrust at sea level, especiall at
high speeds. The speci6c consumption based upon the gross thrust could be lowered
to about 2 1b, hr/ lb-thrust. However, to carry out these investigations, a supersonic
wind tunnel of large enough test sectioa so that a complete aeropulse can be tested
with burning, is a necessity. The strongly pulsating fl ow around and inside an aero-
pulse indicates the close relatioa between the inside fl ow through the du t and the
o utside ow around the duct. Therefore, only a complete model test ith the model
submerged in aa air stream can reproduce the corre t fl ow conditions. Static tests,
or tests with air ow through the engine, wo uld be misleading and unreliable.
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I to _ - - -

Fo r superso nic fl ow s , the matter is much mo re co mpli cated due to the presence
o f the sho ck waves. If the fl o w thro ug h the du is sm all co pared w ith the size of the
duct, then the o w velo cit in the du t must be lo w and the sho ck w ave i s fo rced to
the fro nt o f the d ff uso r o pening . For thi s case then, he pressure ri se can be calculated
by ass uming a no rm l sho c fro the superso nic fl ig ht velo cities to subson ic velo ci - _
ty. After the s o , the o w is subso nic and the subso n ic test data can be a pl ied, i.e.,
8 5 diff uso r effi cienc fo r fl o w behind the sho ck

. T he o ver-all effi ciency includ-
ing the sho ck is, ho w ever, much lo w er.

At M ach nu ber 3, the effi ciea y i s o nly 30 .
T his i s the basis o f Ref. 2 .

Ho w ever, th is is real ly an o versim plifi catio n, as the sho ck w ave do es no t alw ays
o c u ahead o f che d so r o pening . If the Aow throug h the du t is larg e, the sho ck
w ave is ge e a y o b que to the stream directio n and o c urs w ithin the diff uso r. T hus ,
the situatio a is no t unl i e that o f the diff uso r after the test sectio n o f a superso nic
w ind unnel. H ow ever, fo r the latter case, there is a rather thic bou dary layer at the
beg innin o f the diff uso r w hil e fo r the diff uso r o f the ram jet, there is no such bo undary
layer at the entrance. It is w e l kno w n that the eff ect of bo undary layer is to cause
a pre ature o ccurrence o f sho w ave and thus is detrimental to the co mpressio n
pro ces s. If the sho ck in t e entrance diff uso r is w eaker than that in the w ind-tunnel

i uso r, then m uch better o ver-a d ff uso r effi ci ency than that used in Ref. 2 can be
achieved . T he eff e t i s sho w n very clearly by the recent tests of A. K antro w itz and C.du . D o naldso n (Ref. 5) . T hese tests dem o nst ed that the e ici ent superso nic diff u-
so r s o uld be desig ned ith a co at i g entrance sect o n befo re the fi nal expandia g
se tio n .

T hen the sho ck wave w ill occur n the neighbo rhoo d o f the thro at.
T his m eans

that the velocity o f the a r stream is co nsiderably reduced by t e co atracting sec-
tio n befo re the sho ck w ave appears. Since the lo ss thro ug h a shock w ave decreases
if he velo city in fro nt of t e s o k is reduced

, the effi ciency o f such a di uso r is con-
siderably higher t an t e d

.
ff uso r w ith a no rm al sho ck ahead o f the entrance as

assum ed i Ref. 2. T hus the diff uso r co m pressio n e icienc used in Ref. 2 is o n the
co nservative side .

4
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occessful, this ne method of ooli g will ive rise to a syste atic resear on
the develop ent of porous meta s for nozz es of rocket motors.

In p a ning f tur research on metallic materials for rocket-motor ower plants,
re ul consideratioa ho d be given to the coaditions u der whic these materials

are bein used. Since cooli ng app essential for long-duration aircra applications,
the actual temperature of the metal aa be maintained with in reaso nable it T here
is , there o re, no need fo r al oya havin e ceptio n ll y hi h stren th at hig te pera-
tare. N ot to o much em p sis shou d be placed o n creep pro per es at hig h tem perature .
On t e o her hand res atance to co rro sio n , lo w thermal e p nsioa , and especia y

g ther al condu t it , sho uld be the c teria o f quali t .

3. C. ra nic a r a s or R c P P t .
he use o f cer ic a eria s in the co nstructio n o f ro c et m o to rs has so f r been

. er li mited. heir se o uld certaio ly be justifi ed since they com bine a high elti ng
po i t w th a lo the al eo ndu tivit . A ce amic li ner in the co mbu t o n ch ber
o o cket m o to r w o d e i i te o r at l east si plify the pro blem o coo l g . Fo r
rather sho rt-duratio n app li c tio ns, t i s o bvio us that an unco o led m o to r i s adv ntag e-
ous from the pro dact o n po int o f iew . Fo r a rcra ro c et po w er p ants, an uncoo led
mo to r has less ha cea o f succes , but in t i s c s e the cera ic li ner m ay be used to
reduce the eat tra sfer to the co ol g fl uid . T hi s fa to r is of special interest w th

so me pro pellants ike nitrom ethane fo r w hich, at present, no reg ener tively coo led
moto r an be safely o pe ted be a e o f the dang er o f overheatin the pro pe l ant
i the coo li ng co il.

The type of cera c materi l req red in a rocket motor may depend on a number
of f tors. In eneral, 6owever, it an ,

be e e ted that only very hi h-melting-point
cer ic bo dies have a c ance of success. A te perature of t e order of 3600°F ay
be t en as a lower l mit for the mel in point requirement. This consideration eli -
minates most of the co erc all y available cera ic material . T e most pro sin
ceramic bo es see to be t oae de of p e o ides, or co bi ations of o des, with
melting points abo e 3600° . o ese o cides t e most interesti seem to be
t o se o f alu i u ,

beryl i , z rco ium, and tho riu . he pro do c o n of such cera ic
materials having ver hig h elt ng po ints presents g reat di cul es be ause o f the hig h

ng tem perature req ed. It i s no t comm o n prac ce in t e cera ic industry to o per-
ate rnaces abo ve 30 0 0 . T est specim ens w ill have to be prepared in labo ratory
arnaces especial y bai t to pro vide he necessary fi ring tem perature.

To be used as a l er for a co bustion cha ber, a ceramic aterial does not have
to retain a very high s t n th at igh temperature since it is co pletely support ed
by the outside metal strn ture. e er, howe er, should have a su ent resistance
to apid variat ons in temperature. is condition may be more diffi lt to satis
than that of having a high meltin point. A careful study should be made of the coadi-
tions-under which a ce ic material fails when snbjec ed to changes in temperature.

hea the crit cal a tors of t is p oblem are k own, the material could be systematic-
all y i proved.

Cera ic li ners ha e already be n ed w ith so m e success. A rconiu o cide
cera c, fo r e a ple, an be used in a nitri c acid - aniline m oto r fo r seve al miautes

110
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