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THEORETICAL INVESTIGATIONS ON TRE EFFICIENCY AND THE 

CONDITIONS FOR THE REALIZATION OF JET ENGINES* 

By Maurice Roy 

PRELIMINARY NOTES ON TRE EFFIClENCY OF PROPULSION SYSTEMS 

Definit ions - Notations 

1. The concept of eff ic iency of propulsion i n  a f l u i d .  

The so-called "propulsion system'' i s  a system t h a t  transforms par t  
of the avai lable  energy of a f u e l  i n to  propulsive energy without 
d i r ec t ly  par t ic ipa t ing  i n  the  support of the  propelled system. 

Such a propulsion system may be regarded as d i s t i n c t  from'the 
propelled system, as i s  the case, f o r  example, on the propeller-engine 
un i t  forming an engine nacelle i n  a d i r ig ib l e  o r  similar systems cal led 
power eggs (or  engine nacel les)  i n  ce r t a in  types of a i rplanes where 
these nacel les  a re  d i s t i n c t  from the  body and the wing un i t .  

In these conditions, it i s  seen tha t  the useful  e f f ec t  of t h i s  
propulsion system i s ,  as t o  force,  the  th rus t  which the sa id  system can 
transmit t o  the  propelled system. This th rus t  T i s  reckoned i n  the 
d i rec t ion  of the forward speed V and i s  taken posi t ive i n  d i rec t ion  
of t h i s  speed. A s  t o  power, the  useful  e f f ec t  of propulsion can be 
represented by the work or energy (TV) per un i t  time of the th rus t  
moving a t  speed V.  The product TV i s  the useful power of the 
propulsion system. 

T, 

This useful  e f f ec t  must be compared with the consumption of the 
avai lable  energy supplied t o  the system i n  un i t  time, which i s  obviously 
represented by the  avai lable  energy of the  mass of f u e l  consumed i n  
un i t  time. 

*"Recherches The'oriques s u r  l e  rendement e t  les conditions de 
rga l i s a t ion  des Systkmes Motopropulseurs a Rgaction. I' 

Scient i f iques e t  Techniques du Ministgre de l t A i r ,  Service des 
Recherches de l'A&onautique, 1930. . 

Publications 
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To f ind  th i s  available energy, it i s  necessary' t o  resor t  t o  
thermodynamics. 

Without going in to  de t a i l s  outside the scope of the subject, it 
should be remembered tht, i n  a system subjected t o  chemical t ransfor-  
mation, such as the powder i n  a cannon or  the fue l - a i r  mixture i n  a 
heat engine, the available energy depends, i n  par t icular ,  on outside 
conditions. On the other hand, it i s  known tha t ,  even when these condi- 
t ions a re  su i tab ly  specified, it i s  not possible, i n  general, t o  
accurately determine the var ia t ion i n  the available energy tha t  corre- 
sponds t o  the chemical reaction involved. 

However, a s  a general rule,  t h i s  available energy or, more 
precisely,  i t s  diminution between i n i t i a l  s t a t e  and f i n a l  s t a t e  of the 
visualized reaction can be represented by i%s "ca lor i f ic  value" (a lso 
called heat value) of the system subjected t o  the chemical reaction i n  
que st  ion. 

This is ,  moreover, a convention universally employed i n  the study 
of heat engines and which i s  ordinar i ly  adopted without even noting the 
theoret ical  objection which it ra i ses .  

In the present report ,  the energy available per uni t  mass of f u e l  
is represented by i t s  low heat value ( tha t  is, without condensed water) 
at  constant pressure measured a t  standard atmospheric conditions 
(pressure: 760 mm of mercury; temperature: 15' C. ) . A s  t h i s  value, 
designated by L, i s  prac t ica l ly  independent of the pressure and 
temperature changes of the surrounding air, the convention thus acknowl- 
edged w i l l  be val id  whatever the a l t i t ude  of operation. 

Thus when m represents the mass of f u e l  consumed i n  unit  time, 
the input of t h i s  propulsion system i n  uni t  time is  equal t o  mL. 

The eff ic iency of the system is, theoret ical ly ,  the r a t i o  of the 
useful e f fec t  t o  the input. 

With the quant i t ies  T, V, m, and L being assumedly measured 
i n  consistent units,' the over-all  efficiency w i l l  be defined by 

1 
M.K.S. uni ts ,  where T i s  expressed i n  k g ,  V i n  m/sec., m i n  

un i t s  of mass (weight i n  kg divided by 9.81) and 
mass. 

L i n  kg per un i t  of 
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It should be noted t h a t  t h i s  over-all  eff ic iency as defined i s  not 
necessarily lower than o r  equal t o  unity, as it should be i n  order t o  
completely correspond t o  the  log ica l  notion of eff ic iency.  

2. Definit ion of t h e m 1  efficiency. 

I n  the  propulsion system, which i s  none other than a heat engine 
whose useful  energy i s  real ized i n  the form of energy of propulsion, it 
i s  necessary t o  dis t inguish between: ( a )  the act ive bodies, t h a t  is, 
those which, at the end of a period of operation i n  the cycle, a re  i n  a 
d i f fe ren t  physical o r  chemical s t a t e  from t h e i r  i n i t i a l  s ta te ;  (b)  
intermediary bodies, t h a t  is, those whose s t a t e  i s  the same at the 
beginning and at  the end of a cycle. Among the l a t t e r  category belong 
the so l id  elements of the  system, as well a s  the f lu id ,  which work i n  
closed c i r c u i t s  (such as the cooling water o r  the lubricat ing o i l ,  f o r  
example ) . 

Among the act ive bodies belong the fue l ,  and generally, the air, 
whether the l a t t e r  functions in  the system as .propel lant  or  merely 
‘serves t o  d i lu t e  the products of combustion. 

‘At entry in to  the system, these act ive bodies a re  in  a cer ta in  
Both the a i r  and the f u e l  

pa and atmospheric tempera- 
i n i t i a l  s t a t e  or  s t a t e  of admission ( a ) .  
a re  assumed t o  be a t  ambient pressure 
tu re  Ta. The fue l ,  i n  t h i s  s t a t e ,  moves with prac t ica l ly  negligible 
speed, but the air may have an appreciable speed. 

A t  the  e x i t  from the system, the act ive bodies f ind  themselves i n  
a cer ta in  f i n a l  s t a t e  or  s t a t e  of evacuation ( e ) .  
pressure i s  assumed t o  be uniform and always equal t o  the ambient 
pressure pa. (Actually it can d i f f e r  substant ia l ly  when exhausting i n  
a low-pressure zone, but t h i s  has no appreciable e f f ec t  on the systems 
involved here . )  
well as the veloci ty  cannot be uniform, t h a t  i s  t o  say, ident ica l  f o r  
a l l  act ive bodies leaving the system. 

I n  t h i s  s ta te ,  the 

On the other hand, i n  s t a t e  ( e )  the temperature a s  

The system t ransfers  t o  the outside by radiat ion and conduction a 
cer ta in  quantity of heat ( m a )  i n  un i t  time,2 
of heat i n  question referred t o  un i t  mass of f u e l  consumed. 
quantity of heat C& may be decomposed i n  two par ts :  a par t  Ar 
representing the heat given off by the act ive bodies t o  the intermediary 

% denoting the quantity 
The 

21n the present report  a l l  energy o r  heat quant i t ies  a re  expressed 
by the  same uni ts ,  which eliminates the necessity f o r  indicating the 
mechanical equivalent of heat i n  the formulas. The uni t  of work, or 
of heat, used here is, theoret ical ly ,  the kilogram. 



1111lIIIlIIIIIIIIIlIIlII I1 

4 NACA TM 1259 

bodies with which they a re  re la ted,  and a pa r t  €Jf representing the 
supplementary heat t ransfered t o  the outside medium (ambient f l u i d )  by 
the  intermediary bodies and which e s sen t i a l ly  corresponds t o  the work 
of mechanical f r i c t i o n  and t o  the passive resis tance of the propulsion 
system ( tha t  is, resistance stemming from the  intermediary bodies).  

m e  in te rna l  energy w i l l  be denoted by m l  and the volume of the 
act ive bodies consumed i n  uni t  time by mv. 

If these act ive bodies went through the cycle i n  a f ixed heat 
engine where t h e i r  introduction and evacuation proceeded i n  the same 
physical and chemical s t a t e  as i n  the propulsion system under considera- 
t i o n  and without appreciable k ine t ic  energy, and i f  t h i s  cycle were 
completed with the same t ransfer  of heat (m&) from act ive bodies t o  
adjacent bodies, the  indicated energy which these act ive bodies supplied 
i n  t h i s  engine per un i t  m a s s  of consumed f u e l  would be 

This work or  energy s h a l l  be called the indicated energy of the thermo- 
dynamic cycle of the act ive bodies i n  the  system i n  question, per un i t  

be the preceding term decreased by _Cf, t h a t  i s  t o  say, minus the work 
of f r i c t i o n  and passive resis tance of the system, a l so  referred t o  un i t  
mass of f u e l  consumed. Hence, since 4r + sf =€&, 

mass of f u e l  consumed. The corresponding ef fec t ive  energy Ceff w i l l  

It i s  by t h i s  work, which depends only on the physical and chemical 
s t a t e  of admission (a) and evacuation ( e )  of the act ive bodies i n  the 
propulsion system and on the t o t a l  exchange of heat between the system 
and the surrounding f lu id ,  t h a t  the thermodynamic cycle of the act ive 
bodies i n  tne system i s  characterized i n  the system under consideration. 

By the same process, the thermal eff ic iency of the system sha l l  be 
defined by the r a t i o  

This i s  an actual  efficiency. 
defined by the r a t i o  

An indicated thermal eff ic iency could be 
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and a mechanical eff ic iency of the  system by the  r a t i o  

These def lni t ions,  obviously conventional, have the  great advantage of 
being i n  keeping with those universal ly  adapted i n  the  study of ordinary 
heat engines. 

Theoretically, only the  thermal efficdency qth defined by 
equation (4) i s  being considered here. 

In  addition, it may be reca l led  t h a t  the  term serf defined by 
equation (3) may be put i n  more de ta i led  form 

where L = (U. + PI), 'F. (E + 
( tha t  i s ,  of i t s  u n i t  mass), at the conditions 
mentioned s t a t e  ( f )  corresponding t o  these conditions and t o  a complete 
combustion, assuming zero condensation of water vapor. 

€Jc = (U + p x ) f f  - ( U  + pV)f 

i s  the  l o w  heat value of the f u e l  
pa, Ta a t  the above- 

i s  the heat loss  due t o  incomplete 
combustion, the s t a t e  ( f ' )  being that of the products of r e a l  combustion, 
reduced t o  pa, Ta, assuming zero condensation of water vapor. 

€& = (E + P V _ ) ~  - (E + px)f i s  the heat l o s s  due t o  the exhaust, 
t ha t  is ,  the  sensible heat of the ac t ive  bodies i n  the s t a t e  of evacua- 
t i o n  ( e )  with respect t o  the outside medium. 

Equation (3) put i n  the form (7) i s  simply the  c l a s s i ca l  heat 
balance of s ta t ionary heat engines i n  a.n atmosphere a t  (pa, Ta). 

3. Definit ion of the propeller efficiency. 

The thermal eff ic iency q th  that characterizes the thermodynamic 
u t i l i z a t i o n  of the f u e l  i n  the propulsion system i s  defined by the same 
process. It i s ,  i n  short ,  the engine which thus has been characterized 
i n  special  fashion. 

qP, To characterize the propeller it i s  assigned an efficiency, 
termed propeller efficiency, defined by the condition t h a t  i t s  product 
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by thermal eff ic iency 7th represents the over-all eff ic iency qg 
defined by the r e l a t ion  (1): ' 

I 

By def in i t ion  the  eff ic iency of the  propel ler  i s  then: 

4. Application of these def in i t ions  t o  a c l a s s i ca l  case. 

To demonstrate that the  foregoing generalized def in i t ions  corre- 
spond, a s  desired, t o  the current notions used f o r  ordinary propulsion 
systems, suppose t h a t  they a re  applied t o  an engine nacelle of an air- 
plane o r  a d i r ig ib l e  equipped with an engine and a propeller.  

In t h i s  case the power e f fec t ive ly  transmitted t o  the propelled 
system i s  (TV), T denoting the e f fec t ive  th rus t ,  that is ,  t ha t  which 
the nacelle transmits through i t s  attachments t o  the propelled system 
( t h i s  th rus t  i s  e'qual t o  the  ac tua l  propeller th rus t  measured over the 
hub, l e s s  the aerodynamic resis tance of the nacelle when the propeller 
r o t a t e s ) .  

I f  qth i s  the e f fec t ive  thermal efficiency3 of the engine and m 
the f u e l  consumption i n  un i t  time, the e f fec t ive  horsepower transmitted 
by the engine t o  the propeller i s  (m qth L) and the propeller e f f i -  
ciency vh, i n  the usual sense, i s  the r a t i o  of the e f fec t ive  power TV 
t o  t h i s  horsepower supplied by the engine 

It i s  readi ly  seen t h a t  t h i s  r a t i o  i s  ident ica l  with the propeller 
eff ic iency defined by equation ( 9 ) .  P 

~ ~ _ _ _ _ _ ~  ~- 

31n t h i s  term the k ine t ic  energy of the a i r  i n  the a i r  intake of 
the carburetor and that i n  the burnt gases at exhaust pipe ex i t  are  
ordinar i ly  disregarded. These k ine t ic  energies are ,  i n  f ac t ,  f o r  
prac t ica l  purposes negligible,  but i n  the general study of propulsion 
systems made here, exact allowance i s  necessary. 

G 
1 1 1 1 1 1 1 1 1 . 1 . 1 1 1 . . 1 1  111..1.111.1111 I I1 1111 .I-111 I I I 1  I I I I I 111 I I l l  II I I I 1111 111111111I I 1  I 1  1111111-III 
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7 

> ' PROPULSION SYSTEMS WITH DIRECT AXIAL REACTION 

ROCKETS AND ROCKETS WITH THRUST AUGMENTATION 

The types of systems considered can be divided in to  two categories 
which w i l l  'be studied i n  succession under the  following headings: 

A. Explosive rockets, fed by means of a f u e l  containing i t s  own 
combustion air .  

B. Conventional-fuel rockets, t h a t  is ,  deriving i t s  carburation air  
from the outside atmoshpere. 

Lastly, under C y  the principal. r e s u l t s  obtained are  s m a r i z e d  and 
the rockets compared t o  the engine-propeller system. 

A. EXPLOSIVE ROCKETS 

Chapter I - True Explosive Rocket 

5 .  Definition. 

This type of rocket corresponds t o  the diagram of f igure 1. It 
comprises a s h e l l  of streamlined shape, truncated a t  the rear ,  along 
the exhaust section Se on which the cavi ty  or core of the rocket opens. 
This core ca r r i e s  a combustion chamber containing the stored explosive 
and an expansion nozzle connecting the chamber with the discharge 
or i f  i ce .  

Igni t ion i s  by means of some kind of detonator o r  primer, actuated, 
fo r  example, e l ec t r i ca l ly .  

-The gases exhaust toward the r ea r  with a ce r t a in  r e l a t ive  speed 

Assume a steady s ta te ;  an a x i a l  and uniform t rans la t ion  of rocket 

we. 

at  speed V, and, l a s t l y ,  uniform pressure and speed i n  the exhaust 
section Se. 

"he rocket and the bodies contained i n  it are,  on the outside, 
subjected 
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(a )  To t he  r e s ~ l t a n t  R e  of t he  force of t he  surrounding f l u i d  
on the  she l l ,  obviously along the  axis and counted pos i t ive  i n  the  
d i rec t ion 'oppos i te  t o  V, t h a t  i s ,  i n  the  d i rec t ion  of t he  resis tances  

(b)  To the  outs ide pressure Pe ac t ing  on t h e  exhaust sect ion Se 

(c )  Lastly, t o  t h e  connecting force with the  propelled system, 
equal and opposite t o  the  t h r u s t  T of t he  rocket. 

6. Calculation of t h r u s t  and over-al l  eff ic iency.  

The momentum theorem projected along the  d i rec t ion  of speed V i s  
now applied t o  the rocket and t o  the  bodies contained i n  it at  ins tan t  t ,  
i n  absolute motion and during tLme in te rva l  d t .  

With m as the  mass of explosive consumed per un i t  t h e ,  

hence 

Consider f i rs t  the  term (PeSe - R e ) .  The term (-Re) i s  the  
resu l tan t  of all supe r f i c i a l  forces  of t he  surrounding f l u i d  projected 
along speed V, t h a t  i s ,  of the  outside a i r  on the  outside s h e l l  of t he  
rocket . 

These forces  a re  decomposed, a t  er-ch point ,  in to  a normal and in to  
a tangent ia l  force.  

A t  low speed it may be admitted, on one hand, according t o  the  
boundary layer  concept, t h a t  the  normal force i s  p rac t i ca l ly  equal t o  
the  loca l  pressure of a perfect  f l u i d  of the same r a t e  of flow provided 
t h a t  the body i s  adequately streamlined and, on the  other ,  t ha t  the  
tangent ia l  force arises from the contact f r i c t i o n  of the  f l u i d  layer  
which adheres t o  the  body. I n  these conditions, it i s  e a s i l y  seen t h a t  
the  resu l tan t  along V of t he  normal forces  at  the she l l ,  augmented 
by (pese),  represents the resu l tan t  along 
the  she l l ,  l e s s  the  un i t  pressure Pe a t  each point .  In  other words, 
it i s  the geometric sum projected on V of t he  high and low pressures 
(with respect t o  
Referring t o  pressure measurements on the surface of streamlined bodies 
t e s t ed  a t  f a i r l y  small Reynolds numbers, it i s  apparent that the  
resu l tan t  i n  question i s  very small compared t o  the th rus t  T when the  
la t ter  has an appreciable value. 
reduced when T i s  cor-siderable a t  the  resu l tan t  along V of the  forces  

V of the noma1 forces a t  

Pe) ac t ing  on the outside surface of  the she l l .  

The term (Pes, - R e )  i s  therefore  
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of f r i c t i o n  of the surrounding f l u i d  on the she l l .  This resu l tan t  i s  
manifestly negative and i ts  value is, therefore,  r e l a t ive ly  low, when 
i s  suf f ic ien t ly  high. 

21 

A t  high speed the v iscos i ty  of the air  gives precedence t o  i t s  
compressibility and the tangent ia l  forces a re  p rac t i ca l ly  negligible.  
But nothing i s  known then of the pressure d is t r ibu t ion  over the envelope 
of the rocket and the  question must be l e f t  t o  experiment. 
would seem possible t o  es tab l i sh  a cer ta in  analogy between the  rocket 
and an a r t i l l e r y  she l l ,  at  l e a s t  f o r  head resistance,  t h a t  i s  t o  say, 
on the  portion located forward of the section AB where the cyl indrical  
par t  of the body begins ( f ig .  2 ) .  

However, it 

The difference between the rocket and the s h e l l  i s  indicated 
especial ly  by the flow of gas ejected by the former, which tends t o  
regulate the  air  flow so profoundly disturbed behind the base of the 
she l l .  

Lack of knowledge on the aerodynamic resistance of the several  
par t s  of a she l l  does not permit any conclusions t o  be drawn from t h i s  
comparison other than the probabili ty of smaller magnitude of the 
term (Pes, - Re)  corresponding t o  the rocket with respect t o  the  
resistance of a p ro jec t i l e  of sui table  form. 

Besides, the axial propulsion rockets considered can have no very 
high speed and the remarks about the rockets with very high speed are  
described i n  the second par t  of the present report  where j e t  propellers,  
f i t t e d  with rockets a t  the t i p s  of the blades, a r e  discussed. 

The term (pese - Re) which, according t o  the foregoing, is ,  i n  
general, supposed t o  be negative, that i s  t o  say, t o  represent an effec-  
t i v e  resistance t o  advance, can be put i n  the form 

Cre signifying the aerodynamic coefficient 
t o  the density pa of the surrounding a i r ,  
and the square of the speed V. 

sev* 

of t h i s  res is tance referred 
t o  the exhaust section Sej 

On the other hand,. with pe denoting the density of the exhaust 
gases the mass discharge of the rocket has the value 

, I I I. ,,,,.., - ,. ....- ~ 
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The th rus t  T evaluated by formula (10) is, i n  consequence, put 
i n  the form 

(13) 

This formula enables the  order of magnitude of the two terms i n  
parenthesis t o  be known. 

Supposing that the  coeff ic ient  C r e  i s  of t h e  order of magnitude 
of the coef f ic ien ts  of f r o n t a l  res is tance of a su i tab ly  steamlined body 
at  forward speeds of the  order of 100 t o  1000 km/h. 
t ions ,  cre probably ranges between 0.05 and 0.12, depending on the  

I n  these condi- 

shape and speed. . .  

A s  t o  t he  exhaust gases, f o r  exp.losives such as smokeless powder, 
t h e i r  density i s  near that of the  a i r  ( i n  r e a l i t y ,  less than 5 percent) 
a t  equal temperature. If the absolute exhaust temperature i s  two o r  
three times t h a t  of t he  surrounding medium, t h e  r a t i o  
of the order of 1/3. But the  r a t i o  We/V, f o r  V ranging between 100 
and 1000 lm/h o r  between 28 and 280 m/sec i s  at  l e a s t  equal t o  3 and 
may eas i ly  reach a value of 30 t o  50, i f  t he  speed V i s  low enough. 
Hence, the f i r s t  parenthesized term of (13) i s ,  a t  least, of the  order 
of 6, while the second term would be of the  order of 0.05 t o  0.12. 

pe/pa i s  then 

Therefore, it i s  almost cer ta in  tha t ,  f o r  t he  applications i n  view, 
the  term i n  C r e  
expression f o r  the  th rus t  T reduced t o  

can be neglected without appreciable e r ro r  and the  

(14) 2 T = peSewe = mwe 

This expression i s  adopted here, t o  simplify matters. 

The propulsive e f f ic iency  defined by ( 9 )  then takes  the  simple form 

The over-al l  e f f ic iency  7 of the  rocke+, considered as system of g propulsion i s  by v i r tue  of the qualifying equation ( 8 ) ,  

I -1 
L 
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The above expressions of T, qp, and qg introduce the  r e l a t ive  
speed of exhaust 

7. Calculation of the r e l a t ive  speed of the exhaust. 

We, which i s  determined next. 

Consider the system formed by the rocket and the  bodies contained 
i n  it (explosives and combustion gases) a t  instant  t upon assuming a 
steady state at  the same'time f o r  the t rans la t ion  of the rocket, the 
combustion of the powder, and the exhaust of the gases from the  rocket. 

This s t a t e  i s  steady nei ther  f o r  the d is t r ibu t ion  of the bodies 
i n  the  system, since the space occupied by the explosive decreases pro- 
gressively, nor f o r  the m a s s  of bodies contained i n  the  rocket. 

Let us apply the pr inciple  of the conservation of energy t o  the 
system i n  question during time in te rva l  d t  and with respect t o  the 
axes f ixed i n  the rocket and consequently, actuated by an absolutely 
unifarm forward'speed. 
t o  (-peSewe a t ) .  The var ia t ion of the in te rna l  energy of the system 
i s  

The energy of the outside forces i s  reduced 

where 
LJe 
r e fe r s  t o  the s t a t e  of the explosive before combustion, a s t a t e  assumed 
t o  be unaffected by the combustion i n  adjacent sections. 

= in te rna l  energy per uni t  mass of act ive bodies (explosive), 
r e f e r s  t o  the assumedly uniform s t a t e  of exhaust gases and LJo 

The change in kine t ic  energy r e l a t ive  t o  the system i s  reduced 
we2 

t o  m d t  2. 

The system necessarily transmits a cer ta in  amount of heat t o  the 
outside through the envelope of the rocket, but, f o r  simplification, 
this exchange of heat can be disregarded; the rocket can be prac t ica l ly  
likened t o  a rigorously adiabatic system. 

In these conditions the pr inciple  of conservation of energy is  

-peSewe = m b  - go. + g] 
o r  with Ve denoting the specif ic  volume of the exhaust gases 
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and, by dividing by m 
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The i n i t i h l  s t a t e  of the e q l o s i v e  before combustion can be 
likened t o  i t s  s t a t e  i n  the conditions 
medium. 
in te rna l  energy & and the volume &. 

pa, T, of the surrounding 
The explosive i s  then a so l id  whose uni t  mass possesses the 

The product (pa%) being e n t i r e l y  negligible with respect t o  
(pel&), the go i n  equation (17) i s  replaced by (ua + Pa&), so tha t  

The k ine t ic  energy of the gases at  exhaust from the adiabatic 
rocket i s  thus found t o  be equal t o  t h a t  which previously w a s  cal led 
the e f fec t ive  energy of the thermodynamic cycle. 

In consequence of which, according t o  the equation (4)  which 
defines the thermal eff ic iency qth, we can put 

we2 = 27thL ( 1 9 )  

Util iz ing the thus-obtained value of we, equations (14), (l?), 
and (16) can be wri t ten i n  the form 

T = 2peSeqthL = ( 2 0 )  

'IP = v / s  

- k - 

8. Over-all eff ic iency.  

Consider formula (22) i n  which, as  w i l l  be recalled,  the e f fec t  of 
coefficient of aerodynamic resistance cre of the rocket, which consti-  
t u t e s  an acceptable approximation as long as V i s  not too high, has 
been neglected. 
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The expression of the over-all  eff ic iency thus established indi-  
cates t h a t  the l a t t e r  i s  dependent only on: 

Speed V 

Thermal. eff ic iency 7th 

The heat value L of the explosive 

It fur ther  shows t h a t  qg increases i n  proportion t o  the speed V 
and the square root of the thermal efficiency. 
subject t o  the  reservation indicated above concerning the approximation 
effected by disregarding the coeff ic ient  ere, the over-all  eff ic iency 
can increase indef in i te ly  a t  the same t h e  as V. 

It l a s t l y  shows that 

This seemingly paradoxial conclusion i s  Jus t i f i ed  when noting t h a t  
the rocket consumes, during f l i g h t ,  a pa r t  of i t s  mass corresponding t o  
the explosive transformed i n  exhaust gas. 

Thus, i n  order t o  produce the absolute energy of propulsion TV, 
it consumes not only the f rac t ion  qg of the avai lable  energy mL of 

the consumed explosive, but also the  absolute k ine t ic  energy m - of 2 
the mass m of the explosive a t  the moment of i t s  u t i l i za t ion .  

If the e f fec t ive  power TV i s  re fer red  t o  the sum m L + - ( 3 
ra ther  than t o  mL, an energy eff ic iency qe can be defined, whose 
value would be 

of which the maximum, i n  function of V ( t ha t  i s ,  f o r  vth and L 
constant) occurs at  V = and has the  value 

This r a t i o  has then the same l i m i t  a s  and remains l e s s  than 
uni ty  when conceding that the thermal eff ic iency 7th i t s e l f  cannot 
exceed unity. 

This remark points out the importance of the admonition voiced a t  
the beginning of the  report  ( c f .  a r t i c l e  1) on the subject of 
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0.20 

40 m/sec V g  = 0.011 (144 km/h) 

80 m/sec 
(288 h / h )  

120 m/sec 

0.022 

0 - 033 

160 m/sec 0.044 

200 m/sec 0.035 

(432 Inn/h) 

(576 h / h )  

(720 h / h )  
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0.40 0.60 

0.016 0.019 

0.032 0.039 

0.048 0.058 

0.064 0.078 

0.080 0.098 

conventional and not per fec t ly  r a t iona l  character of the def in i t ions  
adopted f o r  the several  e f f ic ienc ies  and conformable t o  more extensive 
usage. 

On examination of the values a t ta inable  f o r  the over-all  e f f i -  
c'iency qg 
the heat value of explosives depends upon t h e i r  nature: 

o f  the  rocket, evaluated by formula (22), it i s  found t h a t  

For black powder, L i s  of the order of 650 cal/kg (o r  i n  the 
chosen units, 2,760,000 kgm per uni t  mass). 

For powders such as smokeless powder, powder B, col loidal  powder, 
i s  of the order of 1050 t o  1250 cal/kg. o r  gun-cotten, L 

For the calculations,  a powder B with a heat value L equal 
t o  1200 cal/kg or 5,OOO,OOO kgm/unit mass i s  considered. 

The thermal eff ic iency 7th of the rocket depends upon the 
pressure of combustion i n  the chamber, say, f o r  example, 0.20, 0.40, 
and 0.60. 

In these conditions the over-all  eff ic iency qg of the rocket 
reaches the values given i n  tab le  I, a t  d i f fe ren t  speeds V. 

TABLE I 

OVER-ALL EFFICIENCY OF ROCKET 

(Powder B; L = 5,000,000 kgm) 
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For black powder (L = 2,760,000), the  figures of the t ab le  must 
be multiplied by 1.30. 

x- 

Hence, it i s  seen tha t ,  even with favorable thermal eff ic iency 
(qth ranging between 0.40 and 0.60) and up t o  speeds of the order 
of TOO km/h, the  over-all  efficiency of t h e  rocket i s  less than 10 per-  
cent (13.3 percent f o r  black powder) w h i l e  the  engine-propeller system 
used i n  airplanes reaches a thermal. eff ic iency (engine) of from 25 
t o  30 percent and a propulsive eff ic iency (propel ler)  of 60 t o  75 per- 
cent, t ha t  is, an over-all  eff ic iency ranging between 15 and 22.5 per- 
cent. 

Thus the  powder rocket i s  characterized, a p r io r i ,  by mediocre o r  
insuf f ic ien t  over-al l  efficiency, which can be improved only by r a i s ing  
the thermal eff ic iency o r  by r e s t r i c t i n g  the use of the rocket ' . to . the 
range of very high speed (above TOO km/h) . 
9 .  Organic s t ructure  of the perfect rocket - thermal eff ic iency - 

development of simple formulas f o r  t e per fec t ly  adiabat ic  
rocket operating i n  a uniform s t a t e .  k 

The combustion being assumed adiabatic and real ized at  constant 
pressure pc s t a r t i ng  from temperature Ta, the combustion temperature 
Tc i s  defined by 

L = J T c  CdT ( 2 3 )  
Ta 

C = the specif ic  heat a t  constant pressure of the products of combustion, 
assuming no water vapor being condensed. 

The adiabatic expansion of gas from pc t o  pet assumedly 
effected according t o  the reversible  adiabat ic  (or isentropic)  process, 
leads t o  the f i n a l  temperature Te such t h a t  

y denoting the r a t i o  of spec i f ic  heat C/c of the products of 
combust ion. 

'Incidentally, it seem timely t o  r e c a l l  t h a t  the  question of flow 
of gases of powder i n  nozzles had occupied a number of French s c i e n t i s t s  
during the period from 1914 t o  1918 i n  connection with p ro jec t i l e s  called 
rocket p ro jec t i l e s  as well a s  with r e c o i l  cylinders f o r  cannons (muzzle 
brakes). 
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On the  other hand, t he  e f fec t ive  energy of the thermodynamic cycle 
i s  

In comparing (24) and (25) and noting t h a t  Ta and Te a r e  
lazgely of the same order with respect t o  Tc which i s  very great,  
that i s  t o  say, that the  mean value of C between Ta and Tc i s  
comparable t o  i t s  average value between Te and Tc, w e  can put 

or, with allowance f o r  (24) and putt ing 
nozzle. = pc/pe 

X = r a t i o  of expansion i n  the 

T,. 

This r e l a t ion  shows tha t  the thermal efficiency of the perfect  
adiabat ic  rocket (whose combustion temperature T, i s  according t o  (23) 
independent of the pressure when the  i n i t i a l  temperature 
depends only upon the  r a t i o  of expansion X i n  the nozzle of the rocket. 

Ta i s  given) 

The speed of exhaust from the nozzle e x i t  i s  given by (19).  
the thrus t  referred t o  un i t  surface of the discharge section of the 
nozzle i s  calculated.  This in tens i ty  of  thrust t = - is  according 

Next, 

Se 
t o  (20) 

= 2Pe'Ith L 

The exhaust density follows from the equation of s t a t e  of the powder 
gases 

a 'being the covolume of the powder gases and R a constant. 
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Calculation readi ly  y ie lds  the formula 

t T - 
Se 

2%hL 
RT, 

a +  - 7 -1 

2 For values of h below 500 ( tha t  is ,  for  pc < 500 kg/cm 

preceding r e l a t ion  which then i s  reduced, a f t e r  simplifications,  t o  

if pa = 1 @/cm 2 ), the covolume a can be disregarded, in  the 

These formulas a re  applied t o  the case of a rocket charged with 
powder B. 

The charac te r i s t ics  of t h i s  explosive a re  according t o  the 
information furnished by various authors 

L = 5,000,000 

R = 309 

7 = 1.25 

Tc = 2,450' (on the premise of T, = 273 + 15 = 288') 

The data of the thermal eff ic iency flth, speed we, exhaust 
temperature T,, and, l a s t l y ,  the r a t i o  t/pe of the in tens i ty  of 
t h rus t  t t o  the exhaust pressure f o r  d i f fe ren t  expansion 
r a t i o s  A, = pc/pe a re  reproduced i n  tab le  11. 

TABLE I1 

400 
500 

qth 

0.415 
.615 
.680 
.740 - 770 2,770 

2 , 805 
2,835 

degrees 
~ 1,545 

1,120 
I 975 

850 
785 
740 
705 

8.95 
16.7 
23.3 
29.0 
32.9 

3 .o 
3 3  6 

I ...... _ . .  ~ I ,  , I  
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The data  i n  the  t ab le  are only approximate, espec ia l ly  f o r  the  low 
values of h because the  calculat ion w a s  s implif ied by replacing the, 
spec i f ic  heat 
and (23).  This i s  evidently inaccurate when T, d i f f e r s  very much 
from Ta, that is ,  according t o  the  f igures  i n  the preceding table, 
a t  least as much as the difference between 100 and X .  

C by an average value and assumed the  same i n  ( 2 3 )  

But t h i s  approximation which plays no pa r t  i n  t he  calculat ion 
of T, 
thermal e f f ic iency  can be reached only at a combusti.on pressure of 
from 50 t o  100 t i m e s  the  exhaust pressure. 

i s  su f f i c i en t  t o  show t h a t  values of t he  order of 0.60 i n  

The values of t/pe are in te res t ing  t o  the  extent  of showing 
t h a t  t h i s  f i c t i t i o u s  perfect  adiabat ic  rocket makes it possible t o  
obtain a very subs tan t ia l  t h rus t  with a r e l a t i v e l y  s m a l l  exhaust 
section. Thus for a rocket with an in t e rna l  pressure of 100 kg/cm 
exhausting in to  standard atmosphere (pe = 1 kg/cm2) a sect ion of 43 cm2 
(or a c i rcu lar  exhaust o r i f i c e  of 7.4 cm i n  diameter) i s  suf f ic ien t  t o  
secure a th rus t  of 1 ton. 

2 

However, t h i s  rocket i s ,  by assumption, an idea l  engine, the  
rea l iza t ion  of which raises cer ta in  d i f f i c u l t i e s  and involves cer ta in  
eff ic iency losses  which are t o  be examined next. 

10. Study of r e a l  rocket - special  d i f f i c u l t i e s  - obtainable eff ic iency 

(1) Existence and s t a b i l i t y  of s t a t e . -  I n  the  foregoing, the  
existence of a so-called steady s t a t e  of rocket operation had been 
assumed. This state i s  now determined. 

Suppose t h a t  s i s  the surface o f  combustion of t he  explosive. 
According t o  the c l a s s i ca l  works of i n t e r i o r  b a l l i s t i c s ,  the volume 
i n  mass mi o f  combustion gases can be wr i t ten  i n  the  form 

"1 = ksp 0.7 
C 

k denoting a charac te r i s t ics  coeff ic ient  of the  explosive and pc 
the pressure i n  the combustion chamber. 

The exponent 0.7 i s  a matter of dispute; ce r t a in  authors give it 
a higher value, rounded t o  unity.  On the other hand, the known tests 
r e fe r  especial ly  t o  very high pressures.  

The volume ml must be equal t o  tha t  of  the gases evacuated by 
the  nozzle and it i s  supposed that the l a t t e r  i s  of t he  converging- 
diverging type, as i s  necessary fo r  the appl icat ions i n  view where 

P C  
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i s  always twice as high as the  external  pressure. 
nozzle, t h e  flow i s  determined so le ly  by pressure 
be independent of the  pressure a t  the  ou t l e t  (pe < pc/2). 

In the  throa t  of the  
pc and i s  found t o  

Disregarding the covolume a of the gases of t he  explosive, which 
i s  legi t imate  f o r  t he  pressures 
readi ly  calculated t h a t  the  pressure i n  the  throa t  is  

pc < 500 kg/cm2 i n  question, it i s  
po = 0.555 pc 

and 
The 
( i n  

the  corresponding temperature 
volume i n  m a s s  m2 through the  throa t  of section So i s  given 
M.K.S. units) by the formula 

To = 2,175' f o r  powder B ( 7  = 1.25) .  

o r  

Equating (29) and ( 3 0 )  gives 

ksPc O a 7  = 0.000756 S g C  

which determines the  pressure pc of the s t a t e .  
.I 

This s t a t e  i s  s tab le  as proved by the following argument. P lo t t ing  
the  volume ml 
volume m2 of the nozzle obtained by ( 3 0 )  against  pc ( f i g .  4 ) ,  these 
curves in t e r sec t  a t  a point M. 

of combustion of the powder obtained by (29) and the  

This point M represents the s t a t e  which necessar i ly  e x i s t s  and 
which according t o  the  shape of the  curves i s  unique, so f a r  as the 
assumptions which had t o  be made i n  the  es tab l i sh ing  of formulas ( 2 9 )  
and ( 3 0 )  are ver i f ied  when the pressure changes from zero t o  i t s  
value of the  corresponding s t a t e  i n  point M. The state i s  s tab le  
because, when the pressure rises, the  volume 
t h a t  of t he  combustion of the  powder and the  pressure tends t o  decrease. 

pc 

m2 of the  nozzle exceeds 

The inverse or reciprocal  e f f ec t  i s  produced when the pressure 
decreases. The thus demonstrated s t a b i l i t y  of t he  s t a t e  of functioning 
i s  in  good agreement with the  statements made about t he  operation of 
rockets commonly u t i l i z e d  i n  fireworks. However, t h i s  s t a b i l i t y  
supposes a l a w  of the form (21) ve r i f i ed  f o r  t he  rate of combustion 
of the  powder, with an exponent of pc less than uni ty .  Now, such an 
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assumption i s  not admitted without dispute5 and there  i s  a serious 
reason f o r  making some reservations on the  s t a b i l i t y ,  i n  general, of 
t he  functioning of explosive rockets. 

(2)  Hypothesis on the  i n i t i a l  state of the  explosive i n  the  rocket.- 
The previously developed formulas suppose that the  powder, p r io r  t o  i t s  
combustion, remains i n  t h e  core of t he  rocket a t  the  o r ig ina l  tempera- 
t u r e  Ta. It i s  l a rge ly  by reason of t h i s  assumption that the  combus- 
t i o n  temperature Tc i s  independent of the  combustion pressure pc 
as represented by (23).  
it i s  possible that the  temperature of the  s t i l l -unburnt  powder 
increases progressively. This f a c t  gives r i s e  t o  a r i s k  of spontaneous 
and accelerated ign i t i on  f a l s i fy ing  the normal l a w  of the rate of com- 
bustion. So i n  t h i s  respect there  m i g h t  be some fear of ce r t a in  r i s k s  
of inopportune explosion of the  rocket or i n s t a b i l i t y  of i t s  normal 
state of operation. Incidentally,  there  come t o  mind cer ta in  unexpected 
explosions of rockets i n  the  course of automobile rocket tests and a l s o  
i n  rocket-equipped g l ider  t e s t s  made i n  a foreign country (Germany). 

(3)  Losses through the w a l l s  and i n  the  nozzle - prac t i ca l  

In f a c t ,  the  rocket being heated by conductivity, 

eff ic iency of the  rocket.-  The previously computed thermal e f f i c i enc ie s  
r e fe r  t o  an assumedly adiabat ic  rocket. But the  corresponding tempera- 
t u re  2,450° f o r  powder B 
and prolonged s t a t e  of operation. Necessarily, it must t o l e r a t e  a 
cer ta in  loss through the  w a l l s  i n  order t o  l i m i t  t he  temperature i n  the  
combustion chamber t o  a value compatable with the resis tance of the  
latter,  under the  pressure t o  which it i s  assumed t o  be subjected. 

i s  excessive and inadmissible f o r  a continuous 

By way of example, suppose t h a t  the absolute pressure and tempera- 
t u re  i n  the  sombustion chamber of t h e  rocket with power B i s  l imited 
t o  100 k /cm and 1800'. The exhaust temperature Te drops then 

assumed, drops from 0.680 t o  0.505. 
reduced from 32 percent t o  20 percent, but t h i s  i s  supplemented by 
a 29.5 percent loss  through the  w a l l s . )  

from 975 t! t o  718' and the thermal eff ic iency,  perfect  expansion being 
(The heat loss  due t o  exhaust i s  

Admitting, very opt imist ical ly ,  t h a t  t he  e f f ic iency  of the  expan- 
sion.nozzle is  95 percent, t he  e f fec t ive  thermal e f f ic iency  of the  
rocket i s  then 0.95 x 0.505, or  48 percent. 

On a reasonable estimate, the thermal e f f ic iency  of  an explosive 
rocket cannot be over 45 t o  50 percent. 

'It i s  pointed out t ha t ,  according t o  cer ta in  experiments, the 
law (21) should be replaced by a l i n e a r  l a w  i n ' t h e  low-pressure range. 

h 
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In these conditions, it i s  concluded ( c f .  t ab l e  I)  t h a t  up t o  
speeds of the order of TOO km/h the simple rocket with explosive i s  
near ly  two times l e s s  advantageous than t h e  normal engine-propeller 
system. 

Ascribing t o  the  l a t te r  an over -a l l  e f f ic iency  of 0.28 X 0.75 = 0.21 
which i s  representat ive of a good engine and a w e l l  adapted propel ler ,  
the  equal i ty  between it and the  explosive rocket i s  obtained a t  a 
speed determined by ( 2 2 ) ,  and which i s  

L v = 0.21 dG 
For powder B (L = 5,OOO,OOO), with 
i s  

7th = 0.50, the  equivalent speed 

V = 470 m/sec = 1690 km/h 

For black powder (L = 2,760,000), with 
speed i s  

q th  = 0.30, the  equivalent 

V = 350 m/sec = 1,260 km/h 

A t  such speeds, the propel ler  i s  no longer a sa t i s fac tory  
propelling medium and t h i s  p rac t i ca l ly  leads t o  values below the  
preceding values of the  speeds where the explosive rocket may o f fe r  
the  same over-al l  e f f ic iency  as the  propeller-engine system. 

(4) Effect  of a l t i t ude  on the  operation of t he  rocket . -  Equa- 
t i o n  (31) shows, when assuming t h a t  the surface s of the  combustion 
i s  constant, t h a t  the  outside-conditions do not e f f ec t  the pressure 
of combustion pc and tha t ,  i n  consequence, the  la t te r  remains constant. 
The temperature of combustion can, moreover, be assumed constant by 
admitting t h a t  t he  cooling of the rocket can be su i tab ly  controlled.  
A s  a result the  volume of the  rocket, determined by the  conditions 
upstream and i n  the  th roa t  of the  nozzle which remain constant, i s  
independent of t h e  outside conditions. 

But t he  speed of the  j e t  at  the  e x i t  of t he  expansion nozzle is, 
theore t ica l ly ,  a f fec ted  by the  external  conditions. 

Two cases are distinguished: 

(a) The expansion nozzle has a fixed, divergent opening and i s  
of constant length.  In t h i s  event, the  nozzle, adapted t o  operate a t  a 
ce r t a in  a l t i t u d e  i s  e i t h e r  too long o r  too short  f o r  a higher o r  lower 
a l t i t ude ,  o r  i n  other words, f o r  a higher o r  lower outside pressure.  
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The flow i n  the divergent section becomes imperfect, and, as a ru le ,  
the  eff ic iency of the rocket must decrease. 

(b )  The expansion nozzle has a controllable divergent opening, so 
tha t ,  when the a l t i t u d e  increases, t h a t  is, as the outside pressure 
decreases, the expansion r a t i o  increases. 
constant, the th rus t  T increases a s  W e ,  that is, as increases. 

The volume of the rocket being 

Referring t o  equation (26) which gives an approximate expression 
f o r  qth, it is seen tha t  t h i s  term increases with 
outside pressure decreases. The th rus t  increases thus with the a l t i t ude ,  
which enables a rocket-propelled airplane t o  f l y  at a state of smaller 
l i f t  and, conse uently, t o  increase the speed f a s t e r  than the propor- 
t i o n a l i t y  t o  lyfi (6 being the corresponding atmospheric density a t  
the par t icular  a l t i t u d e ) .  

A, hence as the 

Moreover, by v i r ture  of (22) the over-al l  eff ic iency qg of the 
rocket increases with the a l t i t ude ,  since 7th and V increase i n  
the same condjtions. 

But it should be remembered tha t  these r e su l t s ,  while obviously 
quite interest ing,  assume the rocket nozzle controllable i n  f l i g h t ,  and 
t h i s  r a i se s  cer ta in  d i f f i c u l t i e s  of rea l iza t ion .  

11. Ut i l iza t ion  of rocket f o r  airplane propulsion - control of the rocket 

The thrus t  of a rocket, at  constant a l t i t ude ,  i s  independent of the 
forward speed V when the surface of combustion of the powder i s  
constant and the nozzle i s  of constant shape. 

The problem then i s  t o  vary the thrus t  e i t h e r  a t  w i l l  of the 
p i l o t  or i n  r e l a t ion  t o  circumstances i n  f l i g h t .  

The means tha t  can be envisaged t o  t h i s  e f f ec t  f o r  an explosive 
rocket are  the following: 

(a) Variation of the surface of combustion of the powder, a 
procedure which can be applicable f o r  a defined l a w  of advance of 
variation, but which seems inapplicable f o r  a law tha t  i s  a rb i t r a ry  or 
changeable at  w i l l  by the p i l o t  

(b)  Modification of the cooling of the rocket, t o  reduce the 
speed of exhaust. This e f f ec t ,  obtained t o  the detriment of the thermal 
efficiency, i s  disadvantageous. 

( c )  Modification of the  shape of the nozzle, t h a t  fs of the throat  
section. This procedure, d i f f i c u l t  t o  r ea l i ze  f o r  a nozzle of 
revolution w i l l ,  s t r i c t l y  speaking, be acceptable f o r  nozzles of 
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rectangular sect-an. The e f f ec t  of varying the throa t  section i s  a 
modification of the combustion pressure and, i n  consequence, of the  
thermal eff ic iency.  This i s  also, i n  ce r t a in  conditions, a dis-  
advantageous procedure. - 

(d)  Variation of the number of rockets i n  operation. 
a comparatively easy matter t o  start new rockets by m e a n s  of e l e c t r i c  
ign i t ion  switches, it i s  much more d i f f i c u l t  t o  visual ize  the ext inct ion,  
at  w i l l ,  of a rocket i n  operation. This procedure, theore t ica l ly  
perfect as t o  the  nonexistence of an e f f ec t  on t he  thermal efficiency, 
runs against  serious prac t ica l  d i f f i c u l t i e s  as regards i t s  r eve r s ib i l i t y .  

While it is 

Finally,  only procedures (b)  and ( c )  hold some promise of p rac t i ca l  
solution of controll ing the thrus t  supplied by an explosive rocket, but 
t o  the detriment of the thermal eff ic iency i n  cer ta in  cases. 

12. Range of airplane propelled by powder rocket - Comparison with 
orthodox airplane (engine and propel ler)  

Suppose'that the thrus t  of the rocket i s  by some means controllable 
without changing the efficiency. 

If the a i r c r a f t  f l i e s  at a constant incidence f o r  which i t s  l i f t -  
drag r a t i o  is  cX/cZ7 i t s  drag fo r  a t o t a l  weight P i s  Pcx/cz and 
it i s  t h i s  drag which must balance the  thrus t  of the rocket, given by 
formula (20). Therefore 

The weight P a t  instant  t is equal t o  the t o t a l  weight a t  
take-off PO l e s s  the weight C of the explosive already consumed. 
During time in te rva l  dt ,  t he  airplane covers i n  s t i l l  a i r  the 
elementary distance ( i n  h) 

V d t  b = -  
1 , 000 

and consumes a weight of explosive equal t o  

9,810 
v dC = m g d t  = m  

By elimination of m between (34) and (33) and allowance 
P = Po - C f o r  

dC Cz V K L  - 9,810 Czqg dC 
P ( ) - C c , T -  L cx Po - c d x =  

(34) 



NACA TM 1259 24 

- The range X ( in  Ian) i n  s t i l l  air i s  obtained by integrat ing the 
preceding r e l a t i o n  between 0 and Coy with Co representing the 
t o t a l  weight of fuel carr ied at take-off. 

Hence 

L czqg 
= 4,270 log  Po - co ( 3 5 )  

There i s  an iden t i ca l  formula f o r  an airplane with engine and 
propeller i n  which L represents the heat value of the fuel and vg 
the over-al l  eff ic iency of the engine-propeller un i t .  Assume now t ha t  
the engine-propeller un i t  i s  removed from t h i s  airplane and a powder 
rocket ins ta l led ,  without a f fec t ing  the fineness r a t i o  of the airplane 
nor i t s  capacity i n  f u e l  load. 

The or ig ina l  range X' becomes obviously X so t h a t  

The over-al l  eff ic iency of a good engine-propeller combination 
i s  0.28 x 0.75 = 0.21. The heat value of the f u e l  i s  around 11,000 cal/kg. 

For a rocket, an qg value of the order of 0.03 t o  0.04 may be 
counted on at  ordinary speeds (200 t o  300 km/h), and of  the order of 0.09 
t o  0.11 a t  very high speeds (700 t o  800 km/h) . 
heat value L 
depending upon whether the explosive i s  black powder o r  powder B. 
even at  higher speed ac tua l ly  reached i n  current practice (300 km/h), 
the powder rocket reduces the range 1 or  2 percent of i t s  o r ig ina l  
value, depending upon whether ordinary black powder or powder B i s  used. 

On the other hand, the 
o f  the  explosive i s  only 1/17 o r  l/9 of tha t  of fue l ,  

Thus, 

13. Conclusions 

The use of the pure explosive rocket a s  normal means of propulsion 
i s  predicated upon the solution of two additional but important 
problems : 

(1) S t a b i l i t y  of s t a t e  of operation 

( 2 )  Poss ib i l i t y  of easy and exact control 

Assuming these two conditions t o  be sa t i s f ied ,  the study of the 
over-all  eff ic iency shows t h a t  it cannot a t t a i n  a value comparable t o  

A,.. 



NACA TM 1259 25 

that of an engine-propeller system except a t  very high speeds, of the  
order of 1,000 h / h .  A t  speeds of the  order of 300 km/h, the  over-al l  
e f f ic iency  does not exceed 1/4 of t h a t  of t h e  engine-propeller system. 

Lastly, t he  range of a rocket airplane a t  ordinary speeds i s  
ins igni f icant  by reason of t he  low over-al l  e f f ic iency  of the  rocket 
and the  heat value of t he  explosives. 

These two constitutional. defects  absolutely prohibi t  any applica- 
A t  best ,  t i o n  of t he  explosive rocket f o r  normal a i rplane propulsion. 

it may be reserved, outside of interstellar navigation where it con- 
s t i t u t e s  the only propeller avai lable ,  f o r  t he  propulsion of special  
devices at  very high speed more ;early t o  p r o j e c t i l e  than an airplane.  
In  this f i e l d ,  which i s  of i n t e re s t  t o  t he  a r t i l l e r y ,  some in te res t ing  
and f r u i t f u l  s tudies  are offered. 

14. General remarks on the  eff ic iency of d i r ec t  react ion propulsion 
systems 

From the  above calculat ions and examples it i s  clear  t ha t  the t rue  
powder rocket cons t i tu tes  a propulsion system of very mediocre e f f i -  
ciency, a t  l e a s t  as long as V does not assume very high values. T h i s  
i s  la rge ly  due t o  the f a c t  t ha t  the speed of exhaust W e  i s  extremely 
high with respect t o  the  forward speed V. . 

This i s  a charac te r i s t ic  common t o  a l l  systems of propulsion by 
d i r ec t  react ion based upon the  e jec t ion  of f l u i d  masses. 

The propulsion systems t o  be considered (with d i r ec t  or longi tudinal  
react ion)  always operate by communicating t o  one or several  masses of 
f l u i d ,  e jected i n  continuous or periodical  manner, a corresponding 
speed opposite t o  the forward speed V.  The l i qu ids  i n  question are 
of t w o  kinds: they e i t h e r  a r i s e  from the ac t ive  bodies provided f o r  
on the rocket and converted by combustion (such as powder gases i n  an 
explosive rocket, f o r  example) o r  come from the  i n f i n i t e  surrounding 
medium from which they are taken. 

Let  mi, m2 . . . be the  volume of t he  l i qu ids  of the  f i rs t  
category; w1, w2 . . . t h e i r  corresponding speed of exhaust directed 
downstream; and m l l ,  9' . . ., wl', w2' . . . the corresponding 
quant i t ies  f o r  t he  l i qu ids  of the secondary category, while assuming 
t h a t  with respect t o  the exhaust o r i f i c e s  the  surrounding pressure i s  
comparable t o  the  general pressure pa of the outside medium. In 
these c'onditions the momentum theorem indicates  t h a t  the th rus t  T 
developed by the system (or  more accurately the  real  th rus t  
diminished by t h e  aerodynamic resis tance of t he  propulsion system i n  

T 

. ... - 
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the  surrounding medium, which, i n  general, i s  a l together  negl igible)  
has the  value 

T = Cmiwi + m ‘(w - V) J J  (37) 

On the  other hand, according t o  the  l a w  of conservation of energy and 
by de f in i t i on ,o f  t he  thermal eff ic iency q t h  

This r e l a t i o n  states t h a t  the ac tua l ly  u t i l i z e d  f r ac t ion  of t he  
heat value of f u e l  consumed i n  uni t  time has been transformed by 
var ia t ion of t h e  corresponding k ine t ic  energy of t he  ac t ive  bodies. 

To characterize the  various e f f ic ienc ies ,  t he  def in i t ions  of the  
over-al l  e f f ic iency  qg sand of the propel ler  e f f ic iency  q f ixed  
a t  the  beginning of t h i s  report  and expressed by (1) and (87 are s l i g h t l y  
modified. 

In place of t h e  over-al l  eff ic iency T g  consider the  e n e r a  
e f f ic iency  qe defined by the  r a t i o  of e f f ec t ive  power TV t o  power 
supplied t o  the  system, which i s  composed, on t h e  one hand, of the  
heat value C m i L  

1 power 3 Cmi@ of the  consumed f u e l  
and, on the  other,  of t he  a b s h u t e  k ine t i c  

Instead of propel ler  eff ic iency vp = qg/vth, consider t he  analogous 
term obtained by replacing qg by qe. To avoid any confusion, the  
react ion e f f ic iency  qr i s  expressed by 

The thus defined e f f i c i enc ie s  a re  more’ r a t iona l  than those . 
They-differ only by the  addi t ion of the  h g ,  ‘Ip ) used up t o  now. 

term v2 2, a term which in-genera l  and f o r  t he  ordinary applications,  i s  

n 
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negligible with respect t o  

an& qp. The e f f ec t  of adding the t e r n  - is  t o  make the indef in i te  

increase of eff ic iency with -V, t o  which the method of defining 
o r  t7p leads,  disappear. 

L, which j u s t i f i e s  the current use of qg 
V2 
2 

qg 
Z .  

Formula ($0 )  with due regards t o  (38) assumes the form 

Formulas ( 3 7 ) ,  ( 3 8 ) ,  (39 ) ,  and (41) make fo r  a convenient and f a i r l y  
general discussion of jet  propulsion as i l l u s t r a t e d  by several  examples. 

(1) Case of t rue  explosive rocket. - There i s  ,no volume m j '  and 
the volumes m i  are  reduced t o  one, that i s  a. When T and V are 
given, it i s  readi ly  seen from the preceding formulas that 

( a )  m var ies  i n  the inverse sense of w 

(b)  To increase qe, m must be reduced, hence w and q t h  
increased. The j e t  eff ic iency qr  remains then constant. 

When the thermal eff ic iency qth i s  given, 'le var ies  as vr.  
The thrus t  T f o r  given V increases with m, and qe, as  well as  qr ,  
remains then constant. 

If qth and T a re  given, 7, varies  necessarily a s  vr and 

these two ef f ic ienc ies ,  with m and x constant, depend only on the 
speed V. .Both are  maximum f o r  V = P L .  If V increases indefini te ly ,  
both tend toward zero, while the e f f ic ienc ies  

by (1) and ( 8 ) ,  increase indef in i te ly  and can be made t o  increase t o  
the in t e re s t  of unlimited V. 

qg and qP defined 

By.way of example the  e f f ic ienc ies  and q r  a r e  plot ted 
against V i n  f igure 5 as so1,id curves.6qeFor a rocket with black 
powder or powder €3, on the basis of a thermal eff ic iency qth 

'Concerning. f igure 5 ,  it -is noted t h a t  'le remains considerably 
below uni ty  ( i t s  maximum i s  equal t o  0.707) but a l so  tha t  
unity, because q r  = 2qe f o r  qth = 0.3.  This stems from the f a c t  
t h a t  q r  i s  a conventional efficiency. Only qe has from the 
energy point of view, the sense of an "efficiency." 

qr exceeds 

... . ... ..-.... . -, .... , . . --- ~ 
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of 50 percent. The broken curves represent t h e  corresponding e f f i -  
c ienc ie  s 

up t o  very high speeds of t he  order of 1500 h / h .  

and qp which a re  p r a c t i c a l l y  equivalent t o  q and,, qr q13 e 

In short ,  i n  the case of t he  powder rocket, t he  mediocrity of fle 
and qp  a r i s e s  from t h e  i n f e r i o r i t y  of speed V with respect t o  the  
speed of exhaust, but,  contrary t o  what there  i s  a tendency a t  times 
t o  believe,  no improvement can be obtained f o r  a given th rus t  T and 
speed V by an increase i n  m and by a decrease, correlat ively,  of 
the  speed of exhaust w. On the-contrary,  i n  these conditions an 
improvement i n  eff ic iency c a l l s  f o r  a decrease i n  m and an increase 
i n  w. O r  e l s e ,  recourse may be had t o  the  pr inciple  of t he  th rus t  
augmenter tube, which i s  discussed i n  the  following. 

(2)  Explosive rocket with augmenter tube.-  For the  sake of simpli- 
f i c a t i o n  suppose t h a t  there  i s  only a Dowder volume m .and one outside 
f l u i d  volume m', both moving a t  uniform and iden t i ca l  exhaust speed w. 

Thrust T and speed V a re  given. 

Then, i n  order t o  increase f l e J  m must be reduced without 
increase i n  w according t o  ( 3 7 ) .  

Assume t h a t  the  thermal e f f ic iency  q th  i s  constant and known, 
Equations (37)  and (38 )  es t ab l i sh  two r e l a t ions  between the  three  
var iables  m, m', and w. Consider m '  and w as functions of m. 
It readi ly  y ie lds  

- -  - 
2 m ( w  - V )  dm 

- -  dw - (rn + a')$ + mVw - m'V2 
dm m(m + m l ) ( w  - V )  

For posi t ive t h r u s t  T, that i s ,  f o r  the  system t o  be e f f ec t ive ly  
propulsive it i s  necessary t h a t  

The discussion of the change i n  f le  and qr  with m, a ' ,  and w i s  
summarized i n  the adjoining t ab le  111. 
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Value of w 
.. 

29 

Variation of qe and T~ with m, m ' ,  and w 

qe and qr increase (T and qth being con- 

a 

s t a n t s )  when m decreases, t h a t  is, when: 

TABLE I11 

1 

m' increases, hence w increases 
2m + a' 

v < w  

jm :'mf V < w < V/&/m' decreases, hence, when w increases 

m' increases, hence w decreases 

The speed of exhaust w, being, generally, greater than V, it i s  seen 
tha t ,  as a ru l e ,  t o  increase ve and qr it i s  necessary t o  increase 
the volume m'  of the f l u i d  taken from the outside and t o  slow up the  
ejected j e t .  But, when w i s  lower than V, w being qui te  s m a l l  
o r  V very great,  the  preceding t ab le  shows t h a t  these conclusions are 
profoundly modified. 

This point i s  reverted t o  again later on. 

(3) Case of rocket with l i q u i d  f u e l . -  In t h i s  case the combustion 
a i r  taken from the outside takes the place of the surrounding f l u i d  
passing through the tube of the explosive rocket with t h r u s t  augmenta- 
t i on .  The discussion of the preceding case is e n t i r e l y  valid,  with 
the exception t h a t  the heat value L involved i s  much more considerable. 

(4)  Case of t he  l iquid-fuel  rocket with t h r u s t  augmentation.- This 
case i s  analogous t o  the preceding one. The volume m' of f l u i d  taken 
from the outside must then include, apar t  from the  combustion air, the 
surrounding f l u i d  on which the augmenter tube a c t s .  

I 

NOTE: It i s  f o r  the obvious purpose of s implif icat ion that the  
number of categories of volume and speeds mi, mj', wi, and w j  ' w e r e  
reduced t o  a minimum. The formulas (37) t o  (41) lend themselves t o  the 
discussion of much more complicated cases. 
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a Explosive Rocket with Thrust Augmentation 

15. Principle  and operation 

The system i s  composed ( f i g .  6 )  of the  rocket F and an 
augmenter tube comprising three  pr inc ipa l  par t s :  

A nozzle T '  conveying the  outside air right up t o  the  exhaust 
of t he  rocket nozzle T (sect ion S,); 

A mixer M, t he  port ion of t he  nozzle a t  o u t l e t  S2 of which it 
i s  assumed t h a t  the  mixture of rocket gas and the  a i r  
introduced through the  nozzle T' i s  homogeneous and t h a t  t he  
temperature and t h e  speed are sensibly uniform i n  the  s t r a igh t  
sect ion S2; 

A d i f fuser  D, a nozzle i n  which the  mixture coming from the mixer 
i s  reduced i n  the  exhaust sect ion Se t o  atmospheric pressure 
by expansion o r  compression i n  the  usual manner of gases i n  
nozzles. The preceding scheme can be complicated by multiplyilig 
the  number of nozzles T '  and by making them terminate 
successively on the  axial flow so as t o  provide i n  more pro- 
gressive manner the  mixture which must be reached i n  the  cent ra l  
pa r t  of the  tube ca l led  mixer. 

The present study i s  l imi ted  t o  the rocket with simple augmentation 
as shown i n  f igure  6. 
include the case of the  rocket with multiple t h rus t  augmenter tubes. 

It should be an easy matter then t o  extend it t o  

The th rus t  augmenter i s  a j e t  device which has the  advantage of  
permitt ing the  entrainment of one f l u i d  by another without involving 
any movable element; i t s  addi t ion t o  the  explosive rocket gives the  
la t ter  the cha rac t e r i s t i c s  of a propulsion system without moving.parts. 

A2 first  s ight ,  t he  increase i n  volume which the e f f ec t  of the 
augmenter tube must procure and t o  which there  corresponds a reduction 
i n  the  veloci ty  of the  entrained je t  seems favorable f o r  increased 
over -a l l  eff ic iency,  but t he  f a c t  must not be l o s t  s ight  of t h a t  the  
e f f e c t , o f  the augmenter, introducing the  v iscos i ty  and f r i c t i o n  which 
determine the  mixing of one of the f l u i d s  with the  other,  necessarily 
exe r t s  an influence on the  thermal eff ic iency of t he  system. 

An attempt i s  made fu r the r  on t o  i l l u s t r a t e  these two pr inc ipa l  
aspects of t he  study of t he  explosive rocket with th rus t  augmentation. 
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For the sake of simplification, only the  over-al l  eff ic iency qg 
and the propulsion eff ic iency q are  t o  be considered. It w i l l  be P 
recal led that, s t r i c t l y  speaking, it i s  more r a t iona l  t o  consider the  
e f f ic ienc ies  analogous but defined by a s l i g h t l y  d i f fe ren t  method, 
c d l e d  the eff ic iency of energy and of react ion as visualized i n  t h e ,  
foregoing. 
increases, the more the difference between the corresponding ef f ic ienc ies  
of these two categories are reduced, and t h i s  f ac t ,  together with the 
consideration of forward speeds not exceeding 1000 km/h, permits the  
study of q and qp t o  be made without trouble.  

The more the  contribution of the  a i r  by the  augmenter 

k3 

'16. Operating formulas of the rocket with t h r u s t  augmentation 

(a) Thrust.- Disregarding, as it seems admissible, the aerodynamic 
resistance Re of the rocket with thrus t  augmentation5 the th rus t  i s  

T = mwe + m'(w, - V )  (42) 

m and m '  denoting the corresponding consumptions ( i n  mass per uni t  
of time) of the powder and air extrained by the augmenter tube and 
the corresponding speed of exhaust. 

We 

This speed i s  given by 

(m + m')we2 = m l v 2  + (43) 

(b )  Efficiency.-  With qth, qp, T ) ~ ,  = 7th x qp denoting, respec- 
t ive ly ,  the thermal, propulsive, and over-all  eff ic iency of the rocket 
with thrus t  augmentation defined as i n  3, we put 

L - -  m'  
m - 9  - -  

V2 
- P; 

Then the application of (42) and (43) readi ly  gives 
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To determine the  thermal eff ic iency qth, it i s  necessary t o  
resor t  t o  a theory of gas boosting or augmentation discussed i n  
Appendix I t o  111. 

It assumes the augmenter t o  be adiabatic,  t ha t  is, without 
exchange of heat with the  surrounding medium, and compares the burnt 
gases with the perfect  gases, which assumes the presence of condensable 
water vapor i n  the  gaseous products of the explosion t o  be prac t ica l ly  
negligible.  

When, i n  these conditions, A and A' denote the t o t a l  heat 
(A = V_ + pu) per un i t  mass of burnt gas and air  collected by the 
augmenter tube, functions which f o r  perfect gases depend only the 
temperature (.ah = CdT, ah' = CldT), the thermal eff ic iency 7 th  of the 
rocket with th rus t  augmentation i s  

Ta and Te s ignify the temperature of the atmosphere and of the  
exhaust, assumed uniform i n  the  discharge section Se ( f i g .  6 ) .  

On denoting the  sections of en t ry  and e x i t  of the  mixer with sub- 
s c r i p t s  1 and 2, where the pressure p1 i s  assumed constant and 
uniform, and the s t a t e  of the gases i n  the  combustion chamber of the 
rocket with subscript  c and t h a t  of the a i r  i n  the atmosphere with 
subscript a, the t o t a l  heat A and A '  of the primary and secondary 
f l u i d  s a t i s f y  the r e l a t i o n  

._ 

the coeff ic ient  
absolute value) 

energy (m + + 

be expressed by 

2 W 

k represents the  r a t i o  of the energy -Ev (taken a s  
of v i scos i ty  and f r i c t i o n  i n  the mixer t o  the k ine t ic  

m '  - of the f l u i d s  a t  entry i n  the mixer, which can 2 

the  qualifying re la t ion  
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Given the  pressure pc = Xcpa i n  t he  combustion chamber of t he  
rocket and the  pressure p1 - - Alpa i n  the  mixer, the  values of A and 

of A '  f o r  these pressures can be connected. 

In f a c t ,  the  steady and adiabat ic  flow i n  the  nozzles T and T '  
giving access t o  the  mixer i s  

TCXlS = TIXcS (49) 

TaXIS' = T1' 

and the  flow of the  assumedly homogeneous f l u i d  mixture which c i r cu la t e s  
i n  the discharge nozzle o r  d i f fuser  i s  

The exponents s ,  s ' ,  and Sd i n  (49), ( 5 0 ) ,  and (51) represent a 

( y ,  y ' ,  T d  = the  r a t i o  number which i s  equal t o  - 
of spec i f ic  heats  a t  constant presswe and a t  constant volume of fluid,  
o r  of t he  correspondent f l u i d  mixture), i f  the adiabat ic  flow i n  the  
nozzles under consideration w a s  revers ible .  The f a c t  t h a t  the  adiabat ic  
f l o w  i n  r e a l  nozzles i s  not revers ible  (due t o - t h e  in t e rna l  v i scos i ty  of 
the  f l u i d  and the  e f f ec t  of the  w a l l s )  causes these exponents t o  be 
in fe r io r  or superior t o  t h e i r  value i n  the  case of r eve r s ib i l i t y ,  
depending upon whether the  flow involved i s  accompanied by expansion 
or compression. 

y - 1  y ' - 1  7 d - I  
7 ' 7 '  ' Yd 

In nozzle T expansion always preva i l s  ( A c  > Xl) and 

In nozzle T '  compression o r  

o r  smaller than 7 '  - ', depending 
Y '  

positive or  negative pressure (X > 1 <  

Y - 1  
Y 

expansion e x i s t s  and s '  i s  greater  

upon whether t he  mixer operates at  

1) 

Lastly,  t he  flow i n  the  d i f fuser  presents a character opposite t o  
the preceding one. 

II 11111111 11111111111.1111.11-111 
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Any compression ex is t ing  i n  the  nozzle TI  i s  l imi ted  t o  the  
value 2 1  of r a t i o  A 1  f o r  which the  a i r  col lected i n  the  augmenter 
tube i s  immobilized i n  the  mixer inlet  

1 
S' 

z l = ~ + & )  

Given 

as p = - ( r a t i o  of volumes of the augmenter tube)  and A 1  (corre-  

sponding pressure i n  the  mixer), the  equations (46) and (51) can be 
used, with allowance f o r  (xl .<_ ~l), t o  compute the  thermal eff ic iency 
of the  rocket with t h r u s t  augmentation, provided t h a t  the  f ac to r  k i s  
evaluated i n  these conditions, which cer ta in ly  depends on the  chosen 
data. 

Tc, Xc ( t h e  conditions i n  the  combustion chamber) as well 
m '  
m 

7th 

The theory of gas augmenter tubes i s  not far enough advanced yet  
t o  permit k t o  be determined i n  these conditions; the development of 
the  theory f o r  determining the  fac tor  k experimentally c a l l s  f o r  
systematic va r i a t ion  of the  experimental conditions. 

However, it i s  a c e r t a i n t y t h a t  k ranges between zero ( ideal  
augmenter) and un i ty  (augmenter l i m i t e d  t o  impossible evacuation). 
Moreover, it i s  l i k e l y  t h a t  k increases with the  r a t i o  p of the  
volumes and with the  difference (w1 - w l ' )  of the  ve loc i t i e s  at entrance 
i n  the  mixer, a l l  other  conditions remaining the same. 

( c )  In t ens i ty  of t h rus t . -  A s  before, the  in t ens i ty  of thrust t 
of the  rocket with th rus t  augmentation i s  the  r a t i o  of t h rus t  T t o  
the discharge sect ion Se of the  augmenter tube 

With pe = pa 
and R and R t  t he  Mariotte and Gqy-Lussac constants f o r  powder gases 
and air trapped by the  augmenter tube, while taking in to  account (42), 
the  in t ens i ty  of t h rus t  t of the  rocket with th rus t  augmentation i s  

denoting the pressure at  e x i t  from the  augmenter tube 

where we i s  given by (43).  This formula i s  t o  be compared w i t h  t he  
pure explosive rocket formula (28).  

1.111 11.1111 1111111~- I I . I I I I  I111111111.1. 
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17. General formulas-for  comparing the  e f f i c i enc ie s  of t he  t rue  rocket 
and the  rocket with th rus t  augmentation 

Yhe problem involved here i s  t o  ascer ta in  whether t he  addi t ion of 
a td rus t  augmenter t o  an explosive rocket produces cer ta in  advantages. 
. -  -v ~ 

To t h i s  end, t h e  rocket with th rus t  augmentation, f o r  which the  
equations of operation are t o  be established, i s  compared with a t rue  
rocket operating with the same consumption m of t he  explosive of t he  
same nature, a t  t he  same pressure and a t  the same tempera- 

t u r e  Tc i n  t he  combustion chamber. 
p, - - Lepa 

The corresponding quant i t ies  f o r  the  t r u e  rocket are distinguished 
by two dashes; the  subscripts denote the  corresponding s t a t e s  of 
combust ion and exhaust. 

It should be noted, however, that the  combustion temperature Tc 
i n  both types of rockets i s  very high with respect t o  the  temperatures 
indicated by Te o r  Tell, T i ,  T i ' ,  and T a .  To simplify matters,  the  
mean spec i f ic  heat a t  constant powder gas pressure between Tc and Ta 
i s  designated by Cm and the t rue  spec i f ic  heat of these gases i s  
regarded as quasi-constant and equal t o  hCm so tha t  the temperature 
of these gases remains within the  sphere comprising the values Te, T e f f ,  
T1, T l l ,  and Ta. Lastly, it i s  conceded that within t h i s  f i e l d  the  
a i r  trapped by the  th rus t  augmenter has the  same specif ic  heat as the  
powder gases. The f ac to r  h seen above i s  now a l i t t l e  l e s s  than 
uni ty  by reason of t he  increase i n  the  spec i f ic  heats  of the gases with 
the  temperature. 

These approximations, which a re  sui table  f o r  a summary study, a re  
used t o  w r i t e  

L = C m p c  - T a l  (54) 

It i s  e a s i l y  ve r i f i ed  t h a t  t h i s  equation ( 5 5 ) ,  corresponding t o  
the  t r u e  rocket, i s  ident ica l  with formula (26) f o r  t h i s  rocket, when 
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put t ing  h = 1, which disregards the  var ia t ions  in: spec i f ic  heat with 
the  temperature, var ia t ions  previously taken in to  consideration 
s w a r i l y  by introducing the f ac to r  h 
represents the  r a t i o  of the spec i f ic  heats of the powder gases ' (o r  of 
the  a i r )  a t  low and high temperatures. 

s l i g h t l y  below uni ty  and which 

On the other  hand, t he  f i n a l  temperature T2 at  the  mixer o u t l e t  
of the rocket with th rus t  augmentation is ,  by (47) 

(1 + p)T2 = (1 - k)(T1 + pTlt) + ikc - T a b  - & - h - Ph] ( 5 7 )  

the  parameter A represents  the  quantity CmTa/V2. 

The temperatures T1, T l r ,  T,, and Tett are l inked t o  the  
corresponding r a t i o s  of compression o r  expansion by the polytropic 
equation by which the  transformation of the  gases i n  the  corresponding 
nozzles are assumed t o  be expressed. For the  rocket with th rus t  
augmentation, the  equations (49), ( ? O ) ,  and (51) should be introduced. 

For the  t rue  rocket 

-S Te = TcXc 

By the  use of these expressions, t he  r a t i o  of the  thermal e f f ic ien-  
c ies  qth and qth" evaluated above assumes the  form 

-S S-Sd k -Sd -S 
+ - T h  h C 1 - TChC - -  hCm 11 - k)TcXc A 1  t t - 1 - -  

'th 
7 t h  qthttL 

-S S-Sd k -Sd -S 
- -  t t - 1 - -  lLbm k l  - k)TcXc A 1  
7 t h  qthttL 

+ - T h  h C 1 - TChC 
"th 

In t h i s  equation, t he  exponents s, s t ,  and Sd s igni fy  the  
average values of the  exponents of polytropic expansion o r  compression 
which must be chosen as indicated previously. 

The expression thus  obtained lends i t s e l f  t o  a very accurate 
evaluation of t he  thermal e f f ic iency  r a t i o s  of t he  compared rockets 
when considering a spec i f ic  case, but i t s  corresponding complication 
does not lend i tself  t o  a simple study of a general case. 
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A s  a result, t h i s  expression i s  s h p l i f i e d  by put t ing s = s '  = sa 

Y - 1  s = - 
which assumes that the  compressions and expansions i n  the  nozzles (but 

not i n  the mixer) a re  adiabatic and reversible  and the r a t i o  

nearly independent of the temperature. 
. - .  . Y 

Equation ( 5 8 )  becomes then 
\ 

This equation can be simplified by u t i l i z i n g  equation (48) which 
defines the coeff ic ient  k which i s  necessarily contained between 
zero and unity.  

By putting, i n  f a c t  

the fac tor  3, essen t i a l ly  posit ive,  represents the r a t i o  of the 
negative energy of the e f f ec t s  of viscosi ty  and f r i c t i o n  i n  the mixer 
of the augmenter tube t o  the heat value of the explosive consumed i n  
the same time; hence equation ( 5 9 )  takes the  simple form 

Now it i s  readi ly  apparent t ha t  the thermal eff ic iency of the 
rocket with t h r u s t  augmentation i s  always lower than the 'efficiency 
of the corresponding t rue  rocket. 

qth 
T ~ ~ ' '  

The r a t i o  of these e f f ic ienc ies  f o r  rockets with sui tably designed 

p1 which nozzles depends only upon the r a t i o s  p = and L-J- = - 
Pa 

characterize the operation of the rocket with thrus t  augmentation and 
determine the fac tors  k o r  G corresponding t o  the energy losses  
which occur i n  the mixer. 

m '  

A t  the  present s t a t e  of knowledge, it i s  unfortunately impossible 
t o  evaluate the coeff ic ient  k (or  5) corresponding t o  the mixer of a 
gas th rus t  augmenter as function of i t s  operational conditions CI 
and XI. 
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S t i l l ,  it may be considered l ike ly ,  if not cer ta in ,  t h a t  k 
increases e i t h e r  when the  r a t i o  p of the v o l m  of entrained gas and 
of the moving gas increases,  o r  when the difference ( w l  - q') i n  the 
respective speeds of these f l u i d s  a t  entrance i n  the mixer increases in 
absolute value. On the  other hand, the  possible values between zero 
and uni ty  i n  any spec i f ic  case of coeff ic ient  k can be computed i n  
probable manner. 

A fur ther  attempt t o  e f f ec t  the comparison of the rocket with 
th rus t  augmentation with the pure rocket i s  described later on. 

As essen t i a l  term f o r  such a comparison, it i s  e q e d i e n t  t o  take 
the over-al l  eff ic iency r a t i o s  vg and vg" of these rockets. 

These ef f ic ienc ies  a re  expressed by (45) and (22); hence 

and the r a t i o  of these e f f ic ienc ies  i s  

To ascer ta in  whether the over-al l  eff ic iency of the rocket with 
thrus t  augmentation i s  perhaps superior t o  tha t  of the  t rue  rocket, 
t h a t  i s ,  whether the preceding r a t i o  i s  perhaps greater  than unity, it 
i s  necessary and it suff ices ,  according t o  ( 6 2 ) ,  t ha t  

L 4 

It i s  known from (61) t h a t  the  r a t i o  vth/qthft i s  necessarily l e s s  

than uni ty  and it i s  eas i ly  ver i f ied  t h a t  the second term of (63) 
represents a quantity l e s s  than unity.  In consequence, it s t i l l  does not 
prohibit  contemplating tha t  the rocket with thrus t  augmentation could 
have a thermal eff ic iency.  7th such tha t ,  though below the 7th'' of 
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the  corresponding t r u e  rocket, the inequality (63) might be s a t i s f i e d  
and that, therefore., it might y ie ld  

This i s  the  question which i s  now t o  be analyzed thoroughly by 
simplifying again the  equation (59)  of the thermal eff ic iency r a t i o s  
of the two rockets. 

18. Approximate analysis  of the conditions of superior i ty  of the rocket 
with th rus t  augmentation 

Since the discussion i s  confined t o  the comparison of 7th 
and qthffy it i s  admitted t h a t  h m i g h t  be put = 1 iri formula (59),  
t ha t  is ,  the change of specif ic  heat with temperature may be disregarded, 
since the covolume of the powder gases and the difference i n  the 
corresponding spec i f ic  heats of these gases and the air  have been 
ignored. 

These approximations are  indubitably legit imate considering tha t  
only the comparison of the rocket with thrus t  augmentation and the 
corresponding t rue  rocket i s  involved. 

The comparison i s  made by f i r s t  visual iz ing the par t icu lar  case 
of the rocket with thrus t  augmentation with mixer operating at atmos- 
pheric pressure (X1 = 1) and studying i t s  possible eff ic iency i n  
re la t ion  t o  the r a t i o  p of the volume of the thrus t  augmenter, then 
by proceeding t o  the general case (that is ,  X # l), and comparing it 
with the f i rs t  f o r  an ident ica l  value of p. 

19. F i r s t  spec i f ic  case - mixer at  atmospheric pressure (X1 = 1) 

In  t h i s  case, the rocket, operates s t r i c t l y  speaking, the same way 
i n  the rocket with th rus t  augmentation and i n  the corresponding t r u e  
rocket, and the question i s  whether the addi t ion of t h rus t  augmentation 
which does not change the operation of the rocket affords  an increase 
i n  over-al l  eff ic iency of the .whole system. 

Adopting the subscript 1 f o r  the charac te r i s t ic  quant i t ies  of 
t h i s  par t icu lar  case, so as t o  reproduce the condition 
with the approximations specified above, 

XI = 1, we get, 
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Putting, f o r  simplification 7 

the preceding formula be comes 

The r a t i o  of over-al l  e f f ic ienc ies  i s  

It i s  a question of knowing, a1 being given, whether p values 
can be real ized such t h a t  
eventually, t o  determine the maximum of Xi. 

X1 i s  greater than uni ty  (Xi > 1) and 

In t h i s  problem, the coeff ic ient  k l  of the kinetic-energy losses  
in the thrus t  augmenter, defined by (48) and corresponding t o  
i s  a simple function of p which depends only upon the velocity and 
the temperature of the f l u i d s  at  entry i n  the mixer, t ha t  i s ,  Te", We", 
Tay and V. 

hl  = 1, 

When these conditions a re  fixed, f o r  example, by Ta, V, pc, 
and 7th"y the coeff ic ient  kl i s  a function determined by p, which 
i s  cer ta in ly  increasing with p, but on the subject of which, f o r  lack 
of being able t o  take up the theore t ica l  study ( c f .  appendix 111), or 
being able t o  r e f e r  t o  sys temat ic . tes t s  which have not yet been made, 
only more or  l e s s  plausidle hypotheses can be made. 

Ln any case, an attempt i s  made t o  determine the  necessary and 
suf f ic ien t  condition at  which the r a t i o  Xi could exceed unity.  

7The parameter a1 previously defined by (64) represents the 
r a t i o  of the r a t e  of e jec t ion  
forward speed V. The importance of the speed r a t i o  i n  a l l  questions 
of j e t  propulsion explains the fundamental par t  played by the 
parameter al. 

We" = d- of the t rue  rocket a t  
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This condition can be expressed, by v i r tu re  of ( 6 6 ) ,  by 

The family of curves K1(p) corresponding t o  d i f fe ren t  values 
of a1 can be .p lo t ted  on a diagram. 

The values of t h i s  function are  given i n  t ab le  IV. 

Table IV 

Value of Function Kl(p) and the Maximum of This 

Function f o r  Different Values of al 

0 
.1 
.25 
.5 
1 
2 
4 
10 

W 

Value of K1 

/p = 0 

1 
0 
0 
0 
0 
0 
0 
0 
0 

I - 
p = l  

0.5 
.4 
.264 
.10 

.10 

.264 

.4 
- 5  

0 

f o r  
p = a’ 

0 
0 
0 
0 
0 
0 
0 
0 
1 

I 

MaXiIIlUm 

K1 = 

1 
67 
36 
.11 

.11 
0 

* 36 
67 

1 

For 
p = a 1 =  

0 
.1 
.25 
.5 
1 
2 
4 
10 

m 

The corresponding curves a re  represented i n  the diagram of 
Ki(p,al). f igure 7, along with the posit ion.  of  the m a x i m u m  of 

corresponding curve Kl(p) f o r  any value of a1  i s  obtained by 
interpolation, when observing t h a t  the maximum of t h i s  curve i s  
located a t  the precedirlg place and has p = a1 f o r  abscissa. 

The 

For the rocket with powder B (L  = ~,OOO,OOO) whose thermal 
effi.ciency q as t r u e  rocket may be supposed t o  be of the order of 0.4 
t o  0.6, the previous values indicated by the parameter a1  = d w  
correspond t o  the following values of the forward speed V: 
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Values of a1 
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0 0.1 

20,000 

24,500 

0.25 0.5 1 2 4 100"- 

8,000 4,000 2,000 1,000 500 200 o 

9,800 4,900 2,450 1,225 612 245 0 

V(m//sec) prqthlt = 0.4 

{prqtil = 0.6 

The scope of p rac t i ca l  i n t e re s t  being confined t o  speeds below 200 
o r  300 m/sec a t  the rnostY8 it i s  seen t h a t  the only pert inent  
values are  those above unity, and consequently the curves t o  be 
retained in  f igure 7 a re  those curves s i tua ted  below the hyperbolic a rc  
corresponding t o  a1  = m (or  V = 0)  and whose maximum, which has the 

a1 
K1(p) 

and corresponds t o  the abscissa 

so much higher and sh i f ted  so much f a r the r  toward the r igh t  a s  a 1  i s  
greater,  t ha t  is, a s  the speed V is  slower. When the curve kl(p) i s  
plot ted (which f o r  the time being must be made by way of assumption o r  
by guess), the r a t i o  X1 
only at values p f o r  which the curve kl i s  located below the 
curve K1(p) which corresponds t o  the value of a1 i n  question. 

p = al, i s  found t o  be 
value - a1j' 

1 + a1 

of the over-all  e f f ic ienc ies  can exceed uni ty  

* 

The maximum of the  r a t i o  Xi Qccurs at  

t h a t  i s ,  at  the point on curve 
t o  a curve of the family 

kl(p) where the l a t t e r  i s  tangent ia l  

& + PHCL + a12)(1 - kl) = CL + a 

a designating an a rb i t r a ry  constant. 

The parameter a1 being fixed, the ordinate K1' of the curves 
of t h i s  family can be wri t ten 

8For b a l l i s t i c  applications of rockets with thrus t  augmentation, it 
i s  evident t h a t  much higher speeds can be visualized, but i n  t h i s  instance 
t,he present or  future  aviat ion i s  of sole in t e re s t .  
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and the curves of t h i s  family s i tua ted  below curve IC1 are  obtained 
by giving t o  the a rb i t r a ry  constant a some -lues greater  than ai .  

By way of example, figures 8 and 9 represent some of these curves 
as w e l l  as t h e  corresponding curve K1 
of a1 (a i  = 20 and a i  = 10). 

f o r  two par t icu lar  values 

These values correspond, on a rocket with powder B (L  = 5,000,000) 
with a thermal eff ic iency 7th" 
t o  the following values and speeds 

as pure rocket assumed equal t o  0.50, 
V: 

V = 112 m/sec = 4-02 km/h, fo r  

V = 224 m/sec = 804 km/h, f o r  

a1 = 20 

a1 = 10 

Consider, by way of example, the diagram of f igure 8. 
kl(p) 

On bearing 
corresponding i n  mind tha t ,  i n  order t o  be able t o  p lo t  the curve 

t o  the thrus t  augmenter involved, the eventual point of contact of t h i s  
curve with one of the curves of the family K1' must be known, and 
consequently a l s o  the volume p 
the maximum superior i ty  of the rocket with thrus t  augmentation over the 
corresponding p la in  rocket under the par t icular  conditions. , 

of the thrus t  augmenter which gives 

But, a s  already pointed out, t he  present s t a t e  of knowledge on gas 
th rus t  augmenters affords no accurate information about the behavior 
of curve k l (  p) ; hence the necessity of r isking in tu i t i ve  hypotheses 
about t h i s  behavior, while s t ress ing the fundamental i n t e re s t  which 
attache's t o  the systematic study of the function 
types of th rus t  augmenters. The curve k l ( p )  which s t a r t s  from zero 
f o r  p = 0 i s  l i k e l y  t o  be an ascending curve when p increases and 
a l so  when i t s  curvature has a constant sine,  hence, when it i s  of one 
of the types (I), (11), or  (111) represented i n  f igure 10, depending 
upon whether i t s  curvature i s  turned upward or downward. 
of the thrus t  augmenter (at  l e a s t  according t o  the conception of 
perfect or homogeneous mixture adopted in  the ordinary theory) being 
assured by the act ions of the f r i c t i o n  or the viscosi ty ,  we are  inclined 
t o  believe that these phenomena permit the entrainment of only a f i n i t e  
r e l a t ive  volume with the losses  which undoubtedly increase qui te  
rapidly as the limit of the volume i s  reached. 

k l ( v )  f o r  different  

The operation 

Following t h i s  point of view, the curve kl(v) of type (I) of 
f igure 10 w a s  provisionally adopted. 

Now an attempt i s  made t o  compute the possible e f f ec t  of such a 
characterized th rus t  augmenter i n  the case of propulsion corresponding 
to ,  say, a1 = 20. 
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D r a w  the curve K1 of f igure  8 on the  diagram of f igure 11, 
supposed t o  represent t he  e f f e c t  of t he  t h r u s t  and then a curve 

augmenter. 
speed q = We' '  = 2240 m/sec and a t  an absolute temperature Tell 
equal to9 
powder B and operate with a thermal eff ic iency (as pure rocket) 
equal t o  0.50 i n  a standard atmosphere (Ta = 273' + 13 = 288O). A t  
t he  same t i m e  t he  entrained a i r  a r r ives  with a speed w l '  equal t o  
the  forward speed V = 112 m/sec, and a t  a temperature equal t o  the 
surrounding temperature Ta = 288'. 

C1 
The powder gases a r r ive  a t  the mixer in le t  with a 

1369' = 273' + l096', the rocket being assumed to use 

The hypothetical curve C 1  indicates t h a t ,  i n  these conditions, 
t he  volume of entrained air cannot exceed 13.5 times t h a t  of the motive 
f l u i d .  This curve touches the family of curves K 1 '  of f igure 8 a t  
a point Mi i n  f igu re  11, of the abscissa 1.1. = 6 where kl assumes 
the value 0.3.  It i s  f o r  t h i s  volume t h a t  the t h r u s t  augmenter involved 
should a t t a i n  i t s  highest superior i ty  over the corresponding p la in  
rocket. It i s  e a s i l y  v e r i f i e d  by computing the thermal eff ic iency 
r a t i o  Xi f o r  d i f fe ren t  points of  the curve s i tua t ed  below curve k l  
by equation (66).  

This'method affords  the data given i n  t ab le  V as w e l l  as the 
values of the thermal eff ic iency r a t i o s  Yl 
proper eff ic iency values of the visualized rocket with th rus t  augmenta- 
t ion ,  the e f f ic ienc ies  of t he  p la in  rocket taken f o r  example being 

computed by ( 6 5 )  and the 

l1 = 0.50 ? t h  vg" = 0.05 

Thus i n  the preceding hypothesis, the over-all  eff ic iency can be 
sensibly doubled by the e f f e c t  of t h rus t  augmentation ( i n  s p i t e  of 
the 30-percent drop i n  thermal eff ic iency) .  
obviously insuf f ic ien t  value of 0.03, t o  about 0.10 and approaches 
interest ing values. 

It passes from the  

9The value of Te" is ,  l i k e  those indicated i n  t ab le  11, obtained 
by neglecting the covolume of the gases of the powder and the  change 
of t h e i r  specif ic  heat with the temperature. The e r ro r  introduced 
has evidently n3 significance f o r  the purely speculative considerations 
exposed above. 
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p = 3 
6 

i o  

45 

VaLues of: 

Observations (kl XI = )I y1 = (=jl 7 t h  (‘lg)l (7th); 

0.13 1.72 0.869 0.086 0.434 Assumed 
.30 1.92 .696 .096 .348 maximum 
.60 1.62 .385 .08i .192 of x1 

4 

Table V 

p = 1 0  

13.5 

19 

Rocket with Thrust Augmentation Characterized 

by Curve Cl of Figure 11 

Values of: - 

% XI Y1 (‘l& ( 7 t h ) 1’ Observations 

1 . 0.23 2.43 0.764 0.122 0.382 
Assumed 

-33 2.5 - 659 .125 .329 maximum 

.55 2.12 .. 424 . io6 ,212 
of Xl 

Now the f i c t i t i o u s  curve C 1  representing the function kl(p) i s  
replaced by the more optimistic curve C2,  a l s o  shown i n  f igure 11 and 
fo r  which the l i m i t  of the corresponding entrained volume reaches 25 
instead of 13.5. The optimum operation of  the thus-characterized 
rocket with t h r u s t  augmentation corresponds t o  point M 2  where 
curve C 2  touches K 1 ’  or a t  p = 13.5 and kl = 0.33. 

Moreover, t ab l e  V I ,  which gives, with the  a i d  of curve C 2  and 
formulas (65) and (66), the charac te r i s t ic  elements of the comparison 
f o r  d i f f e ren t  p, can be prepared. 

Table V I  

Rocket with Thrust Augmentation Characterized 

These hypothetical conditions, which are more optimistic than the  
preceding ones, a f ford  an over-al l  efficiency 2.5 times higher than 
t h a t  of t he  p l a i n  rocket. Next we compute i n  the  same manner the 
possible benefi t  by assuming the  same rocket propelled a t  twice the 
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0.866 

::: 

speed, t h a t  is, a 1  = 10, the  case which corresponds t o  the diagram of 
f igure 9. In t h i s  case curve k l ( p )  w i l l  obviously be below and t o  
the r igh t  of t h a t  which corresponds t o  the preceding case, since, the 
temperature conditions not being modified at en t ry  i n  the m i x e r ,  the  
difference i n  j e t  velocity,  which causes the  entrainment of one by the 
other a t  the expense of a k ine t ic  energy lo s s  characterized by 
i s  reduced from 2240 - 112 = 2128 m/sec 
However, the curve C 1  of f igure 11 i s  retained fo r  comparison with 
the curves of f igure 9 which correspond t o  the case of It 
affords the disposi t ion represented i n  figure 12 f o r  which the  best 
operation of the rocket with th rus t  augmentation corresponds to 
point Mi, t ha t  i s ,  t o  p = 3.3 and kl = 0.25. I n  t h i s  case, where 
the p la in  rocket has a thermal eff ic iency of 
over-all  eff ic iency of 
comparison are  summarized i n  t ab le  V I I .  

kl, 
to 2240 - 224 = 2016 m/sec. 

a1 = IQ. 

qth" = 0.50 and an 
qgl' = 0.10, the charac te r i s t ic  elements of the 

0.159 0.433 
Assumed 

,170 1 I maximum 1 
of x1 

,120 

Table V I 1  

Rocket t i t h  Thrust Augmentation Characterized 

by Curve C1 of Figure 12 

1 

Values of: I I 

u =  --4- 0.1: x 
X1 

1 * 592 

1.70 

1.50 

I I I 1 

When the  curve C 1  i s  replaced by C2, a more optimistic 
estimation of the  function 
case of 
rocket with thrust augmentation corresponds t o  the point 
where p = 8.8 and k l  = 0.18. The charac te r i s t ic  elements of the 
comparison fo r  d i f fe ren t  values of p are  indicated i n  tab le  V I I I .  

kl, (less optimistic,  however, than i n  the 
a1 = 20), the f igure 12 shows t h a t  the bes t  operation of the 

M2 



NACA TM 1259 47 

Table V I 1 1  

Rocket with Thrust Augmentation Characterized 

by Curve C2 of Figure 12 

0.12 

.18 

-38 

x1 

1.96 

2.08 

1.88 

Values of:  
A 

*1 

0.873 

.804 

- 563 

0.196 

.208 

.188 

0.436 

.402 

.281 

7 Ob s ervat 'i on s 

Assumed 

of x1 

On reconciling the  data  of t ab le s  V I 1  and V I 1 1  f o r  al = 10 with 
those of t ab le s  V and V I  f o r  a1 = 20, it i s  seen t h a t ,  when a1 passes 
from 20 t o  10, t h a t  is ,  when the  speed V 
the  thermal e f f ic iency  7th'' 
t o  50 percent, t he  maximum r a t i o  of the  over-al l  e f f i c i enc ie s  of the 
rocket with th rus t  augmentation t o  the p l a in  rocket decreases a l i t t l e  
fo r  the comparable hypotheses of the  possible var ia t ion  of 
characterizes the mixer of the thrus t  augmenter. This maximum r a t i o  
s h i f t s  from 1.92 t o  1.70 o r  from 2.5 t o  2.08, depending upon whether 
i s  given the  shape of curve C 1  or  C2 i n  f igures  11 and 12. 

passes from 402 t o  804 km/h, 
of the p l a in  rocket being assumed equal 

kl(p) which 

k l  

In  the second case (a1 = 10 or  
eff ic iency of the rocket with th rus t  augmentation thus reaches at the  
most and by vi r tue  of the  doubled e f f ic iency  of the pure reference 
rocket values of the order of 0.17 t o  0.208, depending on whether k l  
follows one o r  t he  other of the hypotheses C 1  o r  C 2 .  

V = 804 h / h )  , the  over-al l  

It must therefore  be concluded tha t ,  i f  these hypotheses a re  
real izable ,  t he  rocket with th rus t  augmentation is, a t  these high 
forward speeds, susceptible t o  an over-al l  e f f ic iency  comparable t o  
t h a t  obtained e i t h e r  with the  orthodox engine-propeller un i t  a t  low 
speeds or  with the  pure rocket at  considerably higher speeds. 

The accuracy of t h i s  r e s u l t  depends only, it i s  pointed out, on 
the  poss ib i l i t y  of securing a su f f i c i en t ly  e f f i c i e n t  mixer, and t h i s  
can be establ ished only by appropriate experimental research, 
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A f e w  more data  are added t o  determine exactly what can be 
accomplished by a rocket with optimum thrus t  augmentation corresponding 
t o  the conditions of t ab le  VII, t h a t  is, t o  the point of f igure 12: Mi 

a 1= 10 p = 5.3 kl = 0.25 

In t h i s  par t icu lar  case, the temperature Te of the gases a t  the 
th rus t  zugmenter e x i t  i s  (according t o  (56) simplified by h = 1 and 
where 
f o r  the powder gases a t  entrance i n  the mixer. 

Tc = 2450°) equal t o  273O + 231' = 504' instead of 273' + 1 0 9 6 ~  = 1369~ 

The speed of e jec t ion  of the gases We at  the e x i t  of the th rus t  
augmenter i s  925 m/sec at  a propulsive veloci ty  of 224 m/h. 

The in t ens i ty  of t h rus t  t ( thrus t  per un i t  of sect ional  area Se 
of the thrus t  augmenter o u t l e t )  is ,  according t o  (53), where 
equal t o  2.25 times the  pressure 
temperature of the l a t t e r  equal t o  288'. 

R = R ' ,  
pa of the outside atmosphere a t  a 

Lastly, the air intake section Sa f o r  the thrus t  augmenter 
referred t o  the evacuation section Se of the thrus t  augmenter i s  

In other words, the par t  upstream from the thrus t  augmenter has a 
f ron ta l  section about twice as great as the pa r t  downstream. 

20. Second general case - ef fec t  of pressure p1 at the mixer 

The'pressure p1 at  the mixer of the thrus t  augmenter being 
defined by the r a t i o  
important t o  increase the over-al l  eff ic iency - 

augmenter and t o  increase or  decrease A 1  f o r  a specified corresponding 
volume 
should have t o  ensure the maximum of 

)tl = p p a ,  it may be asked whether it i s  
?lg of the thrus t  

p = m'/m and, eventually, what value t h i s  charac te r i s t ic  r a t i o  

q g  . 
In other words, vg being, for the conditions of combustion 

(Tc, pc) ,  a specif ic  f u e l  and atmosphere, sc le ly  a function of the 
operating conditions X1 and p of the thrus t  augmenter, it means 
finding the values of the parameters tha t  give the highest possible 
the hy-pothetical var ia t ion of which had been previously studied a s  
function of p f o r  the par t icu lar  case X1 = 1. 

g' 7 
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Retaining the  approximations of the preceding a r t i c l e ,  the p a r t i a l  
derivative of ‘Ig with respect t o  (p being f ixed)  i s  analyzed. 

1 By derivation of (62) with respect t o  A 1  

and the function Z under consideration has the same sign as the 
function 

. 

which i s  n 3 w  being considered. 

o r  with (59) taken into account 

The formula shows tha t  W i s  the sum of two terms, the second of 
ak q. which i s  essent ia l ly  posi t ive and the f i rs t  of contrary sign t o  

Therefore, when 

i s  increased f o r  a f ixed corresponding volume p by increasing h i ,  
t h a t  is ,  the pressure i n  the mixer. It w i l l  be recal led tha t  XI can 
i n  no case exceed the l imi t  value 

i s  negative, W i s  e s sen t i a l ly  posi t ive and qg ak 
ax, 

1 

z1 = (1 + &.-y 
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A s  f o r  the var ia t ion  of the function .kl, as i n  function of 
the var ia t ion of k f o r  X i  = 1 can be effected only by way of an 
assumption. The function k defined by (48) and which characterizes 
the losses  of k ine t i c  energy i n  the  mixer, depends, f o r  an optimum 
mixer, on ly  on the  conditions (p1, T1, T l ' ,  wl, w 1 ' )  a t  en t ry  i n  the 
said mixer and the corresponding Goluhe. of 

p, 

p. 

Given the nature of the f lu ids ,  the conditions (pc, Tc)  i n  the 
combustion chamber of the rocket and the outside temperature, the 
fac tor  K f o r  the best  m i x e r  depends only on X1 and p. 

.In f i r s t  approximation, it may be admitted t h a t ,  f o r  a specified p 
and constant temperature in the mixer i n l e t ,  k increases with the 
difference i n  the j e t  ve loc i t ies  ( w 1  - wl') enter ing the mixer, the 
difference involving the f r i c t i o n  and the viscosi ty ,  and so enables the  
mixer t o  accomplish i t s  function. 

A change X 1  modifies both the j e t  ve loc i t ies  (wl - w 1 I )  and the 
temperatures. TI and T 1 '  of the f lu ids  a t  the mixer i n l e t .  

Suppose tha t  the e f f ec t  of the var ia t ion of ( w l  on k i s  
preponderate. In that event it may be admitted t h a t  -82il1 has the 
sane sign as  d ( q  - q ' ) d x l ;  t h i s  derivative i s  expressed as 

w 1  2 = 2CmTc(1 - Xc-sA.ls) 

w l f 2  = $ + 2CmTa(l - Ais) 
whence, by u t i l i z i n g  the notation 
and bearing i n  mind tha t  7th"L = CmTc(l - Xc ), L = Cm(Tc - Ta) 

q = L/V2, while put t ing B = L/&Ta 
-S 

t-; -1 

c 

, 



NACA ~4 1259 

I 7th" = 

ak cancel out f o r  the K This formula and consequently also 

0.2 0.4 0.6 

value 22 of so t h a t  

100 

200 

300 

I n  this formula, it is  advisable t o  give the  exponent s a value 
corresponding t o  the suf f ic ien t ly  low temperatures prevail ing i n  the 
mixer, especial ly  when 22 i s  l e s s  than unity.  Choosing the 
value s = 0.286 (which corresponds t o  the reversible  adiabatic 
transformations upstream f romthe  m i x e r  with a specif ic  heat r a t i o  
of 
thrust-augmentation using powder B and f o r  several  thermal eff ic iency 
values 7th" 
ve loc i t ies  V 

7 = 1.4)  affords the tab le  IX f o r  the values 22 of a rocket with 

( a t  standard atmosphere, t h a t  is ,  T a  = 273 + 15 = 288O). 
of the pure reference rocket and a t  d i f fe ren t  j e t  

. go1 - 659 .203 

1.0 737 .238 

1.154 .880 .312 

- 

The var ia t ion of 22 as  function of V f o r  different  7th" is  
plot ted i n  f igure 13. This diagram shows tha t ,  up t o  very high speeds 
of propulsion V and except f o r  very low 7th" of the reference 
rocket, quantity 22 i s  less than unity. It i s  also possible t o  com- 
pute the upper l i m i t  of the speed of propulsion V above which, f o r  
given 7th" and Ta, the quantity Z 2  i s  greater  than unity. This 

... .... . . . . . _ .  . . . . . _. _. .. .. . . . . . .. - . .. .. . ~ 
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'Ith" = 0.2 

Ta = 288' 202 
(standard sea l e v e l )  

177 Ta = 249' 
( 60001~) 

speed V2, derived from (73), where q = L/V2 and 22 = 1, i s  given 
by the  formula 

0.3 0 . 4  0.5 0.6 

277 364 471 614 

245 322 419 549 

and indicated i n  t a b l e  X, and p lo t ted  i n  f igure 14, for two values 
of Ta corresponding t o  standard atmosphere 0 and 6000m. 

Table X 

Speed L i m i t  V2 f o r  which 22 = 1 

Rocket with Powder B 

It i s  readi ly  apparent that f o r  acceptable 7th" values (ranging 
between around 0.4 and 0.6) and at  speeds below 
l e a s t ,  t ha t  is, i n  the  range of appl icat ion i n  question, the  quantity 
i s  cer ta ip ly  less than uni ty .  

V = 1000 km/h a t  
Z2 

From t h i s  .it i s  concluded t h a t  

(a) Function k(X1,p) i s  representable by a set of curves 

(b)  The polnt of optimum operation (X1,p) where the  over-al l  

analogous t o  tha t  of f igure  15. 

eff ic iency qg  of t he  rocket with thrus t  augnentation a t t a i n s  i t s  
highest m a x i m u m  l i es  between the ordinates X1 = 22 and X1 = 2 1 .  

The locat ion of t h i s  optimum point i s  predicated upon the  knowledge 
of 
as well as experimental information, has already been noted. However, 
proceeding from the value f o r  which the var ia t ion i n  over-al l  
eff ic iency 7 had been studied as function of p according t o  ce r t a in  
assumptions regarding function 

k()Ll,p), on the . subjec t  of which the lack of insuf f ic ien t  theore t ica l ,  

A 1  = 1 

€3 k l ( p )  = k(h1 = 1,p), it should be 
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t he  function 
funct ion then 

in t e re s t ing  t o  know whether qg improves or worsens by increasing Xi, 
while t h e  parame$er p i s  assumed fixed. This involves studying 

W(Ll,p) expressed by (71) and making A 1  = 1. This 
becomes ,.. . . .. 

of 

In normal conditions, t h a t  is, when 22 i s  less than uni ty  (case 

figure 151, i s  a function o f  p which i s  0, f o r  p = 0 

and constantly increases w i t h  p up t o  the  l i m i t  at  which k reaches 
i t s  m a x i m u m  equal t o  unity; but k l  
which presents  the  same charac te r i s t ics .  Hence, it follows t h a t ,  
according t o  ( 7 5 ) ,  W1 
simultaneously zero f o r  p = 0 and increasing with p. A t  p = 0, W1 
i s  zero and the  value of X1 
when the augmenter tube i s  p rac t i ca l ly  nonexistent. When p increases,  
the  sign and the  value of W1 depend upon the corresponding course of  
t he  two pos i t ive  terms of which W1 cons t i tu tes  the difference.  This 
corresponding course i s  ac tua l ly  too  l i t t l e  known, (not t o  say e n t i r e l y  
unknown), t o  make it possible t o  br ing the  preceding considerations t o  
l i k e l y  conclusions o r  t o  numerical in te rpre ta t ions .  

i s  a l s o  ( c f .  f i g . . l O )  a function 

i s  the  difference of the  two functions of p, 

does not a f f e c t  the  over-al l  eff ic iency 

B. ORDINARY FUEL ROCKETS 

Chapter I - True Rocket with Ordinary Fuel 

21. Definit ion 

This type of rocket i s  i l l u s t r a t e d  i n  f igure  16. 
generator G of burnt-gases feeding an expansion nozzle. 

It comprises a 

The generator d r a w s  the f u e l  through the  pipe l i n e  C from tank R 
located outside and the  a i r  required for combustion from the outside 
atmosphere through an o r i f i c e  A of the  a i r  intake, facing upstream. 
The expansion nozzle evacuates i n  the  outside medium throilgh the evacua- 
t i o n  o r i f i c e  E located at the rear end of the  rocket. The f u e l  may be 
sol id ,  l iqu id ,  or gaseous, but f o r  t he  present,  the discussion i s  l imited 
t o  l i qu id  f u e l s  such as are obtained by the  d i s t i l l a t i o n  of kerosene o r  
coal and which are i n  every respect the most i n t e re s t ing  f o r  appl icat ion 
i n  aviat ion by reason of t h e i r  great heat value, of the order of 10,000 
t o  11,000 cal/kg, which permit the  lowest consumption by weight and 
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hence t h e  greatest range. In order t h a t  t h e  nozzle expand the burnt 
gases e f fec t ive ly  with increasing veloci ty  ( s t a r t i n g  from an i n i t i a l  
state without veloci ty)  it i s  necessary that the  combustion of t he  f u e l  
be effected i n  the  generator a t  a pressure higher than the  surrounding 
pressure and, consequently, that t h e  f u e l  and t h e  combustion a i r  be 
compressed sui tably i n  t h i s  generator before combustion, unless t he  
combustion i tself  i s  effected with increased pressure, as, f o r  example, 
a t  constant volume. Thus, the generator const i tutes  a heat engine with 
in t e rna l  combustion characterized by t h e  f a c t  t h a t  it furnishes no 
mechanical energy u t i l i z a b l e  on the outside, but solely burnt and com- 
pressed gases. The e s s e n t i a l  importance t h a t  attaches t o  the increase 
i n  the  thermal eff ic iency of the rocket s t i pu la t e s ,  as f o r  a l l  heat 
engines, t h a t  t h i s  compression be effected as much as possible before 
combustion, whatever t he  method of combustion used (constant volume, 
constant pressure o r  otherwise). The corresponding compressor or com- 
pressors absorb energy which must be supplied by a pa r t  of t he  generator 
under the  act ion of a l l  or  p a r t  of t he  burnt gases, the p a r t  t h a t  con- 
s t i t u t e s  an engine furnishing exactly the  entrainment energy of the 
compressor or compressors. Different types of generators, more o r  l e s s  
complex, can thus be visualized, composed of elements connected more or 
less  t o  the const i tut ive elements of known heat engines. For the moment, 
it i s  assumed that the products e jected by the  rocket const i tute  a homo- 
geneous mixture moving a t  uniform exhaust veloci ty  
section. 

We.  i n  the e+ust 

22. Rocket operation formulas 

Using the  same notation as for the  explosive rocket, a0 indicates  
the m a s s  of air required for the, complete combustion per uni t  mass of 
fue l ;  a, t he  m a s s  of a i r  e f fec t ive ly  consumed by the rocket per u n i t  

a mass of fuel; CL = - - 1, the "dilution" of the com.bustible mixture 
a0 

u t i l i z e d  i n  the rocket. 

The rocket consuming m m a s s  u n i t s  of f u e l  per un i t  time, the 
corresponding volume of consumed a i r  i s  

m a  = mag(1 + a )  

and the t o t a l  volume of e jected gases i s  

m ( l  + a )  = m 1 + a O ( 1  + a) c 1 
According t o  the def ini t ions adopted a t  the start of the present 

report  and by disregarding again the  outside aerodynamic resistance of 
the rocket conceived as a n  i so la ted  system of propulsion, the following 
expressions can be immediately established: 
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(a) The corresponding speed of exhaust We i s  

a 2%hL + we = v/ 
(1 + a)v2 + a 

(77) 

L denotes the lower heat value a t  constant pressure per un i t  mass 
of fue l ,  t o  be expressed i n  u n i t s  of energy. In the M.K.S. system, 
L i s  represented, f o r  a f u e l  of 11,000 cal/kg, by 
11,000 x 9.81 x 423 = 45,900,000, as compared t o  2,760,000 and 
5,000,000 a t t r ibu ted  t o  black powder and powder B, respectively.  

Equation (77) shows tha t ,  7th being assumedapositive, the speed 
i s  always posi t ive and tha t  the l a t t e r  is  always greater than V a s  
long a s  

2vthL > v2 
('b) The thrust  T i s  given by the formula 

1 

( c )  In tens i ty  of th rus t  t ,  t h a t  is ,  the t r ac t ion  referred t o  the 
exhaust section Se of the ejected gases, i s  given by the formula 

c 
R denotes the Mariotte and Gay-Lussac constant per un i t  m a s s  of 

i s  burnt gases assumed comparable t o  perfect gases (p  = pRT) and 
the  exhaust temperature. 

Te 

For complete combustion and completely adiabatic rocket 
' (generator + nozzle) 

7thL 
RTe = RTa + (y) l+a 
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7 
between Te and Ta i n  th i s  r a t i o ) .  

i s  t h e  r a t i o  o f  spec i f i c  heats of t he  burnt gases (average value 

(a) The propulsive e f f ic iency  qp. of t he  rocket i s  according 
t o  the  qualifying equation ( 9 )  

( e )  The over-al l  e f f ic iency  qg of t he  rocket i s  according t o  
the  qualifying equation (8) 

23. Note - case of t he  explosive rocket 

In  arder t o  obtain again the  case of the  t rue  explosive rocket, 
it i s  su f f i c i en t  t o  n u l l i f y  the corresponding a i r  consumption a of 
the  rocket considered here. 
become 

I n  t h i s  event the  formulas of  a r t i c l e  (7)  

T = 

24. Simplif icat ion of t he  preceding formulas 

In the  foregoing formulas, the  r a t i o  We/V plays a cap i t a l  pa r t .  
Consider t he  e f f ec t  of the  r a t i o  (1 + a)/a 
combustion involved, t he  proportion of air required fo r  complete com- 
bustion i s ,  theore t ica l ly ,  at l e a s t  of from 15 t o  16, and, f o r  p rac t i ca l  
purposes, of  from 20 t o  25. The advantage of r a i s i n g  'Ig by increasing 
the  corresponding volume (1 + a) of the  burnt gases and consequently 
the  proportion of a i r  
ciency 7 th  too much, prompts the  consideration of values of a of 

t he  order of 23 LO 30 a t  l e a s t .  The r a t i o  (7) which tends toward 
uni ty  when a 
most. 

on the  la t te r .  For the  

a, except when it lowers the  thermal e f f i -  

l + a  

increases. d i f f e r s  therefore  by  3 t o  4 percent a t  the  

I 
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Formula (77) can be wri t ten 

57 

by unity introduces a corresponding a The replacement of - l + a  
er ror  of no more than 1 t o  2 percent, which i s  regarded as being 
e n t i r e l y  negligible i n  the present study. Replacing, accordingly, the 

l + a  r a t i o  - a 
making L / V ~  = q 

by unity, formulas (77) t o  (82) become, a f t e r  

we -J? 1 + -  
V 

T=maV k T - 4  1+- 

t = p  - 1+-  1 + -  a RT, 

In these equations, the  nondimensional quantity 

plays a preponderante par t .  In  par t icular ,  the propulsive e f f i -  
ciency qp depends only  on Q by the formula 
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Q =  

qp = 
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0 1 2 5 10 

1 0.732 0.62 0.464 0.358 0.132 0.045 

This shows that qp increases from zero t o  1, when. Q decreases 

In the same conditions, the over- 
from i n f i n i t y  t o  zero, t ha t  is, when V o r  a (7th being posi t ive 
and f i n i t e )  increases indefini te ly .  
a l l  efficiency vg increases from zero t o  the l i m i t  7 th  below unity.  
Efficiency rig and rip are  therefore always l e s s  than unity, contrary 
t o  what had been established e a r l i e r  i n  the case of the explosive 
rocket. 
mation which disregards the uni ty  beside number a, the mass of f u e l  i n  
the corresponding mass of burnt gases i's neglected. Eff ic iencies  Tg 
and vp a re  then comparable t o  and T~ which have been r a t iona l ly  
defined i n  a r t i c l e  14. 

This arises from the f a c t  t ha t ,  owing t o  the preceding approxi- 

25. Propulsive eff ic iency 

According t o  (gO) , ' th i s  eff ic iency depends only on parameter 
Figure 17 shows t h i s  parameter Q plot ted against a,  V, and 17th f o r  
a type of f u e l  whose heat value (low and at  constant pressure) i s  
11,000 csl/kg or L = 45,900,000. 

Q. 

It will be noted t h a t  f o r  

7th 

a 

V 

ranging between 0.30 and 0.70 

ranging between 20 and l5O 

ranging between 25 and 200 m/sec (90 and 720 km/h) the parame- 
t e r  Q ranges between the extreme values 45,900,000 X 0.30 = 2.3 

and 45,900,000 X 0.7 = 2570 fo r  the f u e l  i n  question. The values 

of 
The var ia t ion of 7 a s  function of Q i s  given i n  tab le  X I  and 

150 x 200* 

t 20 x E2 
vp f o r  these extreme values a re  0.792 and 0.0275, respectively.  

plot ted i n  f igure 1 8 . - 

Table X I  

Thus, it i s  seen tha t  the propulsive eff ic iency 7p f o r  a given 

therrnal eff ic iency qth cannot a t t a i n  values comparable t o  the normal 
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eff ic iency of propellers (which i s  of the  order of 0.60 t o  0.80) 
unless the speed V i s  very high or else the  corresponding consumption 
of a i r  a i s  very great .  

This i s  another instance of one of the e s sen t i a l  charac te r i s t ics  
of j e t  propulsion, already pointed out i n  a r t i c l e  14, namely, t h a t  the 
propulsion reaches high values only when the j e t  expels a large volume 
at the lowest possible speed of e jec t ion  with respect t o  the speed of 
propulsion, which i s  obtainable by increasing the lat ter.  When qp 
alone is  considered, an increase i n  t h i s  eff ic iency involves the 
reduction of the thermal eff ic iency qthy since it also reduces the 
parameter Q. This i s - e n t i r e l y  natural ,  a f t e r  the foregoing, because 
the speed of e jec t ion  of the burnt gases i s  lowered. But, it a l s o  
lowers the over-al l  efficiency, as w i l l  be shown l a t e r .  

26. Over-all eff ic iency qg 

According t o  formula (88), the over-all  eff ic iency q g  f o r  a 
given fue l  depends upon the thermal eff ic iency 7th and the 
r a t i o  q/a = L/aV*, tha t  is ,  on the product aV2. It i s  readi ly  
apparent t h a t  qg  increases when 7th increases, when the d i lu t ion  a 
increases, when V increases. 

Table X I 1  gives the over-al l  eff ic iency q as function of V 
and 7th on the basis  of the consumption of a Fuel whose heat value 
i s  11,000 cal/kg and a d i lu t ion  a e i the r  r e s t r i c t ed  t o  a minimum a = 
or 5 times greater than t h i s  low theore t ica l  l i m i t  ( t h a t  i s  a = 75). 

v = 50 

Table X I 1  

Over-all Efficiency qg  

0.017 
- 033 

.0475 .070 .087 .090 

.060 . 090 .113 1095 

- 0725 .lo9 .1375 .I245 

0.4 

0.053 
* 099 

.138 

.172 

.202 

0.6 

0.066 
.1245 

.222 

.263 
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These data  have been p lo t ted  i n  figure 19, along w i t h  the zone of 
t h e  normal values of t he  over -a l l  e f f ic iency  
engine-propeller system, ord inar i ly  ranging between 0.17 and 0.225. 

qg of t he  convent-ional 

. This diagram brings out t he  unfi tness  of t h e  rocket as subs t i tu te  
f o r  t he  engine-propeller systeml a t  t he  speeds now reached i n  aviat ion.  
On the  other hand, the  super ior i ty  of the rocket i s  manifest at  the  
high speeds of t he  order of TOO t o  1,000 km/h if the  rocket i n  these 
conditions i s  assured of a su f f i c i en t ly  high thermal e f f ic iency  7 th  
with a f a i r l y  great d i lu t ion  a. 

27. Thermal eff ic iency of t he  t rue  rocket 

The combustion of t he  f u e l  by means of a i r  must be e f fec ted  by 
compression of t he  combustible mixture as i n  a heat engine. The 
thermal e f f ic iency  i s  l a rge ly  dependent upon the  rate of t h i s  prelimi- 
nary compression. 

Different types of generators may be conceived. In  par t icu lar ,  
the  compressor of the  generator may be actuated by a standard engine 
(with carburation o r  in jec t ion)  whose exhaust may be added t o  t h a t  of 
the  rocket, but without appreciable e f f ec t  with respect t o  the  propul- 
sive reaction; o r  a port ion of the  expansion of the  gases intended f o r  
t he  rocket may be u t i l i z e d  t o  drive an engine (reciprocat ing o r  ro ta ry)  
engaging the compressor. These two solut ions are compared. 

For the  sake of simplicity,  the  study i s  r e s t r i c t e d  t o  the  method 
of combustion a t  constant pressure ( theo re t i ca l ly  real ized i n  the  
Diesel engine) because it supplies the  most advantageous thermodynamic 
cycle a t  a specif ied maximum pressure i n  the  heat machine. In  addi t ion 
t o  that,' only one f u e l  i s  considered, t h a t  is ,  t he  f u e l  studied exhaus- 
t i v e l y  by Rey and which i s  similar t o  the  i l luminating o i l  ca l led  
kerosene i n  t h e  United S ta tes ,  and f o r  which a number of calculat ions 
had been made and the  data of which are  usgd i n  t h i s  report .  

Before any evaluation of the  possible thermal e f f ic iency  it i s  
readi ly  apparent that, i f  a d i lu t ion  a of the  order of those rea l ized  
i n  gasoline or  heavs; o i l  engines and consequently, f a i r l y  l o w  (say, a 
of the  order of 20 t o  3 5 )  i s  involved, it should be possible t o  reach a 
thermal eff ic iency f o r  the  rocket superior t o  t h a t  of a corresponding 
reciprocal  engine because the  pr inc ipa l  pa r t  of the  expansion i s  
efi'ected i n  the  nozzle of the  rocket (where the  energy losses' are ,  or 
can be, nearly zero) and t h i s  expansion i s  pushed t o  atmospheric 
pres sure . 
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It i s  j u s t i f i e d  t o  ant ic ipate  that, with a weak solution of ,  
say', 20 t o  35,. it should be possible t o  obtain a thermal eff ic iency 
of a t  l e a s t  the order of 0.35 t o  0.40 with a t rue  l iquid-fuel  rocket. 

qm 

Adopting the figure 0.40 f o r  a d i lu t ion  a = 30, formula (88) shows 
that the  corresponding rocket can attain an over-all eff ic iency equal to 
t h a t  of the  best  engine-propeller system used at present i n  aviat ion 
(engine consuming 210 g of f u e l  per hp/h, propeller eff ic iency 0.75), 
tha t  is, ?lg = 0.28 x 0.75 = 0.21, fo r  a speed 
a speed at  which the present-day propel lers  w i l l  undoubtedly have bu t  an 
insignif icant  efficiency. 

28. Theoretical cycle 

V = 422 m/sec = 1520 &/h, 

Rey's kerosene (Bullet in  de l 'bssoc ia t ion  technique maritime e t  
aeronautique, Par is ,  1928) which is  used as  typ ica l  f u e l  i s  defined by 
the following composition by weight: 

40 percent of nonane (CgH20) 

25 percent of decane (Cl&2) 

15 percent of tridecane (c13H28) 

20 percent of hexadecane (cl@34) 

Its l o w  heat value a t  constant pressure i n  standard conditions 
L = 11,500 cal/kg, o r  (pa = 1.033 kg/cm2, Ta = 273 + 15 = 288') i s  

i n  M.K.S. un i t s ,  L = 425 x 9.81~ 11,300 = 48,000,000 kg per un i t  of 
mass (mass of 9.81 kg) . 

Its complete combustion requires a min imum weight of a i r  (23.6 per- 
cent 0, 76.4 percent N) equal t o  14.68 kg per 1 kg of fue l .  

The molecular specif ic  heats f o r  gases o r  vapors a re  those given 
by Kast, according t o  the experiments by P ier  and Bjer rum,  that is, 
( i n  cal/mol-kg) 

f o r  02, N2, and air: 

f o r  H20 (vapor): 

C = 6.535 + 0.0009 T 

C = 4.815 + 0.0043 T 

f o r  C02: C = 10.665 + 0.00116 T 
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The molecular o r  Avogadro constant f o r  per fec t  gases i s  taken ~ 

equal t o  

R = C - c = 1.985 ( cal/mol-kg) 

On t h i s  bas i s ,  the charac te r i s t ics  of the theo re t i ca l  cycle of a 
* mixture of 1 kg of the preceding f u e l  and a spec i f ic  amount of a i r  with 

more o r  less excess can be computed; the  sa id  cycle comprising 

(1) A revers ib le  adiabat ic  compression of t he  a i r  and a corre- 
sponding compression of the kerosene i n  the  l i q u i d  state, the  la t te r  
being negl igible  as t o  -energy input and temperature rise experienced 
by the  f u e l  

(2 )  An adiaba t ic  and complete combustion at  constant pressure 

(3)  An adiaba t ic  and reversible  expansion of the  products of t he  
preceding combustion, pushed t o  atmospheric pressure 

In  the  following, the results of the  calculat ion of t h i s  t heo re t i -  
ca l  cycle, based upon the  above data with s t r i c t  consideration of the  
var ia t ion  of temperature with the  spec i f ic  heat  are indicated. The 
care given t o  the  execution of these calculat ions should not cause any 
i l l u s i o n  regarding the  significance of t he  results. It simply aims a t  
f ree ing  the  l a t t e r  from a l l  causes of e r r o r  other  than tha t ,  already 
percept ible  but  which remains unknown, which include the  values adopted 
f o r  the  spec i f ic  heats ,  which r e s u l t  i n  the  l a t e s t  determinations. Table 
XI11 gives the  data  i n  question. It shows, f o r  d i f fe ren t  compression 
r a t i o s  Ac = pc/pa and f o r  d i f fe ren t  values a = a - Bo of the a 
corresponding excess of air i n  the  combustible mixture 

The temperature Tb of the a i r  a t  t he  end of compression 

The temperature of the  mixture at the  end of the combustion 

The temperature of the mixture a t  the  end of the  expansion 

The energy (& ( i n  c a l )  absorbed by the  compression of the  a i r ,  

Tc 

Td 

t h a t  absorbed by the  compression of the kerosene being regarded 
as negl igible  

The energy Cd ( i n  c a l )  produced by the  expansion of the  burnt gases 

The ef fec t ive  energy Ce ( i n  c a l )  of t he  cycle, obtained by the  
difference l e  = & - & 
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a 

0 

1 

2 

3 
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Tb 

621 
751 
841 

621 
751 
841 

621 
751 
841 

621 
751 
841 

Lastly, the thermal eff ic iency 7th = s / L  of the theore t ica l  Cycle 
involved (L evaluated i n  cal ,  o r  L = 11,500) 

Tc 

2,860 
2,925 
2,973 

1,947 
2,032 
2,103 

1,561 
1,645 
1,730 

1,353 
1,450 
i,545 

These data  r e fe r  t o  the i n i t i a l  conditions 

= 1 kg/m 2 Ta = 273 + 15O = 2 8 8 O  Pa 

Table X I 1 1  

Theoretical Cycle at  Constant Pressure 

Td 

1,669 
1,472 
1,372 

1,026 
903 
848 

783 
690 
654 

667 
594 
572 

2,478 
3 300 
3,962 

3,717 
4,950 
5,943 

4,956 
6,600 
7,924 

6,555 
7,925 
8,711 

8,278 
10,012 
11,155 

9,607 
11,835 
13,368 

10, goo 
13,628 
15,562 

5,316 
6,275 
6,730 

5,800 
6 , 712 
7,193 

5,890 
6,885 
7,425 

5,944 
7,028 
7,638 

7th 

0.4615 
.545 - 585 

503 
.584 
.625 

.512 
* 598 
.645 

517 
.611 
.664 

The variat ion i n  the-1 eff ic iency 7th i s  represented by the 
curves of f igure 20. These curves confirm the well-known increase 
i n  7th with the compression r a t i o  Xc.  They a l so  show that 9th 
increases, f o r  a f ixed Xc, when the corresponding excess of a i r  a i n  
the combustible mixture i s  increased. This r e su l t ,  obtained i n  sp i t e  
of the general reduction of the temperatures of the cycle, i s  not a t  
variance with the laws of thermodynamics. It i s  simply an unjus t i f ied  
comparison of internal-combustion engines with properly cycl ic  machines 
as it i s  sometimes pretended tha t  the thermal eff ic iency of the former 
i s  always so much higher a s  the temperatures of the cycle are,  i n  
general, so much higher. On assuming t h a t  the excess of air increases 
indefini te ly ,  these temperatures drop more and more and it becomes 
increasingly j u s t i f i e d  t o  admit the same heat properties f o r  the burnt 
gases as f o r  pure a i r  and, a t  the same time, t o  consider the specif ic  
heats of the former and l a t t e r ,  regarded a s  ident ical ,  as constant. A 
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Xc = 15 

c l a s s i c a l  reasoning makes it possible t o  e s t ab l i sh  t h a t  t he  thermal 
e f f ic iency  of the theo re t i ca l  cycle tends then toward the  value 

Y 
q th  = - LC 

with y of the order of 1.35 t o  1.4.  
With t h i s  fornula, t he  following values of q th  are obtained: 

f o r  7 = 1.35 0.505 0.587 0.628 I q th  = { f o r  y = 1.40 I .540 I .622 I .663 I 
The var ia t ion  of q th  obtained by a very simple reasoning is  i n  very 

good agreement with that given i n  t ab le  X I 1 1  and the  curves of f igure  20, 
which were obtained from calculat ions as precise  and exact as possible.  

In  any case, t he  e f f i c i enc ie s  calculated above concern the theore t i -  
c a l  cycle chosen as model and it  remains t o  be seen how t h i s  cycle can 
be produced i n  prac t ice  and which then becomes i t s  thermal eff ic iency.  

29.  Realization of the theore t ica l  cycle 

The d i f f e ren t  methods conceivable can be grouped in  two classes:  

(a) In tegra l  cycle, in which a l l  elements of the a i r - f u e l  mixture 
go through the  same cycle.  - In t h i s  case, t he  products of combustion 
must t r ans fe r  pa r t  of t h e i r  e f f ec t ive  expansion energy, necessary t o  
drive the  compressor, t o  a driving mechanism. This i s  the  complement 
o f  the  energy of the t o t a l  expansion which i s  expressed by the increase 
in  k ine t i c  energy o f  the ac t ive  bodies a t  the  rocket ou t le t ,  whence the 
propulsive react ion of the  l a t t e r  r e su l t s .  In t h i s  i n t eg ra l  cycle, the 
engine and the compressor may, themselves, be o f - the  reciprocating, the 
piston, o r  ro ta tory  type (turbomachines). 

(b)  Divided cycle.  - In t h i s  case, the engine driving the compres- 
sor of  t he  rocket consumes a combustible mixture which i s  subjected in  
the sa id  engine t o  a more o r  less d i f f e ren t  cycle from t h a t  which the 
mixture, intended f o r  the  rocket i tsel f ,  undergoes. In t h i s  case, the  
engine can operate with combustion a t  constant pressure o r  constant 
volume, whether i t  i s  of the reciprocating or of the  ro ta ry  type. 

' 

I t s  exhaust can be made d i r ec t ,  without appreciable propulsive 
e f f ec t  as f o r  the  usual a i rplane engines, or  e l s e  be combined with tha t  
of the rocket, the  corresponding two j e t s  forming a more o r  l e s s  homo- 
geneous mixture. N o  attempt i s  made t o  study the various combinations 
i n  d e t a i l ;  only the  elementary system corresponding to the  engine with 
exhaust independent and without appreciable propulsive e f f ec t  i s  analyzed. 
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30. Thermal eff ic iency of the  rocket rea l iz ing  the in tegra l  cycle 

The subsequent study i s  concerned with the case where the  engine 
i s  of the  p is tod  type and t h a t  where it i s  of the turbine type. 

(A) Case of piston-type engine.- In this case it i s  log ica l  t o  
perform the function of the  compressor i n  the  engine. I n  short, the 
engine then i s  l i k e  the c l a s s i ca l  internal-combustion'engine of the 
Diesel type. It only d i f f e r s  from it by the f a c t  t h a t  i t s  expansion 
i s  cut short  and i t s  exhaust regulated i n  such a way t h a t  it can pro- 
duce no ef fec t ive  energy a t  the outside; the motive energy of the expan- 
sion rigorously balances the  r e s i s t an t  energies, t he  most important of 
which is  t h a t  of the preliminary compression of the  a i r .  

Different designs may be visualized. If the exhaust i s  a t  atmos- 
pheric pressure ( f i g .  21), the expansion must be very short .and the 
engine compressor necessarily with uneven strokes, i f  of the four- 
stoke cycle type. Thus it w i l l  seem preferable t o  r e so r t  t o  two-stroke 
cycle operation with scavenging i n  one direction, and scavenging a i r  
reservoir upstream. Besides, the exhaust i s  accompanied by impulses or 
pulsations a s  i n  the conventional engines and t h i s  f a c t  gives the 
exhaust of the rocket a periodic behavior, while v i t i a t i n g  the e f f i -  
ciency of i t s  nozzle. When, t o  avoid t h i s  draw-back, the exhaust of 
the engine compressor i s  effected a t  r igorously constant pressure, 
recourse must be had t o  an engine operating on the principle of the 
diagram of f igure 22. 
favor of a more complicated system of d i s t r ibu t ion .  

The two-stroke cycle must then be abandoned i n  

It w i l l  be noted tha t  it i s  a l so  possible t o  e f f ec t  a cycle such 
as tha t  of f igure 22 by means of two cylinders with transfusion from 
one t o  another, each being able t o  operate a t  two strokes and the whole 
forming the equivalent of a single four-stroke cylinder. 

Whatever these var iants  may be, the  study of which must be very 
carefully carr ied out if  an engine of t h i s  type i s  t o  be realized, an 
attempt i s  made t o  define the thermal eff ic iency t h a t  may be obtained 
i n  a rocket with an engine operating according t o  the cycle i l l u s t r a t e d  
i n  f igure 22. 

The visualized engine compressor, i s ,  l i k e  any other heat engine, 
subject t o  losses  due t o  clearance, t o  s t r a t i f i c a t i o n ,  t o  the w a l l s ,  t o  
incomplete combustion e t c .  Its actual  operation i s  compared with a 
f i c t i t i o u s  operation involving 

(a) A n  i r revers ib le  adiabatic compression of pure a i r  with a com- 
pression eff ic iency P a  and-which absorbs, i n  consequence, a r e a l  
energy &' = &/pa ( a l l  calculations being referred t o  the consump- 
t i on  of 1 kg of fue l ,  t ha t  is ,  per un i t  of weight ra ther  than mass i n  



66 NACA Dl 1259 

the  M.K.S. system ( tab le  XIII)). 
end of compression, t h a t  i s ,  at pressure 
t o  Q'  instead of %('&I  > Q); 

The temperature of the  mixture at  the  
pc = kcpa, i s  then ra i sed  

(b )  An i r revers ib le  and incomplete adiabat ic  compression at  con- 
s tan t  pressure, re leasing but the f rac t ion  (1 - I )  of the heat value 
The corresponding lo s s  
of the losses  due t o  the incomplete combustion and t o  the wall e f fec t  
i n  the r e a l  engine. 

L. 
Z(0 < 2 <1) t o t a l s ,  f i c t i t i o u s l y ,  the e f f ec t  

( c )  A n  i r revers ib le  adiabatic expansion accomplished with an 
expansion eff ic iency pa '  and furnishing an ef fec t ive  energy equal t o  
the energy &' absorbed by the compression. The f i n a l  pressure 
pa' = k a a  of t h i s  p a r t i a l  or primary expansion i s ,  therefore,  deter-  
mined by the condition that the reversible adiabat ic  expansion from 

actual  temperature Td' a t  the  end of the expansion i s  then eas i ly  
computed by writ ing tha t  the f rac t ion  (1 - pa') of the energy of the 
theore t ica l  expansion i s  equal t o  the temperature - r i s e  of the gases a t  
constant pressure, t o  the temperature Td' (corresponding t o  the per- 
f ec t  expansion), and t o  the desired temperature Td' (corresponding t o  
the r e a l  expansion). 

pc 
t o  pa1 . supply a theore t ica l  energy equal t o  _Ca'/pd ' = -Ca/PaPdl. The 

The conditions of the gases supplied by the  engine t o  the nozzle. 
of the,rocket, following t h e i r  primary expansion i n  the engine are  
(pd' ,  T a t ) .  Then they experience a secondary expansion from pd' t o  
pa i n  the nozzle of the rocket, with an expansion eff ic iency - pd'l i n  
respect t o  the reversible  expansion, which supplies an energy 
r e a l  expansion produces, therefore, the energy cd" = pa1' x s d  
r a i se s  the expanded gases t o  the f i n a l  rocket exhaust temperature 

Sd". The 
L 

and 
Te. 

The thermal eff ic iency T)th' of the t rue  rocket t o  be evaluated i s ,  
by def ini t ion,  equal t o  Cd"/L 
s t a t e  (pa, Ta) without appreciable kinet ic  energy. 

when the a i r  i s  trapped upstream i n  the 

The calculation was carr ied out by t h i s  method f o r  two widely 
varying values of excess air a, i n  the mixture, namely: 

a = o or exact mixture ( l imit ing case) 

a = 3 or mixture much diluted,  which undoubtedly i s  of l i t t l e  
advantage because both the bulk and the weight per horsepower of the 
system become prohibi t ive.  

In t h i s  calculation, the f a i r l y  high value of pa = pa = 0.90 w a s  
uniformly adop%ed f o r  the efficiency of compression and expansion i n  
the reciprocating engine, which takes account of the good efficiency of 



F F 

E 

the piston engine for the high pressures a t  compression or adiabatic expansion. 
f i c t i t i o u s  l o s s  2 = 0.20 
of the high temperatures of the cycle which c a l l  f o r  intensive cooling of the walls and the 
pistons, and the low value 2 
lower temperatures of the cycle. For the efficiency of expansion i n  the rocket nozzle, the 
value pd" = 0.95 was adopted. Lastly, the outside temperature i s  assumed t o  be standard, tha t  3 
is ,  Ta = 273 + 15 = 288'. 

For the 
2 ,  the high value was chosen for  the exact mixture (u  = 0)  because. 

2 = 0.10 for the very diluted mixture (a = 3) by reason of the much 

The r e su l t s  of the calculation are given i n  table X I V .  

Table X I V  

S t r i c t  
mixture 
u = o  

45 2 = 0.201 

diluted 30 
u = 3  
2 = 0.10 45 

661 

803 

903 

b e g )  ( C d )  

2,489 1,377 

2,566 1,835 

2,622 2,202 

1,314 5,508 

1,427 7,340 

1,514 8,808 

2,237 

2,233 13.45 

2,234 17.80 
I 

973- 3.85 

974 ' 5.35 

973 6.015 

I 

1,476 0.342 

1,331 409 

1,256 9 433 

679 392 

643 .444 

621 473 
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The variat ion of 7th' as function of Xc is  represented by the 
curves i n  f igure 23, along with the eff ic iency 
sponding theore t ica l  cycle f o r  comparison. 
marked drop in eff ic iency of the ac tua l  compared t o  the theore t ica l  
system serving as model. 
chosen examples and assumptions. 

qth of the corre- 
The diagram shows the 

This drop averages about 25 percent f o r  the 

The conclusion, is  that, with an excess of air ranging between 0 
and 300 percent (or  a between 15 and 60) and a compression r a t i o  Xc 
between 15 and 45, a system of the reciprocating type i n  question should 
be able t o  develop a thermal eff ic iency 
probably ranging between 0.37 and 0.43. 

q th '  of the  order of 0.40, 

Up t o  now the  energy of the  compression had been considered as 
being effected by s t a r t i n g  from an i n i t i a l  s t a t e  where the air  t o  be 
compressed i s  la rge ly  devoid of speed with respect t o  the engine, t ha t  
is, by assuming the speed V t o  be r e l a t ive ly  l o w .  If the speed V 
i s  very substant ia l ,  the air  trapped by the compressor is, once i t s  
speed i s  gone, i n  a s t a t e  where i t s  compression i s  increased and where, 
i n  consequence, a par t  of the t o t a l  compression 
The energy required from the engine i s  thus diminished and the k ine t ic  
energy developed by the gases i n  the expansion nozzle i s  raised, but it 
i s  easy t o  see t h a t  t h i s  increase corresponds t o  the in i t ia l  k ine t ic  
energy of the a i r  which i s  slowed down before the compressor, the 
efficiency of the  various compressions and expansion being, however, 
taken in to  account. Upstream from the compressor i s  the air i n l e t  
which captures the free air  and operates as diffuser ,  with the  com- 
paratively mediocre eff ic iency of compression charac te r i s t ic  of 
diffusers ,  i n  general. The eff ic iency qth '  indicated i n  tab le  X I V  
i s  then subject t o  a cer ta in  reduction. 

Xc i s  already real ized.  

This remark implies that, when V becomes appreciable, (higher 
than 150 - 200 m/sec f o r  example), the reciprocating compressor of the 
system considered above loses  par t  of the advantages which j u s t i f y  i t s  
fundamental apti tude f o r  obtaining high compression with reduced losses .  

(B) The case where the engine i s  a turbomachine.- In t h i s  case, it 
i s  log ica l  t o  combine the turbine with a compressor t h a t  i s  a lso 
rotatory,  t ha t  is ,  a turbocompressor. 

Visualize such a system which represents a turbine with balanced 
in te rna l  combustion, hence, produces no effect ive energy on i t s  shaf t .  
The obligation t o  operate with f a i r l y  low temperatures on the buckets 
of the compressor and of the turbine r e su l t s  i n  l imi t ing  the compres- 
sion r a t i o  hc and u t i l i z i n g  a considerable excess of air. In addi- 
t ion ,  the f i r s t  rotor  of the turbine must be ins ta l led ,  during the 
expansion of the burnt gases, at  a suff ic ient ly  low pressure. 
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On t h e  assumption t h a t  speed V i s  not too high so that the  
k ine t ic  energy of the  a i r  upstream from the compressor can be neglected 
with respect t o  the  theore t ica l  energy -C, of the  compression t o  which 
it i s  subjected, the  compressor of eff ic iency 
shaf t  with the  motive turbine)  absorbs an energy s a '  = Ca/Pa, t he  
energy that should be furnished t o  it by the motive turbine.  

Let c d  represent the ( theore t ica l )  energy of the  perfect and 

pa (on the connecting 

t o t a l  expansion of t he  burnt gases a f t e r  combustion a t  degree (1 - Z), 
t ha t  is, from the conditions (pc, T c ' ) .  Let Pd' denote the specif ic  
eff ic iency of the turbine.  "he l a t t e r  supplies - a r e a l  enerQy _Cat =$a'  
and takes, a t  complete expansion, a pa r t  of the energy 
C-e of t h i s  idea l  expansion. The complement &" = Cd - Cd' ( the  
temperature rise of the gases at the ou t l e t  of t h e  real turbine with 
respect t o  the idea l  expansion being disregarded) i s  available f o r  the 
nozzle of the rocket and the  l a t t e r  transforms it, with a proper e f f i -  
ciency pa" in to  kinet ic  exhaust energy cdl1 = pdl'Cd''. O f  course, i n  
the foregoing the compressor, the turbine,  and nozzle of the rocket a r e  
assumed t o  be actual ly  adiabatic.  I n  f a c t ,  the  heat losses  of such 
devices by conduction and radiat ion should be very small i n  the system 
a t  the low temperatures visualized and, therefore,  can be disregarded. 
The r e a l  thermal eff ic iency t o  be computed i s  then 

cd '  = Cd'/Pd' 
c - 

When pa,Xc, and a are  fixed, sa and are  defined and the pre- 
ceding formula shows tha t  q th '  i s  so much higher a s  the turbine e f f i -  
ciency pd' i t s e l f  i s  higher. However, it i s  expedient t o  note tha t ,  
i n  the corresponding energy loss  (1 - pd')  through the turbine, a f r ac -  
t i o n  kv (0  < kv <1) corresponds t o  the l o s s  by the remaining k ine t ic  
energy while the complementary f rac t ion  (1 - kv) corresponds t o  the 
other losses  ( in t e rna l  and external)  of the turbine.  

For the  rocket, the k ine t ic  energy of the gases a t  the turbine 

ex i t ,  that is ,  the quantity Ev(l - pd')cd;l i s  d i r ec t ly  usable i n  the  
rocket nozzle and should be added t o  the energy 

- 
Cd'l. 

On t h i s  basis, formula ( 9 2 )  i s  more accurately expressed by 
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Accordingly, with pa, xc, and a f ixed,  it i s  seen t h a t  the 

m a x i m u m  of vthq corresponds t o  the  maximum of the  quant i ty  

pa ' r =  1 - kv(l - pa') (94) 

For a turbine of t h e  chosen type, pa' and kv, and, consequently r, 
depend upon the  head h 
with respect t o  t h e  pressure a t  start  pc)  and upon the  turbine speed 
(that is, i n  r a t i o  w of i t s  peripheral  speed t o  the  theo re t i ca l  speed 
of the  f l u i d  due t o  the  head 

(that is ,  the  pressure l eve l  of the turbine 

h ) .  

Within the  range of the  var iables  h and w, t he  quantity r has 
a ce r t a in  m a x i m u m  which does not necessar i ly  correspond t o  the  same con- 
d i t i ons  (ho, COO) as the maximum of pd' considered alone. Theoreti- 
cal ly ,  t h i s  i s  due t o  the  e f f ec t  of external  losses, because, if  only 
the  in t e rna l  l o s ses  a re  considered, the maximum of r corresponds 
almost r igorously t o  the  minimum of the  l o s s  by the  remaining speed. 
These are the  conditions tha t  should preva i l  when, however, t he  optimum 
speed r a t i o  "0 of the  turbine thus defined i s  p rac t i ca l ly  rea l izable .  

For the  approximate evaluation of 7th '  under consideration, it 
i s  simply s t a t ed  t h a t  quant i ty  r i s  given a value s l i g h t l y  higher 
than t h a t  of the  e f f ic iency  pd' of a good turbine.  

Reverting t o  the  example of the  theore t ica l  cycle corresponding t o  
t ab le  X I V ,  i n  order t o  obtain the  f a i r l y  low temperatures which the 
machine requires ,  consider t he  case a = 3, that is ,  a d i lu t ion  of the  
mixture t h a t  can be exceeded only a t  the  expense of increased, perhaps 
excessive, bulk and weight of t he  system. 

Supposing the  t o t a l  combustion i s  ( 2  = 0) ,  as it can be rea l ized  
i n  a system of t h i s  type, and the values of X c  a r e  limited t o  between 
10 and 15 which ac tua l ly  a re  a t  the  l i m i t  of the range of appl icat ion 
of turbocompressors. Such devices a re  ord inar i ly  designed f o r  quasi- 
isothermal operation and, as such, compared t o  the  ideal isothermal com- 
pressor by means of an eff ic iency p i ,  completely d i f fe ren t  from pa. 
In a study of t he  in t e rna l  combustion turbine c i t ed  elsewhere, it had 
been shown t h a t  it w a s  advisable t o  adopt the  pr inciple  of adiabat ic  
compression and t o  design the  compressors i n  consequence. The data 
avai lable  a t  the  present time do not permit an evaluation of the e f f i -  
ciency pa (with respect t o  the  idea l  ad iaba t ic )  t h a t  may be hoped f o r  
from such compressors. S t i l l ,  it seems safe t o  concede t h a t  a value of 
the  order of 0.75 f o r  a compression r a t i o  of the  order of 10 could be 
obtained. The consis tent  progress with turbomachines which helps t o  
speed up the  a r r i v a l  of the in te rna l  combustion turbine w i l l  undoubtedly 
br ing e f f i c i enc ie s  of t he  order of 0.80 t o  0.85 i n  t he  very near future.. 
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To maintain the  margin of possible progress, 
c a l  values 0.7, 0.8, 0.9. From t h i s  follow f o r  hc = 10 and Xc = 15 
the  charac te r i s t ics  given i n  tab le  XV. 

pa i s  given the hy-pothei- 

Table XV 

R e a l  Cycle a t  Constant Pressure ( u  = 3, Ta - - 288') 

15 - 9  661 1,372 5,291 
.8 707 1,411 5,952 
.7 766 1,462 6,803 

So, quantity r characterizing the  u t i l i z a t i o n  of the turbine i s  given 
the  values 0.75 and 0.85, which apparently ought t o  include the  cases 
p rac t i ca l ly  obtainable without abnormal d i f f i c u l t i e s .  
then can be used t o  compute the  desired 
of t h i s  calculat ion which was made on the  assumption of the  expansion 

Formula (94) 
q th ' .  Table XVI gives the  data 

nozzle e f f ic iency  equal t o  pat' = 0.95. 

Table X V I  

Thermal Efficiency of the  True Turborocket 

(a = 3 ,  Ta = 288'9 pdtt = 0.95) 

'th ' 
0.372 

.3195 

.3415 

.3015 

.234 

,2825 

, .396 - 3275 
3595 

.2825 
,314 
.2255 
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These data  are represented in  the  diagram of figure 24. 

' It i s  evident from t h i s  diagram that: 

(1) Within the range of pa, pa' ,  and X, i n  question, qth '  
ranges between 0.22 and 0.40. 

(2)  A t  equa l i ty  of t he  apparent turbine e f f ic iency  r (between 
0.85 and 0.75 by assumption), especial ly  i f  t he  la t te r  d i f f e r s  l i t t l e  
from 0.75 and from the  compressor e f f ic iency  
t o  push the  compression Xc beyond 10, espec ia l ly  as such an increase 
would undoubtedly lower the  ant ic ipated compressor e f f ic iency  

pa, there  i s  l i t t l e  reason 

pa. 

( 3 )  The value of r, f o r  f i x e d '  A, and pa has a marked e f f e c t  
on the  thermal e f f ic iency  9 th '  of t h e  complete system. This apparent 
thermal e f f ic iency  of t he  turbine should therefore  have the  highest  
possible value. 

To i l l u s t r a t e :  take a case that i s  e a s i l y  real izable ,  t h a t  i s ,  
defined by Xc = 10; pa = 0.75. It i s  seen t h a t  qth' w i l l  range 
between 0.259 and 0.322 when r i t s e l f  ranges between 0.75 and 0.85. 

Consider, f o r  example, a spec i f ic  turbine eff ic iency equal t o  0.75 
and see whether it i s  p rac t i ca l ly  feas ib le  and what value r reaches. 
In  t h i s  instance, sa' = 4878 cal ;  Tb = 633'; Tc'  = 1347'; - Cd = 9645 cal .  

I n  order t o  reduce the  temperature a t  the turbine'buckets t o  a 
minimum,  it i s  expedient t o  use a single act ing,  s ingle  ro tor  turbine.  

The spec i f ic  turbine e f f ic iency  pa '  being assumed equal t o  0.75, 
t h i s  turbine should u t i l i z e  the pa r t  of the  expansion corresponding t o  
a theore t ica l  energy f o r  perfect  expansion, equal t o  
This preliminary expansion ranges between the  upstream pressure 
pc = lopa and the  intermediary pressure 
which must preva i l  i n  the  junction between the  d i s t r ibu to r  and the  t u r -  
bine wheel. 

Ca'/pd' = 6505 ca l .  

pa' = 2.'7lp,, which i s  t h a t  

If t h i s  primary expansion i s  by reversible  adiabat ic  t he  f i n a l  d (absolute) temperature of t he  burnt gases i s  945' (or  672 
the  temperature of t he  gases back of the buckets i s  s l i g h t l y  higher by 
reason of the i r r e v e r s i b i l i t y  of t he  t r u e  expansion. 

C ) .  I n  f ac t ,  

The theo re t i ca l  speed due t o  the  head feeding the  turbine i s  
W = 953 m/sec. With i denoting the  slope of the  buckets of t he  d is -  
t r ibu tor ,  p and ;h the  t h r o t t l i n g  coeff ic ients  i n  the  d i s t r ibu to r  and 
i n  the  wheel, and U the  per ipheral  speed of the  ro tor ,  t he  in t e rna l  
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eff ic iency p 1  (which disregards the external losses  of the turbine)  
of t he  single rotor,  single act ion turbine i s  given by the formula 

-_ 

W "( - 5 i  ") p1  = 2(1 + A) - p cos i (95) 

The values f o r  a good impulse turbine operating at  t o t a l  in jec t ion  are! 

0 i = 15 p = 0.98 x = 0.87 

Conceding t h a t  the  outside losses  a re  reduced t o  7 percent of the 
theo re t i ca l  horsepower of the turbine, it is  necessary, i n  order t o  
obtain the spec i f ic  eff ic iency paf 
t h a t  the  internal eff ic iency p 1  reach 0.82. Formula (95) shows 
tha t ,  i n  order t o  obtain t h i s  r e su l t ,  the r a t i o  
of 0.403 and t h a t  the peripheral  speed 
0.403 x 953 = 384 m/sec. 

admitted, a p r io r i ,  equal t o  0.75, 

U/W must have a value 
U of the ro tor  must be 

A quick calculation indicates t h a t  the quantity < i n  the 
expression (94) of the coeff ic ient  
given by the formula 

r, fo r  the impulse turbine,  i s  

U 
%(l - p a ' )  = (1 + + X2pS - 2)Lp cos i (1 + )L)g 

For the  example i n  question, t h i s  formula gives the value 
G(1 - p a f )  = 0.048 and formula (94) gives r = 0.789. 

Lastly,  f o r  t h e  whole system, characterized by )Lc = 10; a = 3; 
the thermal eff ic iency = 0.75; pd' = 0.75; r = 0.789; pd" = 0.95 

'a 
qthf reaches the value 0.283, with due allowance f o r  the p a r t i a l  
recovery of the  k ine t ic  energy l e f t  i n  the turbine out le t  i n  the nozzle 
of the rocket. 

This eff ic iency i s  of the order of that of the best  a i r c r a f t  
engines of today and i s  not obtained, except with a system operating a t  
relatively low pressures and temperatures with respect t o  those of the 
usual i n t e rna l  combustion engines. 

It would be improved considerably i f  the pa and pa' of the 
turbomachines employed could be made superior t o  the e f f ic ienc ies  
admitted i n  the foregoing example. I n  a similar case, it i s  found that 
it i s  advisable t o  force the d i lu t ion  (a  > 3 )  of the combustible mix- 
tu re  and the compression (kc >lo) which precedes the combustion, simul- 
taneously. It i s  t r u e  t h a t  the above gas turbine r a i s e s  an appreciable 
d i f f i cu l ty  i n  the sense t h a t  i t s  peripheral  speed must a t t a i n  384 m/sec 
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at a gas temperature i n  contact with the  buckets of t he  order of 672' C. 
But  it i s  prOper t o  note that the  severi ty  of these conditions, com- 
parable t o  those i n  which some exhaust gas turbines  used as super- 
chargers ac tua l ly  operate, i s  considerably ameliorated by e i t h e r  forcing 
the excess a i r  of 300 percent (a = 3) admitted i n  the  previous example, 
or else contemplating the  operation of the  system at su f f i c i en t ly  high 
a l t i t u d e  because the  decrease i n  T a  then reduces a l l  temperatures of 
t he  cycle i n  a roughly proportional manner. 

Note.- A l l  of t h e  above calculat ions assume, as f o r  t he  reciprocal  
engine considered elsewhere, the  compression of t he  i n i t i a l  k ine t i c  
energy of the  air  t o  be s l i g h t  or quasi-negligible a t  en t ry  i n  the com- 
pressor compared t o  the energy required from the  compressor, as i s  the 
case when the  speed V is below ly t o  200 m/sec, f o r  example. 

In  the  case of the  turborocket with very high speed, the obtain- 
i s  increased, a l l  other  things (a, kc, able  thermal e f f ic iency  qthl 

pa, pa ' ,  and pa") being equal. 

31. Thermal e f f ic iency  of the  rocket by divided cycle 

In  t h i s  system, the a i r  compressor t h a t  supplies the  combustion 
chamber of the  rocket i s  driven by an engine consuming, f o r  i t s  own 
operation and i n  independent m a n n e r ,  a ce r t a in  port ion of t he  f u e l .  
It i s  assumed t h a t  t h i s  engine does not contribute by i t s  exhaust t o  
t he  propulsive reac t ion  developed by the  exhaust of t he  rocket i t se l f .  
Indtvidually, engine and compressor may be of any reciprocating or 
ro ta ry  type. 

The f u e l  consumed by the rocket is ,  as before, per  1 kg. 

C_a = t he  real energy absorbed by the  compressor, of the  
eff ic iency pa 

i n  t h e  rocket 
cd = the  theo re t i ca l  energy of expansion of the  combustion gases 

cd'  = t he  corresponding real energy converted t o  k ine t ic  energy 
'in t h e  nozzle, the  expansion coeff ic ient  of which i s  

With 
the compressor dr ive shaft), the l a t te r  should produce an eyergy equal 

to Ca and 

L 
ident ica l  for the  rocket and the auxi l ia ry  engine. 

pd 

qm denoting the e f fec t ive  thermal e f f ic iency  of the  engine (a t  

C -a 
- vmLJ -a C and consume, t o  t h i s  e f f ec t ,  the  amount of f u e l  

being expressed i n  cal/kg of f u e l  u t i l i zed ,  which were assumed t o  be 
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The useful  e f f e c t  of t he  whole i s  represented by the k ine t ic  
energy developed by the gases i n  the nozzle of t he  rocket, o r  
_Cd' = pdcd. 
be re fer red  t o  the  heat value of the t o t a l  amount of f u e l  consumed 

To obtain the thermal eff ic iency of t he  whole, it should 

(1 + _Ca'/vmL)* 

The desired eff ic iency is  then given by the simple formula 

For the engine, an eff ic iency vm = 0.27 may be assumed; t h i s  
corresponds t o  engines consuming around 220 gallons of gasoline 
Pe.r hPh-0  

For the eff ic iency pa of the expansion nozzle, t he  value of 
pa = 0.95 i s  assumed. 

The provision f o r  the rocket i t s e l f  s t i l l  i s  the cycle with 
isobaric combustion of the f u e l  mixture analyzed previously while 
assuming the several p a r t s  of t he  rocket (compressor, combustion cham- 
ber, nozzle) prac t ica l ly  adiabatic.  Here, a l so ,  it i s  advisable t o  
l i m i t  t he  temperatures a t ta ined i n  the compressor and i n  the combustion 
chamber. 

It i s  fur ther  assumed t h a t  a = 3, and f o r  t h i s  300-percent excess 
of a i r  i n  the mixture consumed by the rocket, a compression r a t i o  
ranging between 10 and 15 i s  visualized. Lastly, the combustion i s  
regarded as being prac t ica l ly  complete, while the surrounding tempera- 
t u re  i s  

Xc 

Ta = 273 + 15 = 288O. 

For the compressor eff ic iency pa (with respect t o  the adiabat ic) ,  
values ranging between 0.7 and 0.9 are considered, since t h i s  range 
appears t o  include the e f f ic ienc ies  which good compressors with pis tons 
or  wheels can obtain. 

On these premises, the obtainable q th '  reaches, according t o  
the values assumed f o r  kc and pa, t h e  values given i n  t ab le  XVII 
and p lo t ted  i n  f igure 25. 

.n 

I 
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1,298 

1,368 

1,372 
5,952 
6,803 

1,328 
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3,652 4,060 9,298 

5,220 9,802 
4,568 9,522 

4,7555 5,291 11,027 
5,952 11,362 
6,803 11,807 

Table XVII 

' th' 

Rocket with Divided Cycle 

(a = 3; Ta = 288'; = 0.27; Pd = 0.95; 
L = 11,500 cal/kg) 

577 
611 
657 

661 
707 
766 

I I I 
I I 

From f igure 25, it i s  evident t h a t  

0,332 
,3175 

,321 

(1) Within the s t ipulated range of pa, pa, and Xk, the  effeciency 

l i e s  between 0.30 and 0.34 

(2) A t  equal values of pa, 
the compression hc 
undoubtedly lower the eff ic iency 

it serves no useful purpose t o  r a i se  
above 10 especial ly  a s  such an increase would 

pa t o  be a t ta ined  by the compressor 

It i s  e s sen t i a l  t o  nate that, i n  t h i s  i n s t a x e ,  a thermal e f f i -  
ciency superior t o  t h a t  of the best  a i r c r a f t  engine i s  obtained. And 
t h i s  r e su l t  i s  achieved here without encountering any d i f f i cu l ty  a s  
regards the rea l iza t ion  of the expansion of the burnt gases, which i s  
effected e n t i r e l y  i n  a nozzle without interposi t ion of paddle wheels. 

A s  before, it i s  well t o  remember the assumption tha t  the k ine t ic  
energy of the a i r  before entering the compressor w a s  almost negligible 
compared t o  the energy which the compressor must supply. Therefore, 
the computed e f f ic ienc ies  apply only t o  rockets at  speeds below 

' 150 - 200 m/sec. For high-speed rockets, the i n i t i a l  kinet ic  energy 
of the a i r  which, moreover, permits obtaining a s l i g h t l y  improved ther-  
mal efficiency q th ' ,  must be taken in to  account. 

32. Comparison of rockets with in tegra l  cycle and rockets with divided 
cycle 

From the foregoing study the following conclusions can be drawn: 
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(1) The obtainable thermal eff ic iency 7th'  appears t o  range 
between the  following limits 

. minimum d i lu t ion  
(a = 0 )  

maximum d i lu t ion  
(a = 3) 

normal d i lu t ion  
(a = 3) 

i compressor 

(expansion 
turbine and 
turbocompressor) 

beparate  recipro-  - 

t 
Rocket w i t h  

cycle 

0.34 < qth' < 0.43 

0.39 < vth' < 0.47 . 

0.22 < < 0.40 
t h  

0.30 < q t h '  ~ 0 . 3 3  

( 2 )  The engine-piston compressor system producing the  in t eg ra l  
cycle appears l i k e l y  t o  develop the highest thermal eff ic iency.  The 
la t ter  increases constantly with increased d i lu t ion  of t he  combustible 
mixture, but i t s  drawback of s i ze  and weight appears t o  favor 
turbomachines. 

(3 )  With grea t ly  d i lu ted  combustible mixture, the  turborocket sur- 
passes the  rocket with in t eg ra l  cycle, when the eff ic iency of the  expan- 
sion turbine and of the  turbocompressor which form it, i s  high enough. 
The r ea l i za t ion  of the  f i rs t  necessi ta tes ,  it is  t rue ,  the  development 
of turbines  operating at  speeds and temperatures which are  s t i l l  a 
l i t t l e  above those of current pract ice ,  but the  d i f f i c u l t i e s  involved 
cannot be regarded as prohibi t ive.  

( 4 )  The rocket with divided cycle and grea t ly  d i lu ted  mixture pre- 
sents,  i n  cornpensation f o r  i t s  correspondingly low eff ic iency,  es t i -  
mated at  about 0.30 t o  0.33, the  pa r t i cu la r  advantage of being a t t a i n -  
able  with the  least d i f f i c u l t y  by using a standard reciprocating engine, 
a sui table  compressor (compression of t h e  order of lo), and combustion 
chambers and nozzles which, operating at  r e l a t i v e l y  moderate tempera- 
tu res ,  are comparatively easy t o  obtain.  

33. Study of two typ ica l  examples of t r u e  l iquid-fuel  rockets 

Case 1.- A so-called rocket A, with engine and pis ton compressor, 
and a d i lu t ion  of combustible.mixture l imited t o  the  value c 1 ~  = 0.5 
(50 percent excess of air)  so as t o  keep s i ze  &.nd weight from becoming 
excessive. On the other  hand, i n  t h i s - t y p e  of system a fair ly  high 
compression of Xc = 40 t o  43 i s  admitted i n  order t o  improve the 
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eff ic iency as much as possible and t o  remain within the neighborhood 
of t h e  operating conditions of Diesel engines. The eff ic iency 9th' 
may be assumed equal t o  0.44. 

of r e l a t i v e l y  easy real izat ion,  already discussed (in 30, B )  and f o r  
wbich 

Case 2.- A so-called turborocket B, f o r  which is  chosen the case 

a = 3 xc = 10 pa = 0.75 pa' = 0.75 pa'' = 0.93 

For t h i s  rocket with low pressures and temperatures, the probable ther-  
mal eff ic iency qth '  has been estimated equal t o  0.285. To insure 
greater  accuracy, it i s  advisable t o  take the  e f f ec t  of the k ine t ic  
energy of the a i r  before entering the compressor of the  rockets in to  
consideration. This i n i t i a l  energy i s  transformed i n  the o r i f i ce  of 
the compressor operating as diffuser ,  i n to  i r revers ib le  and adiabatic 
compression energy of the  air, the veloci ty  of which i s  damped. The 
d i f fuser  e f f ic iency  with respect t o  the reversible  adiabatic i s  gener- 
a l l y  mediocre and th i s  efficiency i s  optFmistically put a t  0.75. 

If a constant t o t a l  compression r a t i o  )Ic i s  maintained, the 
damped k ine t ic  energy before the compressor lowers the compression 
energy which the l a t t e r  must supply. The energy t o  be assumed at  the 
last  expansion of the burnt gases t o  operate the compressor i s  equally 
reducea and the  complement of the expansion furnishes an accrued f i n a l  
k ine t ic  enerQy a t  the rocket e x i t .  
and the i n i t i a l  k ine t ic  energy referred t o  the  heat value i s  a measure 
of the  thermal eff ic iency of the system. 

The difference between the l a t t e r  

The r e su l t ,  as i s  eas i ly  seen, i s  tha t ,  i n  the case of rocket A 
and when considering the values assumed fo r  the d i f fe ren t  e f f ic ienc ies  
of compression and expansion, the thermal eff ic iency decreases with the 
speed V, the t o t a l  r a t i o  of compression )Ic being assumed constant. 
The decrease i s  small. Besides, it can be avoided by increasing hc, 
for example, by maintaining a constant rate of volumetric compression 
i n  the engine compressor, which actual ly  f a c i l i t a t e s  the design and use 
of the system. 

. It is fur ther  assumed that the thermal eff ic iency q th  of rocket A 

maintains the value 0.44 when the speed increases. 
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A f i r s t  approximation10 of t h e  var ia t ion of 7 th '  with speed V 
of rocket B i s  obtained by the following simple reasoning: 

O n  t he  basis  of the assumptions, the eff ic iency of compression i n  
the diffuser  which precedes the turbocompressor i s  found t o  have the 
same value (0 .75)  as the spec i f i c  eff ic iency 
l a t t e r  eff ic iency being assumed estimated with a negligible k ine t ic  
energy a t  induction ( s ide  of a i r  intake operating as d i f fuse r )  as w e l l  
as a t  discharge ( s ide  of feed of combustion chambers of the rocket) .  
Consequently, whatever t h e  contribution of e f fec t ive  energy absorbed by 
the diffuser-compressor u n i t  may be, t h i s  t o t a l  energy remains constant 
as long as the over-all  r a t i o  of the compression Xc i t s e l f  i s  constant. 
By the same argument, the state of the cycl ic  f l u i d s  a t  the end of com- 
pression undergoes no modification and the cambustion takes place under 
constant conditions. 

pa of the compressor, the 

Thus, if  Wa i s  the corresponding k ine t i c  energy of the captwed 
air, it i s  seen t h a t ,  with respect t o  the case where it i s  zero or  
negligible,  the motive energy required by the compressor from the t u r -  
bine which dr ives  it, i s  reduced t o  Wa. This turbine u t i l i z e s  then 
but a s m a l l  f rac t ion  of the theore t ica l  expansion energy _Cd, leaving 
the amount wa/pd' of t h i s  energy. The expansion nozzle u t i l i z e s  t h i s  
supplementary energy of the theore t ica l  expans ion with the expansion 
ef I'iciency Pd'l. 

Lastly, it i s  seen t h a t  the f i n a l  k ine t ic  energy increases t o  
Pd"Wa/pd', when the i n i t i a l  k ine t ic  energy increases t o  T ~ P  t he r -  
m a l  eff ic iency 7 th '  of the t o t a l  thermodynamic cycle being, according 
t o  formula ( 4 )  and f o r  the system i n  question, the r a t i o  of the d i f f e r -  
ence i n  the i n i t i a l  and f i n a l  k ine t i c  energy of  the act ive bodies t o  the 
heat value L, it i s  seen immediately tha t  the increase i n  7th' with 
speed V i s  

Wa. 

lome approximation underestimates the var ia t ion of v th t  system- 

a t i c a l l y ,  because f i r s t ,  it disregards the p a r t i a l  recovery, i n  the 
nozzle of the rocket, of the l o s s  due t o  res idual  speed of the turbine 
s i tuated upstream, and second, it likewise neglects the temperature rise 
of the gases a t  t he  turbine e x i t ,  which i s  due t o  the  losses  of the real  
cycle i n  the  turbine.  This r ise affords a p a r t i a l  recovery of the said 
losses  during a subsequent expansion and, notably, i n  the nozzle of the 
rocket. This e f f ec t ,  of secondary importance, has been neglected i n  a l l  
the calculations of the thermal eff ic iency of the cycles with fractional, 
expans ion. 
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1 
0 100 200 300 1 400 500 

v =  
(m/sec 1 

Rocket A: qg = 0 0.0605 I 0.113 0.1575 0.197 0.231 t Rocket B: vg = 0 I0.0735 i 0.129 0.1725 0.2085 0.240 
- 

I ._ - I 

This var ia t ion  has the  pref ix  of an increment, because the  e f f i -  
ciency of the expansion turbine (pd' = 0.75) i s  l e s s  than tha t  of the 
eject ion nozzle of the rocket (pa" = 0.93). 
qui te  small as indicated i n  the following tabulat ion of the 
values computed f o r  rockets A and B a t  various speeds: 

Besides, t h i s  increment i s  
9th '  

T 

These values are  applied hereaf ter .  

The over-all  eff ic iency '1 of rocket A and B follows from the 
i s  henceforth the only variable.  general formula (82),  i n  which % 

Thus, with Rey kerosene we get: 

Rocket A: a = 22.02; L = 11,500 cal/kg = 48,000,000 
(M.K.s .  system); vthf = 0.44 

Rocket B: a = 58.72; L = 48,000,000; 
7th '  = values of the preceding table  

With these data, formula (82) gives the vg values indicated i n  
t ab le  XVIII and p lo t ted  i n  f igure 26. 

Table XVIII 

vg Values f o r  Rockets A and B 

The examination of f igure 26 shows tha t  

(1) The turborocket s has a be t t e r  over-all  eff ic iency than 
rocket A 
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(2 )  This super ior i ty  is, however, qui te  small, since it varies  i n  
value from 1 4  t o  4 percent when V varies between 200 t o  500 m/sec 

(3)  Rocket By t h e  most advantageous, does not begin t o  be compa- 
rable  ( v i =  0.17) t o  the  engine-propeller system u n t i l  the  speed of 
1050 km/h i s  reached and then it cer ta in ly  becomes superior t o  the  bes t  
system of t h i s  type (vg  = 0.225) when V exceeds 1600 km/h 

Such i s  the  pr inc ipa l  conclusion reached from the  study of true 
rockets using an ordinary f u e l  such as kerosene. This conclusion is  i n  
accord with that obtained i n  the study of sol id-fuel  rockets. On the  
other hand, t he  kerosene rocket, at  equal over-al l  eff ic iency,  has a 
spec i f ic  f u e l  consumption iden t i ca l  with t h a t  of an a i r c r a f t  engine 
with gasoline or kerosene driving a propel ler .  This holds f o r  the 
equivalence of heat values of the  u t i l i z e d  f u e l s  and gives a primordial 
advantage t o  the  kerosene rocket over the  explosive rocket. One of the  
most e s s e n t i a l  means of r a i s ing  the over-all  eff ic iency of the kerosene 
rocket consis ts ,  as f o r  t he  explosive rocket, i n  r a i s ing  i t s  volume 
without unduly lowering i t s  thermal eff ic iency.  

Chapter I1 - Liquid-Fuel Rocket with Thrust Augmentation 

34. Pr inciple  and operation 

The l iqu id- fue l  rocket with th rus t  augmentation d i f f e r s  from the  
corresponding p l a in  rocket only by the addi t ion of a th rus t  augmenter, 
as already indicated i n  the  study of the explosive rocket with th rus t  
augmentat ion.  

The pr inc ip le  and the  mode of operation i s  the same as f o r  the  
explosive rocket. However, the thrus t  equations and the e f f i c i enc ie s  
a re  modified by reason of the  corresponding a i r  consumption a of the  
rocket proper. 

35. Equations of operation of the rocket with thrust augmentation 

With a '  as the  mass of air  captured by the  thrus t  augmenter per 
un i t  mass of f u e l  consumed by the rocket with th rus t  augmentation 

p = a l /a  ( 9 9 )  

The r a t i o  p represents the  a i r  volume r a t i o  ( a 1 )  trapped by 
augmenter and (a )  consumed by the  rocket, the  volume of f u e l  being 
negl igible  i n  comparison t o  the  l a t t e r .  To express the  speed of 

I I-, 1111.1l.1.111111 11111.11 I1 I 
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exhaust W e ,  t h rus t  T, i n t ens i ty  of t h r u s t  t = T/Se, and f i n a l l y  the  
e f f ic ienc ies  qp and qg, of t he  rocket with thrust augmentation, t he  
(a) i n  formulas (83) t o  (881 i s  replaced by (a + a'), hence, by 
after which 

a(1 + p ) ,  

I n  these equations q always designates t h e  parameter L/V2 
and 7 th  represents the  thermal e f f ic iency  of t he  complete rocket- 
augmenter un i t .  

The calculat ion of t h i s  t h e m  ef f ic iency  q th  i s  predicated on 
the  knowledge of the  exhaust temperature of the  assumedly homogeneous 
mixture e jected by the thrus t  augmenter. This involves the  use of the  
equations of the  operation of gas augmenters, t h a t  i s  t o  say, t he  equa- 
t i ons  establ ished f o r  the explosive rocket with th rus t  augmentation, 
which are  t o  be used i n  the  following. 

36. Comparison with the  t rue  rocket 

To evaluate the  importance of the  rocket with t h r u s t  augmentation, 
it i s  necessary and suf f ic ien t  t o  compare it with the  corresponding 
t rue  rocket, that i s ,  the  t rue  rocket t h a t  includes an iden t i ca l  gener- 
a t o r  of burnt gas and operates i n  the  same conditions, but which, i n  
addition, i s  f i t t e d  with a more o r  less d i f fe ren t  expansion nozzle, 
since i n  the case of the  t r u e  rocket, t h i s  nozzle expands the  burnt 
gases d i r ec t ly  up t o  the  surrounding pressure. 

This nozzle w i l l  be, besides, ident ica l  i f  the  mixer of the rocket 
with th rus t  augmentation operates a t  a pressure 
side o r  atmospheric pressure Pa, t h a t  i s ,  i f  t he  pa r t i cu la r  case 
involves the  rocket with th rus t  augmentation characterized by 

p1 equal t o  the  out- 

A 1  = P1/Pa = 1- 
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The study i s  r e s t r i c t ed  t o  a comparison of the over-all  e f f i -  

of the corresponding t rue  rocket, the corresponding quant i t ies  of 
ciency 
qg" 
the  l a t t e r  being distinguished by a double accent. 

qg of the  rocket with thrus t  augmentation and the eff ic iency 

It w i l l  be remembered that 

and 

a l s o  t h a t  

It i s  a question of studying the r a t i o  

which depends o i l y  on Q, Q", and p. 

On the other hand, it i s  eas i ly  ver i f ied  t h a t  by reason of the 
energy losses  i n  the mixer of the augmenter (K > 0) ,  Q 
than Q" 

must be smaller 

Q < Q" 
Equ,ation (106) is  the cause of the superior i ty  of the rocket with 

thrus t  augmentation over the corresponding t rue  rocket, tha t  is, f o r  
which X > 1; it i s  suf f ic ien t  t h a t  

Q" + p D m  - I.] 
1 + P  

a > % =  
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"he two inequal i t ies  are compatible because obviously 
S ta r t ing  from a given t r u e  rocket, i t s  over-al l  e f f ic iency  can therefore  
be improved by the addi t ion of a su i tab ly  designed th rus t  auppenter when 
the  operating conditions 

Q2 < &I1. 

X1 = pl/pa,  p = a'/a, can be rea l ized  in  t h e  
mixer of the t h r u s t  augmenter so t h a t  the  r a t i o  Q = Q" x qth/qth" 

becomes greater than Q. 

In  order t o  determine whether t h i s  r ea l i za t ion  i s  e f f ec t ive ly  pos- 
sible,  it is  necessary t o  know the  e f fec t ive  var ia t ion  of the  coeff i -  
c ient  k as function of the  conditions a t  the inlet  of the  mixer f o r  
properly designed gas augmenters. Insuf f ic ien t  knowledge on t h i s  sub- 
j e c t  m a k e s  the  subsequent study based on assumption obligatory.  Thus 
the  procedure t o  be followed i s  the  same as f o r  the  sol id-fuel  rocket; 
t he  study i s  limited t o  the  spec i f ic  case of t he  th rus t  augmenter 
characterized by a mixer a t  atmospheric pressure ( A 1  = 1). 
eventual e f f ec t  of a modification of the  pressure i n  the  mixer ( X i  f l), 
t he  reader i s  re fer red  t o  the  considerations developed i n  a r t i c l e  20. 

For the 

37. Specific case - mixer at  atmospheric pressure 

It should be noted t h a t  the  formulas used i n  a r t i c l e  19 t o  l i n k  
7th t o  7th'' are not d i r e c t l y  applicable t o  the  present case by rea- 
son of the  difference i n  the  thermodynamic cycles which concern, on the  
one hand, t he  sol id-fuel  rocket and, on the  other, the  generator of the 
rocket under consideration. 

But, i n  t he  spec i f ic  case of 
t o  7th" so t h a t  it can be indicated.  

A 1  = 1, it i s  easy t o  l i n k  q th  

By def ini t ion,  the  thermal eff ic iency of the . rocke t  with thrus t  
augmentation, assumedly adiabat ic ,  i s  

C, designating the mean v a h e  between Te and Ta of the  spec i f ic  
heat of t he  gases delivered by the augmenter, the  mean spec i f ic  heat 
wkich i s  equally assumed va l id  fo r  the burnt gases up t o  the  exhaust 
temperature Te" of the  t rue  reference rocket. 

This approximation i s  much more legi t imate  than i n  the  case of the  
explosive rocket, because i n  t h i s  instance the burnt gases contain a 
considerable proportion of air  and the  exhaust temperatures a re  
r e l a t ive ly  low. 
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In these conditions the  eff ic iency qth" of the t r u e  reference 
rocket i s ,  by def in i t ion  and since the  rocket i s  always assumed 
adiabat ic  : 

On the other hand, the application of the pr inciple  of the con- 
servation of energy t o  the mixer of the t h r u s t  augmenter tube, a l so  
assumed adiabatic,  r e su l t s  i n  

we*f2 v2 2 
we 

aCmTet' + paCmG - (1 + p)a&Te = (1 + p)a g - a 7 - pa 2 

By def in i t ion  of the coeff ic ient  kl comprised between zero and 
unity, which characterizes the k ine t ic  energy losses  i n  the mixer of 
the thrus t  augmenter, we get 

and l a s t l y  a l so  

With due regard t o  the preceding equations, Te 
function of T,", p, and kl and which entered i n  (109) f i n a l l y  gives 

can be computed, as 

Introducing t h i s  value i n  the expression (106) of: X, the  l a t t e r  
assumes f o r  XI = 1 the par t icu lar  form 

X1 + 
I ,  

dl + 2Q" - 1 
For a given t rue  reference rocket, Q" is  determined and the 

coeff ic ient  k l  (a par t icu lar  value, f o r  Xi = 1 of the coeff ic ient  
of the k ine t ic  ener@;y losses  i n  the mixer) depends only on p. 
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Q" = 2 

10 
50 

2-00 

The r a t i o  Xi is  therefore  a simple function of p and, when the 
function kl i s  known, it i s  readi ly  ascertained when Xi exceeds 
uni ty  and i t s  maximum determined. 

Value of K1 for :  Maxhum of K1 

p = 0 0.5 1 2 5 10 20 Value For p = 

o 0.113 0.153 0.171 0.142 0.099 0.061 0.171 2 

0 .208 .306 .389 .427 .389 .306 ,431 4.47 
0 272 .4o5 .535 ,650 .677 ,650 .675 io 

5 0  ,170 .244 .298 .298 .244 .I70 .284 3.162 

0 .289 .431 .573 .706 .752 .751 .760 14.14 

Conversely, since kl i s  ac tua l ly  an unknown function, it i s  pos- 
s ib l e  t o  determine the  l i m i t  which t h i s  coeff ic ient  must not exceed, 
i f  Xi i s  not t o  exceed unity.  

Designating, as before, t h i s  l i m i t ,  which depends only on Q" and 
on p, by K1 i ts  value, taken from (111) where Xi = 1, is  

2p 1 + Q" - i m  
p + 2Q" K1 = 1+cI 

Its numerical value f o r  d i f fe ren t  Q" and p i s  given i n  
tab le  XIX and p lo t ted  in  figure 27. 

Table X I X  

Values of the Function K1(p) and i t s  Maximum 

f o r  Different Values of Q" 

The maximum i s  reached a t  

and has the value 

2 
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Q" = 2 5 

= 0.2 V = 552 349 
0.6 955 605 

a = 75 0.6 426 270 

a = 15 %ht' 

vth 11 - - 0.2 V = 246 156 

87 

10 50 100 

247 110.3 78.3 
428 191 135 

110 49.3 35 
i g i  85.5 60.5 

I n  order t o  appreciate the  significance of the  above numerical 
values given t o  parameter 
value of V(m/sec) corresponding t o  these values fo r  the previously 
specified type of kerosene, where a and qth have the extreme values 
considered as comprising the p rac t i ca l  range, namely: 

Qrr, t ab le  XX and f igure 28 indicate the  

a = 15 and a = 75 

Table XX 

Speed V fo r  Several Values of a, qth", and 

Q" = qth IL/aV2 

In order t o  compute the p rac t i ca l  p o s s i b i l i t i e s  of the  rocket with 
t h r u s t  augmentation, several specif ic  examples a:-': analyzed. 

Consider two cases of the t rue  rocket corresponding t o  the p rac t i -  
ca l ly  extreme values of the d i lu t ion  a and t o  the corresponding maxi- 

* mum thermal eff ic iency qth'l, t h a t  i s ,  a = 20, qth" = 0.5 and a = 75, 
7th'' = 0.3. 

Visualize, on the  other hand, two values of the speed V ident i -  

V = 112 m/sec, = 402 km/h, and 
ca l  t o  those considered previously f o r  the explosive rocke-t; with thrus t  
augmentation, namely; 
V = 224 m/sec = 804 km/h. 

To these four par t icu lar  cases taken f o r  examples, there  corre- 
spond the  following values of Q": 

Q" = 91.7 f o r  a = 20, 7th" = 0.5 V = 112 
Q" = 22.9 V = 224 
Q" = 14.7 f o r  a = 75, qth" = 0.3 V = 112 
Q" = 3.68 V = 224 
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On p l o t t i n g  the  values of k l  corresponding t o  t h e  values 1, 1.5, 
and 2 of t h e  r a t i o  Xi = vg/vgtf against  p, t h e  values of kl f o r  t he  
four  c i t e d  Q" are those represented i n  t a b l e  XXI and i l l u s t r a t e d  i n  
figures 29 t o  32. 

Values of kl(p) 

Q" = 91.7 

= 22.9 

Q" = 14.7 

Q" = 3.68 

The r a t i o  XI obtainable 

Table XXI 

f o r  Different Values of Xi 

15 

0.748 
.623 
.472 
.296 

0.741 

,506 
.361 

0.476 0.561 0.556 
-.057 .306 .386 
-.483 -.007 .180 

0.432 0.493 0.469 
.Olg .237 .296 
-.503 -.066 .Ogg 

0.526 
.386 
.228 

0.429 

.141 

.292 

0.490 
.372 
.241 

0.393 
277 
.152 

0.254 0.240 0.187 
-.lo81 .0271 .0545 

0.149 
.0516 

0.125 

by th rus t  augmentation according t o  
I 

t h e  p value given by i t s  corresponding volume i s  contingent upon the  
p o s s i b i l i t y  of p lo t t i ng  on each of these diagrams the  corresponding 
kl(p) 
augmentation. 
t he  curve k l ( k )  which characterizes the  real t h r u s t  augmentation can 
only be imagined. 

curve character iz ing t h e  real mixer of the  rocket with the thrus t  
A s  f o r  t h e  explosive rocket with t h r u s t  augmentation, 

I n  sp i t e  of t he  uncertainty of such speculation, it i s  assumed 
t h a t  t he  curve i n  question can be represented, i n  fi.gures 29 t o  32, by 
the curves 
allow f o r  the  f a c t  t h a t  the  difference i n  je t  ve loc i t i e s  at the  mixer 
entrance of the  th rus t  augmenter decreases f o r  each case. 

C1, C2, C3, C4, which are  progressively toward the r igh t  t o  
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O n  these premises, it i s  seen t h a t  the maximum of r a t i o  Xi 
corresponds t o  the points M1, %, M3, and M4 fo r  which 

Mi:&'' = 91.7 p = 5.6 kl = 0.2 XI = 2 

M3:Q" = 14.7 CL = 5.5 k l  = 0.14 x1 = 1.71 
%:&'I = 22.9 p = 6.3 k l  = 0.2 Xi = 1.77 

M4:Q" = 3.68 CI = 3.9 kl = 0.07 Xi = 1.37 

These values of Xi are,  it i s  repeated, purely hypothetical and 
probably optimistic.  Nevertheless, they a re  u t i l i z e d  f o r  i l l u s t r a t i v e  
purpose. 

They involve the following consequences f o r  the four chosen 
examples: (Only the r e su l t s  of the calculations a re  given here.) 

(1) Q" = 91.7.- The t rue  rocket having a thermal eff ic iency 
qth" = 0.5,  a propulsive eff ic iency 
eff ic iency of 
th rus t  au-entation and at  a speed of 402 km/h w i l l  s h i f t  t o  

qP'' = 0.137, and an o v e r - d l  
qg" = 0.0695; the  e f f ic ienc ies  f o r  the best  rocket w i t h  

7 th  = 0.396 

(2) Q" = 22.9.- This case is  the same a s  the one before except t h a t  

T~ = 0.346 vg = 2 X qg" = 0.137 

speed of propulsion, supposedly doubled, i s  804 km/h. 

The t rue  rocket i s  characterized by: 

and the best rocket with th rus t  augmentation by 

qth = 0.386 vp = 0.585 ?g = i.77qg" = 0.226 

(3) Q" = 14.7.- The t rue  rocket a t  402 km/h speed i s  character- 
ized by 

= 0.092 %" = 0.207 
TP'? 

'Ith" = 0.3 

and the best  rocket with thrus t  augmentation by 

qth" = 0.250 vp = 0.629 'Ig = 1.n qg" = 0.157 
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(4)  Q" = 3.68. - This case i s  the same as case 3 except f o r  the 
propulsive veloci ty  of 804 h / h .  The t rue  rocket i s  characterized by 

qP" = 0.515 

and the best  rocket with thrus t  augmentation by 

'Ip = 0.792 qg = 1.37 qg'f = 0.212 

The foregoing data indicate tha t ,  i f  these assumptions can be 
realized, the par t icu lar  rocket with thrust augmentation considered 
above (Xi = 1) i s  advantageous. 
the speed of propulsion beginning a t  which the propeller with d i rec t  
reaction gives an over-all  eff ic iency comparable with t h a t  of the 
engine-propeller system. 
i s  of the order of 300 t o  800 km/h, depending upon the par t icu lar  case.. 

It of fers  the possi .bi l i ty  of lowering 

The speed a t  which both systems are  equivalent 

S ta r t ing  with a t rue  rocket of lower thermal efficiency, the rocket 
with thrus t  augmentation thus of fe rs  the poss ib i l i t y  of obtaining a pro- 
pe l l e r  whose eff ic iency exceeds tha t  of a rocket with th rus t  augmentation 
t h a t  corresponds t o  a t rue  rocket of higher thermal efficiency, the speed 
of propulsion rema'ining, of course, the same. 

Thus at 402 km/h the rocket with th rus t  augmentation corresponding 
t o  the ' t rue  rocket characterized by qth" = 0.3 and a = 75 (case 3) 
w i l l  have an over-all  eff ic iency of qg  = 0.157, hence be superior t o  
tha t  of the' rocket with thrust augmentation corresponding t o  the t rue  
rocket characterized by 7th'' = 0.3 and a = 20 (case I), an eff ic iency 
t h a t  reaches only qg = 137. 

So, i n  the f i rs t  of these cases, the rocket with thrus t  
augmentation i s  able t o  reach 7th = 0.23 
t o  a (1  + p) = 75(1 + 5.3) = 487, against 
case, which i s  superior t o  the former, but with a volume of only 
20(1 + 5.6) = 132. 
thermal efficiency, t ha t  is ,  by the speed of e jec t ion  of the gases a t  
the augmenter ou t l e t .  

f o r  a t o t a l  volume equal 
qth =.0.396 i n  the f i rs t  

The.increase i n  volume outweighs the decrease i n  

Moreover, the whole problem of the rocket with augmentation hinges 
on knowing whether t h i s  arrangement, which obviously lowers the thermal 
efficiency with respect t o  the corresponding t rue  rocket, w i l l  make it 
possible t o  increase the t o t a l  volume enough t o  improve the over-all  
efficiency. 

In  t h i s  respect,  the following problem may be put.  
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lmagine a . l iquid-fuel  rocket operating a t  constant pressure and a t  
!The efficiency of expansion a previously determined compression r a t io .  

and compression being assumedly fixed, the thermal efficiency of this 
true'rocket depends upon the di lut ion a of the combustible mixture. 
By progressively increasing the dilution, the efficiency i s  reduced and 
finally nul l i f ied.  

Instead of effect ing the p r e l k h a r y  d i lu t ion  of the combustion 
gases by going through the cycle of the en t i re  m i x t u r e  jn rocket, the 
exhaust gases of the t rue  rocket can be di luted by the air trapped by 
a thrust  augmenter tube. In this case a l so  the thermal efficiency of 
the system, tha t  is, of the rocket w i t h  thrust augmentation, i s  reduced. ' 

From the point of view of over-all  efficiency, it may be interest ing 
t o  f ind  out if and i n  what conditions the ex t r ins ic  d i lu t ion  i s  more 
advantageous than the in t r in s i c .  

38. In t r in s i c  and ex t r ins ic  d i lu t ion  

The problem involved i s  simplified by the following approxhations. 
The specific heat of air i s  compared t o  that of the burnt gases and 
t h e i r  var ia t ion w i t h  the  temperature disregarded. This assumption i s  
so much more Jus t i f ied  as the di lut ions involved are greater and t h e  
temperatures a re  therefore lower. 

Supposing tha t  the expansion and compression nozzles, as w e l l  as 
the mixer of the thrus t  augmenter (which operates a t  atmospheric pres- 
sure),  are actual ly  adiabatic, and that 
compression. 

A is  the r a t i o  of the primary 

Two rockets are considered: One consumes, per uni t  mass of fuel ,  
the air  mass a i n  the t rue  rocket and the mass pa captured by the 
thrus t  augmenter; the other consumes the same t o t a l  mass of air  
a(1 + p) and has no thrust augmenter. 

The quant i t ies  of the second rocket are indicated by a t r i p l e  
. accent and the corresponding gas phases (compared t o  a i r  a t  constant 

specif ic  heat 
and completed expansion by the subscripts a, b, c, and d. Lastly, 
assume that the combustion (effected i n  both cases at pressure 
complete. 

C )  a t  induction, terminal compression, after combustion 

Xp,) i s  

It i s  a question of comparing the thermal eff ic iencies  

and q t h f f '  t h  

of the rocket f i t t e d  w i t h  thrust  augmenter and the pure rocket of the 
same t o t a l  volume. 
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According t o  previous arguments, the eff ic iency of the rocket with 
th rus t  augmentation i s  

qth" denoting the t h e m  eff ic iency of the corresponding t rue  rocket 
obtained by elimination of the th rus t  augmenter and ( a h )  the amount of 
heat equivalent t o  the energy of the  viscosi ty  and the ' f r ic t ion  i n  the 
mixer of the th rus t  augmenter, a quantity referred t o  uni t  of mass of 
f u e l  consumed. 
where h i =  1. 

The preceding equation follows immediately from (61) 

The eff ic iency vthl' can be put i n  the form 

n designating the coeff ic ient  - - characterizing the var ia t ion of 

temperature in the  i r revers ib le  adiabat ic  transformations, G&, and €& 
denoting the quant i t ies  of heat equivalent t o  the energy of viscosi ty  
and f r i c t i o n  during compression and expansion in the  rocket, quant i t ies  
re fer red  t o  un i t  mass of air of the  cycle. 

7 

On the  other hand, the  thermal eff ic iency 7th" '  of the second 
t rue  rocket with the  same t o t a l  volume as the rocket with thrust augmen- 
ta t ion ,  i s  put i n  the form 

quant i t ies  hffr  and aft '  having the same significance as -& 
and €& and quantity Sa 1 1 '  can also be 5dent i f ied with & when 
the compressors of the two rockets haxe the same eff ic iency with respect 
t-o the  reversible  adiabatic compression: 
put t ing ( & ' ' I  = \ Q. 

It i s  admitted here by 

Next, the combustion temperatures T c r l f  and Tc in the  t w o  
compared rockets are  evaluated. 
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In  each case, since the  combustion i s  assumed complete, 

O n  the  other hand, the  temperatures lj, and Tb' at  the end of 
compression a r e  ident ical ,  the  compressors operating with the same com- 
gression ra t io  and the  same spec i f ic  efficiency. Hence 

With (119) taken in to  consideration, the values of Tc and T c t r l  com- 
puted by (117) and (118) c a  be used t o  explain formulas (115) and (116). 
Final ly  there  i s  e f o r d e d  f o r  the rocket with thrus t  augmentation 

and f o r  the t rue  rocket with the saae t o t a l  volume: 

( 121 1 

These formulas bring out the reducing e f f ec t  of the thermal e f f i -  
ciency (1 - )l-n) of the theore t ica l  thermodynamic cycle, of the work of 
viscosi ty  and f r i c t i o n  ( i n  absolute value) i n  the various p a r t s  of the 
systems. 

These approximate formulas show tha t ,  f o r  the ex t r ins ic  d i lu t ion  
t o  be more beneficial  than the  i n t r i n s i c  di lut ion,  t h a t  is, q th  
r i o r  t o  vth '" ,  it i s  necessary and it suf f ices  t h a t  

supe- 

This r e l a t ion  s t a t e s  t h a t  the work of f r i c t i o n  and v iscos i ty  i n  the 
mixer re fer red  to uni t  mass of motive f l u i d  i n  the thrus t  augmenter 
must be less than the difference i n  the energies of the same nature 
during the compression ( the  l a t t e r  multiplied by the fac tor  
than uni ty)  and during the expansion i n  the pure rocket, and i n  the 
rocket with thrust augmentation, t he  sa id  energies being themselves 
referred t o  uni t  of mass of f l u i d s  i n  the cycle. 

l e s s  
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This precise  conclusion i s  important. There i s  nothing t o  a s se r t  
pos i t ive ly  t h a t  it can not be achieved. It i s  not contradictory t o  the  
Carnot-Clausius pr inciple ,  and the theory of the v iscos i ty  of gases, i n  
i t s  present s t a t e ,  i s  insufr ' icient t o  e lucidate  the question by theo- 
r e t i c a l  considerations. The poss ib i l i t y  of sa t i s fy ing  the  condition 
(122) must be l e f t  t o  experiment. 

It may be added t h a t  i n  the foregoing the study was l imited t o  the 
par t icu lar  case of t h rus t  augmenters with mixer operating at  atmospheric 
pressure and that, i n  general, t h i s  condition need not necessarily 
correspond t o  the maximm over-all  eff ic iency of the rocket f i t t e d  with 
thrus t  augmentation. 

C .  SUMMARY -4ND CONCLUSIONS OF THE STUDY ON 

DlRECT AND AXIAL JET PROPULSION 

39. Recapitulation of r e s u l t s  

The pr incipal  r e s u l t s  may be summed up a s  follows: 

(1) The explosive rocket i s  unsuitable a s  normal system of pro- 
pulsion f o r  a i r c r a f t  by reason of i t s  excessive consumption by weight 
and which r e s u l t s  from i t s  l o w  over-al l  eff ic iency up t o  very high 
speeds, and t o  the l o w  heat value of explosives. 

( 2 )  O n l y  the  rocket using an ordinary fue l ,  f o r  example, l iqu id ,  
with high heat value can furnish a normal means of propulsion, and then, 
only a t  very high speeds. 

(3 )  To improve the over-al l  eff ic iency of such a rocket or  t o  
lower the speed beginning at  which i t s  eff ic iency becomes important, 
it i s  recommended t o  increase the d i lu t ion  of the expelled gases with- 
out unduly lowering the thermal eff ic iency of the complete system. 

( 4 )  To t h i s  end, e i the r  the i n t r i n s i c  di lut ion,  t ha t  is ,  the 
increase i n  the proportion of air i n  the combustible mixture subjected 
t o  combustion after compression, may be considered or  e l se  the ex t r in s i c  
di lut ion,  t ha t  is, the entrainment, by the burnt gases, of f resh  a i r  
captured from the  outside by means of a th rus t  augmenter tube. 

( 5 )  A t  the present stage of development of heat engines, the pure 
rocket using kerosene, with great d i lu t ion  and a t  r e l a t ive ly  low pres- 
sures and temperatures of operation, appears t o  give a somewhat greater  
over-all  eff ic iency than t h a t  of a rocket with weak d i lu t ion  and high 
compression, a machine which should preferably be of the reciprocating 
type. 
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( 6 )  The best  solution of 'the pure rocket using kerosene appears t o  
be supplied by the turborocket, f o r  which the  great d i lu t ions  and the 
low pressures and temperatures occasion no great d i f f i c u l t y  i n  
r e  a1 i za t  ion. 

(7) The rocket with augmentation, rea l iz ing  the  e x t r i n s i c  di lut ion,  
appears susceptible, i n  cer ta in  cases, t o  a higher over-al l  eff ic iency 
than the corresponding t r u e  rocket. 

(8) I n  order t o  elucidate t h i s  point and t o  enable the  prediction 
of the bes t  t h r u s t  augmenter the systematic study of gas augmenters is  
imperative . 

(9 )  This study, which i s  important i n  numerous applications i n  
many f i e l d s ,  must rest la rge ly  upon the  determination of the coeff i -  
c ient  k, which characterizes the  k i n e t i c  energy losses  i n  the mixer of 
a gas augrnenter. This coeff ic ient  k depends on: 

The nature of the secondary and the primary gases and t h e i r  
physical propert ies  (conductivity, spec i f i c  heat, i n t e rna l  and contact 
f r i c t i o n  m d  viscosi ty)  

The s t a t e  of these gases (pressure, temperature, veloci ty)  a t  
entrance i n  the mixer of t he  t h r u s t  aumenter 

Their corresponding proportions (corresponding volume of augrnenter 
tube ) 

Lastly, disposi t ion of the augmenter tube (concentric, inserted,  
fragmentary j e t s ,  e t c . )  

The experimental and systematic study of the coeff ic ient  k, even 
when r e s t r i c t e d  t o  the  e s s e n t i a l  characters of t h i s  coefl 'icient, must 
supply a l l  the elements of evaluation, with the considerations and ca l -  
culations developed i n  the foregoing but u n t i l  then it i s  necessary t o  
maintain the  hypothetical character of the  previous conclusions. 

Lastly, it should be noted t h a t  the present study t i e s  i n  with the  
ideas developed by.Rateau i n  h i s  theory of t h r u s t  augmenters, t h a t  is ,  
i n  the adoption of t he  concept of a mixer producing an ul t imately 
homogeneous mixture of primary and secondary f l u i d s  a t  constant pres- 
sure, and uniform temperature and velocity.  One of the very first 
concerns of such an investigation should be t o  check the basic  pr inciple  
of t h i s  conception, which i s  s t i l l  insuf f ic ien t ly  established i n  our 
opinion. 
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40. Comparison of rocket and engine-propeller system 

The over-al l  e f f ic iency  of the  engine-propeller system considered 
as an i so la ted  system as f o r  t he  rocket, t h a t  i s ,  by disregarding a l l  
aerodynamic in te rac t ions  between propulsion and the  propelled system, 
i s  

vh denoting the  propulsive e f f ic iency  of the  propel ler  and 7th the 
e f fec t ive  thermal e f f ic iency  of the  engine (a t  the  propel ler  sha f t ) ,  
which e f f i c i enc ie s  are defined i n  the  usual manner. 

In  the  a i r ,  t he  propel ler  cons t i tu tes  an indi rec t  j e t  propel ler .  
In  f a c t  it i s  a question of giving the  ambient air a downstream r e c o i l  
motion. The simplest way t o  describe it i s  by comparing it t o  the so- 
ca l led  Froude propel ler ,  according t o  which the  propel ler  a c t s  on a 
cy l indr ica l  and l imi ted  stream of a i r  t o  which i s  communicated a uniform 
and axial speed of r eco i l .  Such a propel ler  may conceivably be rea l ized  
by means of two coaxial  propel lers  ro t a t ing  i n  opposite d i rec t ion  behind 
each other and on t h e  inside of  a more o r  l e s s  extended l a t e r a l  envelope 
which forms the  boundary of t he  a i r  stream on which the  propel ler  a c t s  
d i r ec t .  

The significance of the  concept of t he  Froude propel ler  r e s t s  on 
the  f a c t  t ha t ,  f o r  equal t h r u s t  a t  a propulsive ve loc i ty  and a given 
propel ler  diameter, t h i s  propel ler  has a s l i g h t l y  higher eff ic iency 
than a good pusher propel ler  of the  usual type. 
propel ler  i s  i n  t h i s  respect of ten regarded a s  the upper l i m i t  of the 
propulsive e f f ic iency  a t ta inable  by means of a propel ler  f o r  a given 
thrus t  in tens i ty .  While not exact ly  correct  from the  theore t ica l  point 
of view, t h i s  mode of viewing it i s  nevertheless j u s t i f i e d  by experiment 
and f o r  t he  ord inar i ly  employed propel lers .  

The e f f ic iency  of t h i s  

In  any case, when Sh denotes the  upstream sect ion of the  a i r  
stream s t i r r e d  up and pushed back by the  propel ler ,  a sect ion t h a t  may 

be compared t o  the  swept-disk area of a propel ler  (Sh = T ,  
D = propel ler  diameter), &d pa s ign i f i e s  the  densi ty  of  the sur-  
rounding air ,  an (nondimensional) aerodynamic th rus t  coeff ic ient  of the  
propel ler  can be defined by the  r e l a t ion  

flD2 
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and it i s  eas i ly  established t h a t  the  eff ic iency 
propeller,  taken i n  t h i s  instance as the idea l  propeller type, i s  
linked t o  the preceding coefficient by the  r e l a t ion  

qh of the Froude 

~ 

4 + C t  

qh = 4 

With mA denoting the  volume of a i r  s t i r r e d  up and forced back by t h i s  
propeller ( A  
consumed by the engine), 

being the specif ic  volume referred t o  u n i t  mass of f u e l  

mA = pas$ T V = v m v  L h t h  

vth = the thermal eff ic iency of the engine. Hence 

Putting 

7thL Q = -  
Av2 

and eliminating c t  between (123) and ( 1 2 6 )  leaves 

T h i s  r e l a t ion  i s  ident ica l  t o  ( 9 0 )  which gives the propulsive 
eff ic iency of a rocket with re la t ive ly  high a i r  consumption a.  The 
only difference i s  that the specif ic  volume of a i r  a of the rocket i s  
replaced here by the specif ic  volume A of the Froude propeller.  

Equation (128) shows tha t  qh increases continuously and tends 
toward uni ty  when Q tends toward zero, t h a t  i s ,  when vth, L, and V 
a re  given, then A increases indefini te ly .  

This remark suff ices  t o  demonstrate, it may be said in passing, 
the superior i ty  of the pr inciple  of geared-down propellers.  

For the ordinary airplane propellers adapted i n  the be s t  conditions, 
the propulsive eff ic iency vh i s  infer ior  t o  t h a t  of the  Froude pro- 
pe l le r ,  the  corresponding coeff ic ient  of reduction being prac t ica l ly  
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constant and of the order of 0.85, so t h a t  the ef f ic iency  of these 
propel lers  can be expressed by the  simple formula 

Compare now the  engine-propeller system whose e f f ic iency  i s  t o  be 
summarily evaluated, with the d i r ec t  react ion propeller,  t h a t  is ,  the  
rocket.  

It has been shown t h a t  the  explosive rocket cannot be envisaged as 
normal means of propulsion, espec ia l ly  by reason of i t s  absolutely 
prohibi t ive f u e l  consumption by weight i n  aviat ion.  

Hence, only the l iqu id- fue l  rocket is  considered. 

For it t o  have the  same over-al l  e f f ic iency  as the  reference 
engine-propeller system at  the same forward speed, it i s  necessary and 
suf f ic ien t  t h a t ,  according t o  (88) and (129) and with ident ica l  f u e l  i n  
both cases: 

the  accented quant i t ies  r e f e r  t o  the  rocket. 

In case of equal i ty  of the  thermal e f f ic iency  7 th  = 7th '  f o r  t he  
two engine propel ler  systems compared, t h i s  condition would be equiva- 
l e n t  to:  

a '  = 0 . 8 5 ~  

This condition would become a '  = A i f  t he  propel ler  were a per- 
f e c t  Froude propel ler .  
idea l  type of pusher propel ler ,  the  following theorem-holds t rue:  

The la t te r  being ord inar i ly  considered as the  

For a rocket t o  be equivalent t o  an idea l  engine-propeller system, 
a t  the same speed and f o r  the same fue l ,  it i s  suf f ic ien t  

(1) That the  thermal eff ic iency of  both systems be the same 

(2 )  T h a t  the  a i r  intake of the  rocket be of the  same cross sect ion 
as the  (upstream) sect ion of the a i r  act ivated by the propel ler  

The disposi t ion of the  two equivalent systems i s  shown 
diagrammatically i n  f igure  33. 

A t  ordinary speeds of propulsion, the rocket cannot pretend t o  
furnish,  with a sui table  thermal eff ic iency,  spec i f ic  volume's comparable 
t o  those of propel lers .  
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But  a t  speeds i n  excess of 1000 km/h, the  rocket i s  comparable t o  
the  engine-propeller system. A t  those speeds, i n  f ac t ,  the  propel ler  
appears t o  undergo an appreciable drop i n  eff ic iency which ul t imately 
r e s u l t s  i n  the  super ior i ty  of t he  rocket-.- 

The addi t ion of a th rus t  augmenter holds out t he  promise of 
obtaining, always at  high speeds, an appreciable advantage i n  favor of 
rocket propulsion, but t he  f a c t  cannot be establ ished unt i l  ce r t a in  
experiments, never undertaken t o  our knowledge, have been made. 

The subject i s  concluded with a remark about t he  re la t ionship  
ex i s t ing  between the  previously studied types of rockets and the  
c l a s s i ca l  propeller-engine system. 

Visualize an in te rna l  combustion turbine dr iving an ordinary pro- 
pe l l e r ,  the  turbine comprising an a i r  turbocompressor, combustion 
chambers, and an expansion turbine; a '  i s  the  spec i f ic  volume of the 
turbine and A t ha t  of the  propel ler  which it dr ives .  

In the most favorable operating conditions, a l l  the expansion 
energy of the burnt gases i s  converted i n  the turbine in to  mechanical 
energy, pa r t  of which i s  consumed by the  compressor s i tua ted  i n  the 
turbine and par t  by the  propel ler .  The speed of exhaust of the burnt 
gases i s  negl igible  a t  the  turbine e x i t .  The turbine being supposed t o  
have several  runners, it i s  assumed t h a t  the  runners s i tua ted  down- 
stream from the upper 'stages where the  energy necessary t o  drive the 
compressor i s  rea l ized ,  are  suppressed, and t h a t  the  expansion of the 
exhaust gases i s  accomplished i n  a well-designed nozzle a t  the  ou t l e t  
of t he  thus-truncated turbine.  The eff ic iency of the  l a t t e r  being 
greater  than t h a t  of the stages suppressed i n  the turbine,  there  i s  
obtained a j e t  of gas whose k ine t i c  energy a t  e jec t ion  i s ,  other things 
being equal, a l i t t l e  higher than the energy transmitted t o  the pro- 
p e l l e r .  The thermal eff ic iency of the  system i s  s l i g h t l y  improved and, 
t h i s  time, it i s  the gaseous je t  leaving the thus formed turborocket 
t ha t  furnishes the  propel ler  force,  by reaction. 

If the volume of t h i s  j e t  i s  comparable t o  tha t  of the  a i r  s t i r r e d  
up and forced back (mechanically) by the  or ig ina l  propel ler ,  it i s  
immediately apparent that the corresponding speeds a re  comparable also, 
as w e l l  the  corresponding propulsive and over-al l  e f f i c i enc ie s .  

The last  runners of the  o r ig ina l  turbine and the  propel ler  are 
merely designed t o  t r ans fe r  the energy of the f i n a l  par t  of the  expan- 
sion of t he  burnt gases t o  an external  m a s s  of a i r  t o  which t h i s  energy 
w a s  transmitted i n  the  form of k ine t ic  energy. 

I, .,,,,,,,,,,,,., 1 1 1  11.1. I .,,, I,,.. m.,,.,,...,.. ,.I . .... ... .~ 
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A t  very high speeds, the  super ior i ty  of t he  rocket over the  engine- 
propel ler  system increases and it i s  readi ly  apparent that '  t he  suppres- 
s ion of t he  propel ler  and the  corresponding s tages  i n  the  expansion t u r -  
bine afford,  f o r  the r ea l i za t ion  of the  engine-propeller system, a f o r -  
tunate mechanical s implif icat ion and a subs tan t ia l  saving i n  weight. 

This i s ,  moreover, one of t he  reasons which confer pa r t i cu la r  and 
primary i n t e r e s t  t o  the  problem of turbomachines with in te rna l -  
combustion i n  the range of propulsion a t  very high speeds, t h a t  is ,  
above 800 t o  1000 &/hour. 
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P A R T  I 1  

.= HELICOIDAL REACTION PROPULSION SYSTEMS 

Chapter I J e t  Propeller 

41. Definit ion of the systems under consideration 

The systems involved consume a f u e l  supplied on board the airplane 
and take from the surrounding atmosphere the air  necessary f o r  combus- 
t ion,  t o  which a corresponding excess can be added. 

They are  characterized by the f a c t  t ha t  the e jec t ion  of the cycl ic  
f lu ids ,  more or  l e s s  converted by the combustion, i s  effected by one o r  
more nozzles impelled by a hel icoidal  movement. 
systems i s  represented diagrammatically by f igure 34. 

The type of these 

The a i r ,  taken from the outside atmosphere, en te rs  the machine 
through a f ixed and ax ia l  opening A facing forward. 

On passing through the machine t h i s  air and the f u e l  a r e  subjected 
t o  cer ta in  changes i n  t h e i r  physical and chemical s t a t e  comprising 
three e s sen t i a l  phases: compression, combustion, and expansion. This 
thermodynamic cycle i s  accomplished i n  par t  i n  a heat engine'' M, and 
i n  par t  i n  a ro ta t ing  system C which comprises the exhaust 
arrangement. 

The ro ta t ing  system i s  connected t o  the engine and can receive 
& from or supply energy t o  the l a t t e r .  

i s  then, s t r i c t l y  speaking, a receiver . )  
( I n  the f i r s t  case, the engine 

System C comprises the exhaust which i s  effected by o r i f i c e s  
oriented perpendicular t o  t h e i r  helicoidal, t ra jec tory  and rearward. 
It d r ives . a  propeller12 
the case of f igure 34. 

with which it even may be ident ica l  as i n  

It i s  immediately apparent that t h i s  general scheme comprises the 
following par t icu lar  cases : 

11The term "engine" i s  taken here i n  a very general, and so t o  
speak, algebraic sense; the said engine may be ac tua l ly  a receiver, t ha t  
i s ,  'receive energy from the outside instead of supplying energy t o  it. 

l2It could be assumed t h a t  several propellers,  equivalent t o  the 
single propeller considered here fo r  the evident object of simplification, 
are  involved. 
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(a)  Rocket with d i r ec t  reaction.- To obtain the  latter, it i s  
suf f ic ien t  t o  eliminate the propeller 5 and assume the ro t a t ing  
system C stat ionary.  "he engine- _M then supplies-no energy t o  the 
outside and the f ixed exhausts log ica l ly  take t h e i r  place downstream 
from the engine and t o  the r ea r  of the arrangement, res tor ing  the  
normal out l ine  of the rocket. If the  la t ter  consumes no outside air 
( t rue  explosive rocket) ,  the air  intake A must be removed. 

(b) True j e t  p rope l l e r , -  To obtain it, simply eliminate the  
engine M. The compression of the air  i s  then accomplished e n t i r e l y  
i n  the  r z t a t i n g  arms t h a t  const i tute  the blades of the propeller,  the  
t i p s  of which a re  the burners which feed the  exhaust nozzles. 
propeller i s  then driven exclusively by the  reaction of these nozzles, 
whence the adopted term "pure reaction propeller." 

The 

( c )  Classical  engine-propeller system.- To obtain t h i s  system, 
slmply assume the diameter of the  ro ta t ing  system t o  be zero. 
exhaust becomes then f ixed again and the propeller i s  driven by the 
engine i n  which the thermodynamic cycle i s  completed. 

The 

The subsequent operating formulas furnish a sor t  of general theory 
of propulsion systems with d i r ec t ,  ind i rec t  ( t h a t  is ,  performed by a 
mechanical system i n  the surrounding medium, case of the propel le r ) ,  
and mixed reaction. 

b 

It should be nc;ted t h a t  the exhaust jets of the rockets are 
assumed t o  face i n  the opposite direct ion of the absolute speed of 
these rockets. This i s  a simple and log ica l  conception, very close t o  
that' which corresponds, i n  f a c t ,  t.0 the best  orientation, and which i s  
t o  be discussed again i n  a r t i c l e  63. 

42. Simplifying assumptions 

These assumptions, intended t o  simplify the problem, which 
introduce but a negligible e r ror ,  are  as  follows: 

(1) The pressure i n  the s t ra ight  sections Sa and Se of the 
air intake and the exhaust i s  uniform and equal t o  pa. 

(2 )  The s t a t e  of the f l u i d  i n  these sections i s  homogeneous and 
steady and t h e i r  speed uniform, when normal operation i s  established. 

(3)  Normal operation, periodic theore t ica l ly  (especial ly  with 
reciprocating engine), i s  compared t o  a steady s t a t e ,  which amo+ts t o  
characterizing the quant i t ies  considered by t h e i r  average values during 
one cycle, once the steady s t a t e  i s  reached. 
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(4)  The resu l tan t  of t he  ac t ions  of the  ambient f l u i d s  - on the  out- 
s ide w a l l  of a revolving - rocket i s  reduced t o  a resis tance 
t o  the  absolute speed We 
opening* 

R e  opposite 
of t he  center of the  corresponding exhaust 

( 5 )  A t  t he  point where t h e  cycl ic  bodies pass from engine 
the ro t a t ing  system C, t he  speed of these bodies i s  p a r a l l e l  t o  t he  
ax i s  of r o t a t  ion. 

3 t o  

43. Definit ion and symbols 

m = mass of f u e l  consumed i n  un i t  time 

a = corresponding consumption of air  o r  r a t i o  of a i r  mass t o  
f u e l  consumed i n  the  same time 

speed of the  revolving rockets (measured 
i n  the  center of the  exhaust o r i f i c e  Ue = peripheral  

V = a x i a l  

We = resu l tan t  

pe ='angle of W e  and of V 

1 
W e  = corresponding speed of exhaust i n  t h e  sect ion Se 

wa = V = corresponding speed of a i r  a t  i t s  en t ry  i n  the  mouth Sa 
of the  air  intake 

Cm = mechanical. energy supplied by the engine t o  the  propel ler  
(by means of the  ro t a t ing  system) and re fer red  t o  un i t  m a s s  of 
f u e l  consumed 

To define the  net t h rus t  supplied by the  propulsion system as w e l l  
as the  resis tance of i t s  various elements accurately,  the  system i s  
decomposed i n  three par ts :  

(1) The cent ra l  bady terminating i n  f ron t  i n  the  air  intake A 

(2 )  The propel ler  blades l imited by the  s t r a igh t  sect ions or  blade 
p ro f i l e s  which correspond,.on the  one hand, t o  the  passage of the blade 
i n  the  cent ra l  body ( junct ion with the  f a i r e d  hub), and on the  other,  
t o  t he  junction of the  blade with the  rocket located a t  i t s  t i p  

(3)  The revolving rockets t o  the  number of n, arranged 
symmetrically around the  ax i s  of ro t a t ion  
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The c e n t r a l  body or envelope and the  rockets are f i t t e d  with 
openings Sa and Se and the pressure ex is t ing  i n  it i s  compared t o  
t h e  outside pressure pa. These openings introduce a special  d i f f i c u l t y  
f o r  t h e  evaluation of t he  resistances,  as already pointed out on the 
subject of rockets ( a r t i c l e  6 ) .  

L e t  

Rm be the  resu l tan t  of the aerodynamic forces  on the outside of 
the cent ra l  body, the resu l tan t  assumed oriented along the 
propel ler  axis and opposite t o  speed V 

- 
Th the axial resul tant  of the aerodynamic forces on the 

propeller blades, o r  the propeller t h r u s t  

R e  t he  resu l tan t  of the aerodynamic forces on the outer surface 
of a r o t a t i n g  rocket, a resu l tan t  assumed oriented along the 
axis of t he  rocket and opposite t o  i t s  absolute forward 
speed W e  

T '  the  e f f e c t  of the th rus t  which the  system can transmit t o  
the  outside 

The resistance of a body with open outside surface ( the  case of 
the cen t r a l  body and of the ro ta t ing  rockets) i s  the  projection on the 
speed of displacement of t h i s  body counted posi t ive i n  the opposite 
d i rec t ion  of t he  said speed, of  the resul tant :  

O f  t he  tangent ia l  force of the ambient f l u i d  on the outside 
surface i n  question, and of the normal forces  of the same 
f l u i d  on the  same surface, uniformly reduced forces of the 
value pa of the general pressure of the outside medium 

Then the resis tance of t he  central  body i s  the force 

opposite t o  speed V, the  resistance of a ro ta t ing  rocket, the for'ce 

R e '  = Re - pase 

opposite t o  speed We and directed along the axis of the rocket. The 
force 

T = T '  + R,' (133 1 
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counted i n  the d i rec t ion  of the speed V, t he  force which represents 
the t o t a l  res is tance of the cen t r a l  body and of t he  external systems 
t h a t  can balance t h e  th rus t  of t he  system of propulsion, i s  termed the 
real t h r u s t  of t h e  system. 

This convention i s  log ica l  t o  the extent t h a t  the cen t r a l  body can 
be developed so t h a t  it const i tutes  the body i t s e l f  of the propelled 
( o r  towed) system, as i n  the  case of an airplane with i t s  engine 
mounted i n  the  fuselage.  The term Rm' includes the aerodynamic 
interference of the propeller on t h e  cen t r a l  body. Reciprocally, the 
propeller t h r u s t  Q comprises the  interference of t he  cen t r a l  body 
and the  towed system exerted on the propeller.  

With ch denoting the propeller torque, counted posi t ive i n  the 
direct ion opposite t o  the speed of ro ta t ion  CUh of t he  propeller,  the 
propulsive eff ic iency qh of t he  propeller i s  

This def in i t ion  agrees with t h a t  usually employed f o r  definipg the 
eff ic iency of an i so la ted  propeller,  but i n  t h i s  instance, the terms a 
and Ch comprise the  interference of t he  outside system and, i n  addi- 
t ion ,  r e f e r  only t o  actions submitted by the propeller blades proper. 
The blade t i p s  belong, i n  e f f e c t ,  t o  t he  revolving rockets if  the 
system comprises it, while the blade roots  or the hubs belong t o  what 
i s  cal led the  cen t r a l  body. 

I n  s p i t e  of these differences,  the discountable values of 
eff ic iency 
peripheral  speeds, f a i r l y  close t o  those furnished by a complete pro- 
p e l l e r  of t he  same type, assumed bare and isolated.  

qh defined by (134) a re ,  f o r  equal diameter and a x i a l  and 

On the  bas i s  of these def ini t ions,  the study of operation of the 
system can be undertaken. 

A s  before, energy, work, and' heat quant i t ies  are assumed t o  be 
expressed per u n i t  of mechanical energy; the numerical calculations 
i n  M.K S. units.  

44. Thermodynamic cycle - thermal eff ic iency 

Fuel and a i r  start  from an i n i t i a l  s t a t e  a(pa,Ta) where t h e i r  
respective speeds at  en t ry  i n  t h e  system are . V  and zero. 
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Both the  f u e l  and the  a i r  undergo a transformation which brings 
them, a f t e r  passage i n  the  engine M, i n to  an intermediate stage 
i ( p i , T i )  which i s  assumed homogeneous and steady where their  corre- 
sponding speed W i  i s  p a r a l l e l  t o  the  axis of the  ro t a t ing  system and 
s i tuated,  f o r  each gas pa r t i c l e ,  a t  a p rac t i ca l ly  negl igible  distance 
from t h i s  axis. (This i s  equivalent t o  saying that the  gases are con- 
ducted t o  the  ro t a t ing  system by an axial duct of ra ther  reduced sec- 
t ion ,  which is ,  natural ly ,  the  system ca l led  " je t  propel ler .")  

The cycle i s  completed i n  the ro t a t ing  system and brings the  e r r o r  
t o  the exhaust state e(pe = Pa,Te), likewise assumed homogeneous and 
steady, where t h e i r  corresponding speed i s  we, i n  opposite d i rec t ion  
t o  the  speed We of t he  revolving rocket.  

With V_ and 41. as the in t e rna l  energy and the  volume of the  
fue l - a i r  mixture per u n i t  mass of fue l ,  and and rnC& as the  
heat t r ans fe r  per un i t  t i m e  of t he  engine and of the  ro t a t ing  . 

system C, the  heat t r ans fe r  of the  whole t o  the  outside i s  

According t o  the def in i t ions  given i n  a r t i c l e  2, the  e f f ec t ive  
e n e r a  &ff of the  thermodynamic cycle r e fe r r ed  t o  u n i t  mass of fue l  
consumed i s  

and the thermal eff ic iency 7th of the  system i n  question i s  

The heat balance of the whole of the  system, expressed by ( 3 ) ,  can 
be divided i n  two par t s ,  one of the  engine 
ro t a t ing  system C. 

-. M, t he  other of the  

The appl icat ion of t he  pr inciple  of the conservation of energy t o  
the  engine and t o  the  bodies contained i n  it with respect t o  the  
axes moving at speed V and per un i t  of time gives the  heat balance 
of the engine at 

while taking in to  account the  admitted steadiness of the extreme 
states a and i and bearing i n  mind t h a t  the engine supplies i n  un i t  
time the energy mC, (taken i n  algebraic value) t o  the ro ta t ing  
system - C .  
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Then the pr inciple  of the conservation of energy i s  applied, i n  
t h e  same conditions, t o  t he  ro ta t ing  system C (propeller plus  rockets) .  

I n  t h i s  application, t he  work of t he  aerodynamic act ions supported 
by the propel ler  and the  outside w a l l s  of the rockets with respect t o  
the  axes i n  t rans la t ion  must be taken i n t o  consideration. The k ine t ic  
energy involved i s  t h a t  of the corresponding motion with respect t o  the  
axes i n  question. Hence the  heat balance of t he  r o t a t i n g  system i s  

Equations (136) and 
and C p h  (or W e )  when 
s t a t e  e ,  as w e l l  as the 
and QRt) of and C, 

9Rt -C -.m s i n  pe + 

w i'] 
Z J ~ W ~  s i n  De) - (1 + a )  - 2 

(137) can serve t o  calculate  Gin (or wi) 
the  intermediate state i and the f i n a l  
heat l o s s  due t o  external f r i c t i o n  (am 
are fixed. 

(137 

These are the re la t ions  t o  be used i n  the discussion of t he  thermo- 
dynamic cycles, whose rea l iza t ion  may be visualized. 

I n  cer ta in  problems, it w i l l  be expedient t o  f i x ,  a p r i o r i ,  the 
value of .Cm. Therefore, we put 

& = h C e f f  = h':lthL (138 1 
b 

The coeff ic ient  h thus defined represents the pa r t  of the effec-  
t i v e  energy of the thermodynamic cycle given o f f  i n  the form of 
mechanical energy by the engine & on the ro ta t ing  system C with 
which it i s  assumed t o  be connected. 

Adding (136) and (137), w h i l e  taking (135) i n to  consideration, 
gives 
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which expresses the  heat balance of the complete system, and which, 
with consideration t o  (3)  and (4) ,  t h a t  is, the  def in i t ion  of t h e  ther -  
mal  eff ic iency qth, can be wri t ten as 

1 n 
VthL = Chy, + m Re'Ue s i n  pe + 

a r e l a t i o n  which i s  applied l a t e r  f o r  calculat ing the corresponding 
speed of exhaust We. 

45. R e a l  t h r u s t  of t he  propulsion system 

The application of the momentum theorem, i n  steady s t a t e  and 
projected on the direct ion of speed V, t o  the system and t o  the cycl ic  
bodies contained I n  it gives 

+ a )  we cos pe - a3 
Taking the def in i t ions  (13l), (132), and (133) i n t o  consideration, 

t h i s  r e l a t i o n  gives the r e a l  t h rus t  T i n  the  form 

T = Th - cos pe + m (1 + a> we cos pe - afJ c 
The first  term of the second m e m b e r  represents the r e a l  propeller 

t h r u s t  ( r e su l t an t  of the indirect  reaction caused by the  motion of the 
la t te r  i n  the outside f l u i d ) ,  while the t h i r d  term represents the 
reaction due t o  the f l u i d  jets leaving the system (hel icoidal  reaction 
of 
intake ) . n rockets) o r  entering the system ( r e s i s t a n t  reaction of the a i r  

The resis tance R e '  of a rocket, as defined by ( l32) ,  can be 
expressed i n  the form 

pa. 2 R e '  = cre 2 Sewe 

with C r e  denoting the coeff ic ient  of the aerodynamic resis tance of 
t h i s  rocket, t h a t  i s ,  the resistance of t he  rocket with respect t o  the  
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a i r  densi ty  P a y  of t he  ambient f l u i d  t o  the  sect ion Se of t he  o u t l e t  
o r i f i c e  and t o  the  1/2 of t he  square of the  absolute speed 
center of this  o r i f i c e .  

W e  i n  t h e  

The t o t a l  exhaust volume (by mass) i s  

m ( 1  + a)  = npeSe'we 

pe 
wri t ten  as 

denoting the  density of t he  e jec ted  f lu ids ,  so t h a t  (142) can be 

The t h r u s t  Th of the propel ler  i s  expressed by (134) as funct ion 
O f  qh and c p h .  

To evaluate the r e s i s t a n t  energy Cwh of the propel ler  the  theo- 
r e m  of k ine t i c  moments about t he  axis of ro ta t ion  i s  applied t o  the  
ro ta t ing  system (propel ler  plus  rockets) .  

Multiplying the  various moments by % gives 

with the  de f in i t i on  of cm (138) and the  geometric r e l a t ions  
U, = V t an  P e j  We = V/cos De, t h i s  equation becomes 

The r e a l  t h r u s t  T, expressed by (141), becomes 

/ 

i n  which h, qhJ VthJ t a n  Pe, and we are the  pr inc ipa l  unknowns. 
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46. Corresponding speed of exhaust 

By (139) i n  which chub i s  replaced by i t s  value given i n  (144) 

2 We 
(1 - h) = (1 + a)  7 - a 

This fundamental r e l a t ion  defines We when a, the corresponding 
a i r  consumption of t he  system, qth, the thermal efficiency of the com- 
p l e t e  system, L, the  heat value of the fue l ,  h, par t  of the e f fec t ive  
energy of the t ransferred thermodynamic cycle, i n  the form of mechanical 

Ue energy from M t o  C, V, the  speed of propulsion, t a n  Pe = - 
inverse of the path of the hel icoidal  t r a j ec to ry  of the rockets, a re  
known. 

the V' 

The parameters in (146) a re  made dimensionless, by putting 

we xe = - V 

l + a  E = -  
a 

(147) 

(149) 

Then the r e l a t ion  (146) resolved with respect t o  x assumes the 
form 

The case h = 0 corresponds t o  the propeller driven exclusively 
by the react ion of the revolving rockets.  

The case h = 1 corresponds t o  the c l a s s i ca l  engine-propeller 
system (without revolving rockets) .  

Equation (130) shows tha t ,  f o r  a l l  intermediate cases, tha t  is ,  

Thi s 
1 a where h ranges between 0 and 1, xe i s  greater  than - = - E 1 a + l '  

assures only t h a t  we i s  always greater  than V, since 
unity.  

i s  l e s s  than -E 
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47. Propulsive e f f i c i enc ie s  

The over-al l  eff ic iency qg of the  propulsive system i s  given by 

the  propulsive e f f ic iency  9 being defined by ' P  

- Tv 
9p - 
- 
mqthL 

( 9 )  

The real t h r u s t  T i s  given by (145). The subs t i tu t ion  i n  (145) 
of the notat ions +, Q, and E defined by (147), (148), and (149) 
resu l t s  i n  an expression which, entered i n  formula ( g ) ,  gives, after 
reduction, the following expression of T~ 

f 

This r e l a t i o n  can be simplified, i n  general, by disregarding the  
term i n  Cr,.  

According t o  previous statements, cre i s  a number which probably 
does not exceed the value 0.12. 

The r a t i o  p a p e  can, at most, reach a value of the  order of 2 
t o  3, because i n  a device of appropriate thermal e f f ic iency  the  exhaust 
occurs a t  an absolute temperature, a t  best ,  two or  three times as high 
as the absolute ambient temperature, a l i m i t  reduced here a lso,  since 
an appreciable k ine t i c  exhaust energy i s  involved if  a react ion e f f e c t  
i s  counted on. 

The r a t i o  Xe = We/V is, i n  general, a number of the  order of 
several  unities when V remains below 200 t o  250 m/sec. 

Angle Be should scarcely exceed 60' i f  V exceeds 100 m / s e c .  
Therefore, i t s  cosine is ,  a t  best,, of the order of l / 3 .  (If 6 i s  
compared t o  uni ty  from which it d i f f e r s  very l i t t l e  i n  the  
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expression (150) of 
which shows t h a t  + cos Pe i s  cer ta in ly  greater than uni ty  as long 
as h ranges between 0 and uni ty . )  

Xe,  we  get  Xe COS Pe = dl + 2(1  - h)Q COS2& 

The term c &/2pexe cos Pe appears, as before, t o  be of the 

order of 0.10 and therefore  negligible i n  first approximation before 
uni ty .  

re 

In  a number of pa r t i cu la r ly  in t e re s t ing  cases, t h i s  term has a 
much lower value, and then it i s  e n t i r e l y  legi t imate  t o  disregard it. 

To simplify the  general discussion of equation (1511, the,approxi-  
mation i s  here inaf te r  considered legi t imate  by comparing the  approxi- 
mate value of q t o  t he  exact value computed by (151). 

P 

The approximate formula of the  evaluation of qp i s  

In  the  propulsion system of the general type ( f i g .  34), the pro- 
pulsion i s  achieved together by the  propeller t h rus t  and by the h e l i -  
coidal react ion of the rockets, the a x i a l  component of which contributes 
t o  the  real th rus t  of the  complete system. 

In the  second member of ( l52 ) ,  the  term hvh can be regarded as 
representing the  contribution of the propel ler  i t se l f  t o  the propulsive 
eff ic iency qp. The rest of the second m e m b e r  should then be considered 
as representing the  contribution of the  revolving rockets and can there-  
fore  be expressed i n  the  form (1 - h)  q f ,  qf designating the propulsive 
eff ic iency of t he  revolving rockets. 

By def in i t ion  
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and the approximate expression of qf deduced from (152), where x, 
is  replaced by i t s  value furnished by (l5O), becomes 

Before proceeding t o  the  discussion of the e f f i c i enc ie s  

rjf, 
formulas comprise, by v i r tue  of pa r t i cu la r  cases, several  formulas 
already establ ished o r  u t i l i z e d  i n  the  f i rs t  pa r t  of t he  present report  
where the  influence of t he  res i s tance  of t he  rockets (characterized 
by .re) had been neglected. 

qg, qp, 
calculated by the preceding formulas, it w i l l  be shown t h a t  these 

(1) Simple rocket.-  I n  t h i s  case, there  i s  no propel ler  (h  = 0)  
The formulas (153) and the  exhaust i s  f ixed  and a x i a l  ( t an  Pe = 0 ) .  

and (154) give then 

which 

s t i l l  
pract  

‘Ip - - qf = L p I z  Q - g  
i s  iden t i ca l  with ( g o ) ,  when 6 i s  assimilated t o  uni ty .  

2 )  Normal engine with ordinary pusher propel ler . -  The exhaust i s  
f ixed  and axial ( t a n  Be = 0 ) ,  but it involves a propel ler  which 
ca l ly  absorbs a l l  the e f fec t ive  work of the thermodynamic cycle 

(h  = 1). Formulas (153) and (154) then give 

Therefore, t he  formulas es tabl ished above, namely, 

(136) and (137) f o r  t he  heat balance of t he  engine 
the  ro t a t ing  system C 

(145) f o r  the  real th rus t  

(150) f o r  the  corresponding speed of exhaust 

(152) f o r  the  propulsive e f f ic iency  

(153) and (154) f o r  t he  approximate expression of qp and qf 

and of 

T 

W e  = +V 

qp 

(8) f o r  the  over-al l  eff ic iency qg 
can be regarded as forming a general theory of propulsion systems as 
represented by f igu re  34. 
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48. Study of t he  propulsive e f f ic iency  

The discussion involves formulas (153) and (154). The parameters 
are 6 ,  h, Q, vh, and Pee ' 

(a) The coef f ic ien t  5 ,  f o r  l i q u i d  f u e l  similar t o  kerosene f o r  
example, is, a t  most, equal t o  about 16/15'and tends toward uni ty  when 
the  d i lu t ion  of t he  mixture increases.  For s implif icat ion 5 can be 
compared t o  unity,  and formula (154) replaced by13 

(b)  The p a r t i t i o n  coeff ic ient  h can be pos i t ive  o r  negative. 
(The system ca l led  "engine E'' ( f i g .  34) functions then as rece iver . )  

The values h = 0 and h = 1 are known t o  correspond t o  the  pure 
j e t  propel ler  and t o  the  c l a s s i ca l  engine-propeller system respectively.  
Coefficient h can exceed uni ty  i n  a ce r t a in  measure, but i s  upwardly 
l imited by the  value h, f o r  which the  quant i ty  below the  r ad ica l  i n  
(150) of xe cancels out. Therefore 

The value (qp)l of t he  propulsive e f f ic iency  f o r  h = h l  i s  
approxhate ly  ( f  being compared t o  uni ty)  

2 

(7P)l. = rlh - 2 (157 1 

This value of vp i s ,  i n  general, posi t ive,  t h a t  i s  t o  say, t he  
system, i n  f a c t ,  propulsion ( r e a l  pos i t ive  t h r u s t ) ,  because the  parame- 
te r  Q has a f a i r l y  high value i n  the  important cases i n  prac t ice .  

'3On examination of t he  absolute e r r o r  introduced i n  rlP by 
comparing 5 t o  uni ty ,  it i s  found tha t  the  modulus of t h i s  e r r o r  i s ,  
a t  most, of the  order of  1/10 Q and consequently very s m a l l  after the 
parameter Q exceeds several  un i t ies ,  which i s  the  general case f o r  
t he  susceptible rea l iza t ions  under consideration. Therefore, the above 
approximation remains va l id  except when Q i s  too s m a l l .  I n  that 
event, the  correct  formula (154) must be used f o r  computing q f .  
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The value h l  therefore const i tutes  the effect ive upper limit 
of h. When (qp)l w a s  negative, t h i s  upper l imi t  w i l l  be lower and 
reduced t o  the value of h which cancels qp and corresponds t o  a 
change i n  sign of the r e a l  t h rus t .  

( c )  The parameter Q i s  defined by (148). Consider a fue l  similar 
t o  kerosene f o r  which L 
M . K . S .  uni t s ,  L = 45,900,000. 

i s  of the order of 11,000 cal/kg, or, i n  

The p rac t i ca l  f i e l d  can be defined14 by 

7th 

a 

V 

ranging between 0.20 and 0.45 

ranging between 20 and 75 

ranging between 25 and 200 m/sec (90 and 720 km/h) 

the parameter Q ranges between the  extreme values 

Q = 3.06 and Q = 1650 

The range involved at  present or  i n  the near future  i s  defined by 
the following extreme cases : 

L = 11,000 cal/kg 
f o r  Q = 50 

L = 11,000 cal/kg 
fo r  Q = 150 

qth = 0.30 a = 20 v = 117 m/sec = 420 km/h 

7th = 0.20 a = 20 v = 55.5 m/sec = 200 km/h 

(d) The propeller eff ic iency T)h should be a s  high as possible; 
a range between qh = 0.60 and qh = 0.80 can be assumed. 

tan j3e = Ue/V (e) The quantity ranges between 0 (rockets s t a -  
tionary, j e t  a x i a l )  and an upper l i m i t  which corresponds t o  the m a x i m u m  
of the peripheral  speed admissible f o r  a ro ta t ing  system. The applica- 
t i o n  of propellers affords around 400 m/sec, while t h a t  of turbines and 
turbomachines scarcely exceeds 300 m/sec. 
i s  an optimistic a s s a p t i o n ,  since the revolving rockets const i tute  a 
system tht approaches the turbine by reason of i t s  conditions of ther -  
mal fatigue. When V ranges between 25 and 200 m/sec, t an  pe i s  seen 
not t o  exceed a l i m i t  of between 16 and 2. 

An upper l i m i t  of 400 m/sec 

~ ~ ~ 

'%These values can be referred t o  those contemplated f o r  the study 
of the  rockets i n  a r t i c l e  25. The extreme values of qth were reduced 
here by reason of the  d i f f i c u l t y  i n  discounting a thermal eff ic iency 
approaching 50 percent ( a r t i c l e  32). 

I 
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The parameters Q and qh being regarded as f ixed (within the 
limits visualized above) and 
ciency t o  be studied i s  dependent only upon tan j3e and h. The 
values of 
conditions. 

49. Influence of t an  Pe o r  of the r a t i o  Ue/V 

6 being compared t o  unity, the eff i -  

qp according t o  (153) and (154) are discussed i n  these 

The p a r t i a l  derivative of qp with respect t o  Pe has the value 

It i s  readi ly  seen tha t  t h i s  derivative has not a constant sign. 
It cancels out f o r  the following r e a l  o r  imaginary values of Be 

L J 

For cos pe = 0 or i n f i n i t e  t an  Pe, it i s  cer ta in  tha t  qp 
passes through a maximum o r  minimum whose value 

is ,  moreover, independent of Q and h. 

For t an  De = 0, takes the value 

which obviously t o t a l i z e s  the e f fec t  of a pusher propeller and of a 
fixed rocket with r ad ia l  j e t .  This value i s  e i the r  a maximum or a 
minimum, depending upon whether vh exceeds o r  f a l l s  below the quantity 
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J 1 0.5 1 + lv 1 + 2 ( 1  - h)Q 
- 

Thus, while it i s  of i n t e r e s t  t o  increase tan Be, t he  permissible 
maximum peripheral  speed Ue of revolving rockets  imposes a l i m i t .  

30. Influence of t he  divis ion f ac to r  h 

The p a r t i a l  der ivat ive of qp with respect  t o  h '  i s  

This value i s  l e s s  than uni ty .  It i s  therefore  ce r t a in  t h a t  (156) 
i s  s a t i s f i e d  ( t h a t  i s ,  t h a t  i s  r e a l )  and t h a t  the  r e a l  t h rus t  i s  
posi t ive,  t h a t  i s  t o  say, the  system i s  ac tua l ly  propulsive. For 
h = h2, the  e f f ic iency  vp passes through a m a x i m u m  grea te r  than vh 
and i s  therefore  pos i t ive .  

X e  

The r e l a t i v e  difference A of  t h i s  maximum with respect t o  the  
propel ler  e f f ic iency  vh i s  

t o  the  extent  t h a t  qh i s  smaller, as t a n  Be approaches nearer t o  
zero and Q becomes smaller. 

Hence, it can be pos i t ive ly  s t a t ed  that, w i t h  qh and Q con- 
sidered as f ixed  and invariable,  the  arrangement of the  j e t  propel ler  
improves the  propulsive e f f ic iency  7 with respect t o  the  usual 
engine-propeller system whenever t h i s  arrangement functions with a 
coef f ic ien t  of d i s t r ibu t ion  h = h2 

P 

defined by the  condition (162). 

The limits of t h i s  possible improvement f o r  t he  extreme cases of 
i n t e r e s t  i n  ac tua l  prac t ice  i n  av ia t ion  o r  i n  t h e  near fu tu re  are 
evaluated . 
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Q 

3.06 

1650 

-. .- 

The extreme cases are those defined i n  a r t i c l e  (48) by 

I 

tan qh h2 A ( 7P )max 

0 0.6 0.709 0.0726 0.6435 
.8 ,908 .0102 .8082 

2 .6 .768 .0145 .6065 
.8 .916 .00204 .80163 

0 .6 .99946 .oooi35 .600081 
.8 .99983 .ooooig .800015 

a .6 .99959 .000002 .6000012 
.8 .99985 .oooooo3 .8ooooo24 

For an assumed per ipheral  speed Ue l imi ted  t o  400 m/sec, tan Pe 
ranges between 0 and 2 and 0 and 8, respect ively.  

On the other  hand, qh may be estimated as ranging between 0.6 
and 0.8. 
(162) and (163), table XXI115, indicat ing the  value of h which supplies 
the  corresponding m a x i m u m  improvement A i n  propulsive eff ic iency qp 
(with respect t o  the engine-propeller system) as w e l l  as the  value of 
and of the corresponding maximum of 

Under these conditions, it i s  possible t o  set up ,u t i l i z ing  

A 
qp. 

Table XXII 

~ 

'?Table X X I I  gives the  value of h f o r  t he  case where tan Be = 0. 
It may seem surpris ing t h a t  we contemplate a value (0.6 or  0.8) f o r  the 
propel ler  e f f ic iency  qh and t h a t  the l a t t e r  cocld contribute t o  the 
propulsion, since U e  = V t an  !3e i s  then found zero. Actually, Ue 
represents o n l y  the  periphenal speed of  the  propel ler  i f  the  l a t t e r  w a s  
ob l iga tor i ly  joined t o  the  arms which carry the  exhaust rockets.  But 
t h i s  disposit ion,  exemplified i n  f igure  34, i s n o t  obligatory.  
case It 
corresponds t o  an exhaust by s ta t ionary  rockets and a propel ler  geared 
t o  a~ engine which i n  form of mechanical power r e a l i z e s  o n l y  a f r ac t ion  
h of t he  e f f ec t ive  power of the  complete thermodynamic cycle. 

The 
tan  Pe = 0, with h # 0, can thus be conceived i n  pr inciple .  
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The f igures  i n  t h i s  tab le  show t h a t  the maxFmum of 
which i n  the most favorable case ( Q  = 3.06) may 

T~ i s  very 
near the value of 
not exceed 7 percent, equivalent t o  a very high propulsion speed of 

r -  (720 km/h). I n  t h i s  event, t h i s  maximum i s  reached at a value of h 
near 70 percent, t h a t  i s ,  when the engine 5 transmits t o  the propeller 
only 70 percent of the e f fec t ive  power of the complete thermodynamic 
cycle. For the ordinary cases i n  pract ice ,  as defined by a value Q 
ranging between 50 and 150, the maximum of qp i s  not discernible from 
the propeller eff ic iency TJh and i s  reached when h i s  p rac t i ca l ly  
iden t i ca l  with unity.  

qh 

51. Variation of rjp i n  ordinary cases i n  pract ice  

In  order t o  c l a r i f y  the preceding algebraic discussion, by numeri- 
ca l  examples, there are  reproduced i n  tab les  X X I I I  and X X I V  the r e s u l t s  
of the calculation of qp 
O f  qh, t an  Be, and h, naBEly 

and i t s  various elements f o r  several  values 

qh = 0.6 and 0.8 

tal Be = 0, 2, 4, 6, and tan  Be i n f i n i t e  

h = 0, 0.25, 0.50, 0.75, and 1 

The values of .50  and 170 given i n  parameter Q appear t o  comprise 
the ordinary cases i n  pract ice  and correspond, f o r  example, t o  the 
following conditions: 

L = 11,000 cal/kg 7th = 0.30 a = 20 v = 420 km/h f o r  Q = 50 

L = 11,000 cal/kg 7 th  = 0.20 a = 20 V = 200 h / h  f o r  Q = 150 

The data i n  t h i s  tab le  are  represented by the curves of f igures  35, 
36, 37, and 38. 
the range of application of (50 <Q < l 5 O )  and when Q and qh are  
assumed constant: 

On examination of these curves, it i s  clear  t ha t ,  within 

(1) qp increases with tan PeJ t h a t  i s ,  with the peripheral  
speed Ue of the ro ta t ing  rockets when h has a f ixed value comprised 
between zero and unity.  

(2 )  Regardless of the value of t an  Pe, the maximum of q i s  
prac t ica l ly  equal t o  qh and i s  obtained for a value he of 'h 
prac t ica l ly  equal to  unity.  

(3) It i s  therefore of i n t e re s t  t o  have h as near as possible t o  
uni ty  and it i s  then prac t ica l ly  immaterial t o  make the exhaust r o t a t e  
at  any one speed. 
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P 
Iu 
0 

- 
1 = l .0 'h 

1.000 
0 

.600 

.600 

.680 

.600 

.625 

,600 
,600 

0 

.600 

0 

Table XXIII 

Q = 50 

= 0 

0.181 
.181 

o 
.181 

.300 

.300 
o 

.300 
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In these conditions (Q and qh constant) ,  it can thus be con- 
cluded t h a t  the  ro t a t ing  exhaust arrangement i s  of no importance f o r  the  
improvement of propulsive e f f ic iency  vp defined by the  fundamental 
formula ( 9 ) ,  

52. Study of over -a l l  e f f ic iency  qg 

The over -a l l  eff ic iency q g  being, by def in i t ion ,  the product of 
the thermal e f f ic iency  q th  by the propulsive e f f ic iency  vP, it i s  
readi ly  deduced tha t :  

2 When vth, Q = 7h L/aV , and ,vh are f ixed ,and  constant, the  
ro ta t ing  exhaust system cannot, i n  the ordinary cases of pract ice ,  pro- 
duce an appreciable improvement i n  the over -a l l  e f f ic iency  vg. 

The assumption of 7 th  constant i s  j u s t i f i e d  i n  the  comparison of 
various propulsion systems embodying a propel ler .  

To make the  preceding conclusion void, it i s  therefore  necessary t o  
envisage the  means of modifying 7 t h  or  Q, o r  both, f o r  a ro ta t ing  
exhaust system, i n  such a way t h a t  the product 7 

increased with respect t o  the c l a s s i ca l  engine propel ler  system. O f  
course, it i s  assumed t h a t  the system i n  question operates a t  the same 
speed of propulsion and consumes the  same f u e l .  The quant i t ies  V and 
L being thus fixed, it i s  seen t h a t  the  desired result i s  only obtain- 
able by a modification of 7th and a. 

i s  - 
t h  ‘p - ‘g 

These quant i t ies  being intimately re la ted ,  t he  discussion i s  
reduced to  the thermal e f f ic iency  7 th  of the  various systems which can 
be visualized, namely, one obtained by adapting a ro t a t ing  exhaust t o  a 
reciprocating engine (with explosion o r  i n j ec t ion )  of the conventional 
type, o r  one obtained by special  adaptation of an engine of sui table  type 
t o  the ro t a t ing  exhaust system. 

53. Rotating exhaust adapted t o  a standard rec iproca l  engine 

In  the standard airplane engine, the cylinders empty per iodical ly  
i p  the exhaust pipes and the  l a t t e r  evacuates the  burnt gases i n  the 
atmosphere. 

The mul t ip l i c i ty  of cylinders and the high frequency of t h e i r  
exhaust phases are the  reason t h a t  the exhaust pipes del iver  a mixture 
of gas (and superheated w a t e r  vapor comparable t o  gas) whose state and 
speed are  p rac t i ca l ly  constant. It i s  t h i s  s t a t e ,  i den t i f i ed  by sub- 
s c r i p t  e, t h a t  w a s  taken in to  consideration i n  the .de f in i t i on  ( 4 )  of 
the  thermal e f f ic iency  qth, which w a s  adopted. The corresponding 
pressure i s  equal t o  t h a t  of the  surrounding medium and the  speed of 
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e jec t ion  we 
insignif icant  and can be disregarded. If a jet  turbine i s  mounted on 
t h i s  point,  p r a c t i c a l l y  no useful  power i s  real ized without r a i s i n g  

t h e  e f fec t ive  energy. 

i s  ord inar i ly  so small t h a t  i t s  propulsive react ion is 

- again-the exhaust pressure i n  the engine, which involves a reduction of 

There i s  only one m e a n s  by which the  addition of an exhaust turbine 
t o  an engine affords  a gain i n  effect ive energy without modifying the 
in t e rna l  cycle and t h a t  i s  by lowering the external  pressure which i s  
produced na tura l ly  when an airplane ascends i n  the a i r .  This i s  the 
pr inciple  a l so  of Rateau's supercharging method, a method by which the 
gain i n  e f fec t ive  power thus obtained i s  u t i l i z e d  t o  supply the  engine 
with compressed air a t  standard atmospheric pressure. It affords  the  
reestablishment of the ra ted  horsepower of t he  engine. 

The r o t a t i n g  exhaust system whose ailaptation t o  a standard engine 
i s  being investigated operates as a gas turbine of the he l ica l -  
centr i fugal  type, according t o  the  well-known principle  of the react ion 
wheel. 

By means of t h i s  device, the exhaust pressure of the engine c m  be 
raised, kept constant, o r  lowered, when the outside pressure i s  assumed 
constant and the question i s  whether the thermal eff ic iency 
the whole thermodynamic cycle can be improved by t h i s  method. 

7 t h  of 

However, before dealing with t h i s  question, it i s  advisable t o  
examine closely the ( e s sen t i a l ly  discontinuous) functioning of the 
exhaust of a standard engine and i t s  e f f e c t  on the thermal eff ic iency 
defined by formula ( 4 ) .  

Consider, by way of i l l u s t r a t i o n ,  t he  W a t t  diagram of a standard 
four-stroke-cycle engine ( f i g .  39) .  

The exhaust phase i s  represented by the  a r c  g j  of the curve 
traced by the indicator.  During the quas i - to ta l i ty  of the corresponding 
stroke of the piston, t he  pressure i n  the cylinder i s  sensibly constant. 
This " internal  exhaust pressure" i s  denoted by pi. 

On the  outside of the cylinder the evacuated gases, s t a r t i n g  from 
a variable and intermediate s t a t e  between' g and 
exhaust pipe e x i t  i n  a supposedly uniform s t a t e  (pe, Te) ,  and at a 
uniform speed We. It i s  t h i s  outside exhaust state t h a t  i s  used i n  
the  def ihi t ion (4 )  of the thermal eff ic iency 
dynamic cycle comprised between inlet  and e x i t  of the engine. 

j, a r r ive  a t  t he  

q th  of the t o t a l  thermo- 
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Assuming t h a t  t he  transformation g j  i n  t h e  cylinder, as w e l l  as 
the  flow of t he  gases i n  the  exhaust pipes i s  adiabatic,  t h a t  is ,  w i t h -  
out exchange of heat with the  w a l l s ,  an assumption t h a t  i s  p r a c t i c a l l y  
real ized i n  the  usual engines, and denoting by V and 1 the  in t e rna l  
energy and the volume of the m a s s  M of t he  ac t ive  bodies per un i t  m a s s  
of f u e l  and by 6 t he  r a t i o  t o  t h i s  m a s s  of t h a t  of t he  residual  gas i n  
t h e  cylinder i n  s t a t e  j when the  exhaust i s  terminated, the applica- 
t i o n  of the l a w  of conservation of energy t o  the residual  gases during 
the  adiabatic transformation g j l 6  gives 

o r  by comparing these gases t o  perfect  gases and designating the r a t i o  
of the specif ic  heats  by 
volume ) 

y = C/c (a t  constant pressure and constant 

i s  fixed. P i  a r e l a t i o n  which gives T j  as function of Tg, when - 
pg 

being less than unity,  T j  i s  l e s s  than Tg. P i  It i s  noted t h a t ,  - 
pg 

This formula enables the corresponding mass E of the residual  
gases t o  be computed with respect t o  the  evacuated gases. With r as 
the  r a t i o  of volumetric compression, ( m a x i m u m  volume/minimum volume of 
cylinder) w e  get  

or, with allowance f o r  (165) and the equation of s t a t e  of perfect 
gases pa = (C - c)T 

l6This transformation is, essent ia l ly ,  i r r eve r s ib l e  by reason of 
the sudden expansion produced i n  g a t  opening of the exhaust. In  the  
present instance the  a r c  g j  of the diagram w a s  compared t o  the two 
rectangular segments at  r i g h t  angle. 
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The l a w  of conservation of energy i s  next applied t o  the  t o t a l  
evacuated and the res idua l  gases, during t h e  t o t a l  exhaust 'ge, 

.Equation (164) and the law-of per fec t  gases (pa r t i cu la r ly  the u + py = MCT.+ C t e )  make it possible  t o  express the  foregoing l a w  
r e l a t i o n  i n  t h e  form 

The outside exhaust temperature Te  i s  therefore  lower than t h e  
residual  gas temperature 
by 
i s  exhausted a t  a greater  speed. 

T j  ( f i n a l  i n t e rna l  exhaust temperature) 
2 We /2C, the  difference being so  much greater  as the  gas i n  s t a t e  e 

It w i l l  be noted t h a t ,  since the  transformation j e  i s  adiabat ic  
and i r revers ib le ,  the entropy of the  gases i s  greater  i n  e than i n  j ,  
and, a s  Te i s  lower than T j ,  the  pressure pe i s  ce r t a in ly  lower 
than p i .  The l o s s  of head ( p i  - Pe)  of the cylinder at the  exhaust 
ou t l e t  depends on We according t o  a de f in i t e  l a w ,  but i s  d i f f i c u l t  t o  
specify because the  l a t t e r  i s  influenced, notably, by the  shape of the  
valves, by t h e i r  l a w  of oqening, as well as by the  shape of  the  exhaust 
pipes, the  number of cylinders,  e t c .  

In  any case, the  foregoing summary analysis  permits the  circum- 
stances which determine j and e t o  be distinguished. 

The pressure Pe i s  given and equal t o  Pa. 

Consider, on the  other hand, t he  s t a t e  g as being given. The 
speed We a t  t h e  exhaust ou t l e t  can be modified by a l t e r i n g  the  shape 
and the  szct ions of the. valves and pipes.  
depends pr imari ly  on we and increases with We. 

The loss  of head ( p i  - Pe) 

Then it i s  deduced from (167) t h a t ,  state g(pg, Tg) being given 
a s  w e l l  as pressure pe = Pa, an increase i n  W e  i s  accompanied by an 
increase i n  p i ,  T j ,  and l -7~ .  

'7The rise of T j  and 6 s l i g h t l y  modifies t he  f i l l i n g  of t he  
cylinder, during t h e  induction phase, as w e l l  as the  ac t ion  of the  w a l l s  
and therefore  involves a general modification of t he  thermodynamic cycle 
which does not leave the  state g r igorously constant. But these modi- 
f i ca t ions  are al together  of secondary order if 
abnormally. 

W e  i s  not made t o  vary 
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A s  regards the  var ia t ion  experienced by Te, nothing can be 
affirmed, a p r i o r i ,  concerning 'its sign, as t h e  l a t t e r  depends upon the- 
rise of the  back pressure (o r  i n t e rna l  pressure)  
t h a t  is, the  l o s s  of head ( p i  - pe) of which t h e  law, as funct ion of 
i s  not s u f f i c i e n t l y  known t o  permit de f in i t e  conclusions. 

p i  of t h e  exhaust, 
W e ,  

It m i g h t  be asked whether it would be of i n t e r e s t  t o  modify the  
exhaust of a normal engine by adding a turbine which would r ea l i ze  the  
k ine t i c  energy of t he  evacuated gases. 

It w i l l  be seen tha t ,  when W e  i s  increased, t he  s t a t e  g (s tar t  
pe being assumed fixed, the  back of exhaust) and the  outside pressure 

pressure p i  i n  the  cylinder i s  raised.  This reduces the energy of the 
cylinder, but  t he  k ine t i c  energy acquired at  the  exhaust ou t l e t  can be 
u t i l i z e d  i n  t h e  turbine.  
diminution of t h e  energy of the  engine, if t he  back pressure i n  the  
cylinder i s  high enough and the  turbine e f f ic iency  i s  adequate. 

The energy thus rea l ized  can outweight the  

In  pa r t i cu la r ,  if pi i s  r a i sed  up t o  pg, that is ,  exhaust a t  
constant pressure i s  real ized,  t he  l o s s  of energy i n  the  cylinder i s  
approximately equal t o  _Vg(pg - Pe) ,  whereas the  energy supplied t o  the  
turbine ( u t i l i z e d  by the  la t ter  with i t s  proper e f f ic iency)  i s  that o f '  
the  adiabat ic  expansion from pg t o  pe or 

which i s  considerably greater than the  previously evaluated energy l o s s .  

I f ,  i n  these conditions, the  exhaust of a n mal engine i s  regu- 
la ted ,  without modifying the  induction pressure18, the  engine charge 
and, consequently, i t s  r a t i o  of e f f ec t ive  power t o  weight i s  consider- 
ably reduced. Moreover, the  influence accruing from the  res idua l  gases 
lowers the  eff ic iency and modifies the state g,-which voids one of t he  
assumptions of t he  preceding calculat ions.  

This draw-back i s  removed by making provision f o r  induction a t  high 
pressure and as close as possible t o  the  exhaust pressure, but t he  pres- 
sure pg a t  start of t he  exhaust i t s e l f  i s  ra i sed  and remains higher 

'%owever, it would be necessary t o  delay the  opening of t he  intake 
so t h a t  t he  cylinder i s  a t  low pressure and t h a t  the  feeding could be 
e f fec ted  a t  normal pressure.  
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than the  back pressure.  The only advantage accruing from t h i s  arrange- 
ment (Rateau's procedure of supercharging by exhaust gas turb ine)  i s  the  
increase of power supplied by a given engine. I n  f a c t ,  this method i s  
never applied on airplane engines a t  sea l eve l ,  where, by reason of t h e  
l imi ta t ions  imposed on the  compression temperatures by the  r i s k  of auto- 
i gn i t i on  and spontaneous detonation, the  rate of compression i n  the  
cylinder must be'reduced, which involves an appreciably lower eff ic iency 
considering t h e  f a i r l y  in fe r io r  e f f ic iency  (of t he  order of 65 t o  75 per- 
cent)  of t he  turbine and of the  compressor which the  l a t te r  operates.  
The method i s  applied only t o  engines at  a l t i t u d e  where the  na tura l  . 
decrease i n  the  outside pressure makes the  u t i l i z a t i o n  important. 

But i n  in j ec t ion  engines, on the other  hand, t he  supercharging by 
exhaust turboblower i s  p rac t i ca l ,  even a t  ground leve l ,  i n  pa r t i cu la r ly  
favorable conditions. 

In  a l l  cases, the  back pressure p i  i n  the  cylinder is  maintained 
at some value between pg and pe which is  control led by modifying the  
volume or the  opening of the  exhaust pipes t h a t  lead t o  the  turbine.  
The ro t a t ing  exhaust presents an arrangement similar t o  the  Rateau t u r -  
bine, but i n  which the  pressure pk upstream from the turbine (pressure 
necessar i ly  lower than the  back pressure pi 
within ce r t a in  limits, be higher o r  lower than the  f i n a l  exhaust 
pressure pe. 

i n  the cyl inder)  can, 

To determine the e f f ec t  of t h i s  arrangement on the  thermal e f f i -  
ciency 7 th  
obtained by adapting a ro t a t ing  exhaust t o  the  former. 

defined by ( k ) ,  compare a standard engine with t h a t  

For the  standard engine 

and f o r  the engine with ro t a t ing  exhaust 

Suppose t h a t  t he  exhaust i n  both engines i s  adiabat ic  ( i n  the  
dylinder as well as i n  tne pipes t o  permit t he  use of t he  above formulas) 
and t h a t  t he  ro t a t ing  exhaust modifies ne i ther  the heat  loss through the  
w a l l s  of the  engine nor t h e  work of t he  passive res i s tances  nor the  
state g of t he  gases i n  the  cylinder a t  inc ip ien t  exhaust. 

Under these conditions, t he  usual engines show &' = 4~ and 
according t o  the  preceding r e l a t i o n  
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The var ia t ion  (7 th '  - 7th)  can be evaluated by simply determining 
the  modification which the r o t a t i n g  exhaust can produce a t  the terminal 
exhaust temperature Te . 

Figure 40 i s  an entropy diagram of the  exhaust gases showing the d i f -  
fe ren t  s t a t e s  and transformations of these gases during the exhaust. 

. The exhaust, f o r  t he  normal engine, i s  assumed t o  be regulated i n  
such a way as  t o  give it a zero speed We'. The back pressure p i  i s  
then very near that of the terminal pressure 
equal t o  Pa. 
is, In  f a c t ,  minimum. 

Pe which i s  given and 
The l o s s  of head ( p i  - Pe) across the  valve and the pipes 

The transformation g j  of t he  gases i n  the  cylinder i s  adiabatic 
and i r r eve r s ib l e  (entropy increasing, temperature T j  given by 
formula (165) ) . On the other ,hand, according t o  (167) , the  tempera- 
t u r e s  T j  and Te are equal. The states g, j ,  and e a re  repre- 
sented, i n  these conditions, by the corresponding points i n  f igure 40. 

For the engine with r o t a t i n g  exhaust, t h e  state of the burnt gases 
(back pressure 
gases) i s  denoted by j; the  state and the  speed of these gases i n  the 
pipes, a t  en t ry  i n  the r o t a t i n g  pa r t ,  t he  sect ion supposed t o  be s i t u -  
a ted  i n  the axis of the ro ta t ing  system and ident i f ied  by a steady s t a t e  
of flow of burnt gases, are denoted by k ' (pk ' ,  T k l ,  wk'); and the f i n d  
s t a t e  a t  the o u t l e t  of the ro ta t ing  system by 

p i )  i n  t he  cylinder a t  t he  end of t he  exhaust (residuary 

e ' .  

It i s  assumed t h a t  the s t a t e  g i tself  i s  not modified. On the 
other  hand, it should be admitted tha t ,  f o r  acceptable u t i l i z a t i o n  of 
t he  engine, t he  back pressure p i '  is ,  at best ,  equal t o  p i .  

Lastly, the gases i n  the  ro ta t ing  system are subjected, between 
state k' and e ' ,  t o  a compression assumed adiabati-c and which i s  
necessarily i r r eve r s ib l e ,  hence of increasing entropy. 

The states g, j ' ,  k', and e '  f o r  these conditions a re  a l s o  shown 
i n  figure 40. (Te - T e ' )  'of the 
ordinates of the f igura t ive  points e and e ' ,  it should be noted that, 
p i '  being a t  best  equal t o  p i  and the i r r e v e r s i b i l i t y  of the exhaust 
i n  the cylinder and with it the entropy of the gases increasing with 
decreasing p i ' ,  t he  point j' i s  on the r i g h t  side of point j over 
an isobar ( p i ' )  s i tua ted  below the isobar ( p i ) .  

A s  t o  t he  evaluation of the difference 

On the  other hand, i n  proportion, as the  speed Wk' of the gases 
i n  the center of the r o t a t i n g  system i s  assumed t o  be greater,  the pres- 
sure Pk' i s  lower than the back pressure p i ' .  It may be admitted 
t h a t ,  i n  the same conditions, the var ia t ion of the entropy (Sk' - S j ' )  
increases . 
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Lastly, the r i s e  i n  entropy (S,' - Sk') i s  greater as the  d i f f e r -  
ence (pe - p k ' ) . i s  greater  ( i n  absolute value) and the speed W k  i s  
higher. 

- 

In consequence, the point e '  i s  a t  the r igh t  of point e on the  
isobar (pe = pa) and Te'  i s  greater than Te and q th '  smaller 
than 
i s  lower or speed Wk' i s  higher. 

qth, and the d fference i s  so much greater  as the pressure p i '  - 
Hence it must be concluded - provided, of course, that the (very 

plausible)  assumptions made here f o r  the sake of simplification of the 
discussion a re  legit imate - t ha t  the ro ta t ing  exhaust involves, neces- 
sa r i ly ,  a deorease i n  the thermal eff ic iency 7 th  of the thermodynamic 
cycle as  defined by the formula (4) .  

A lower l i m i t  of t h i s  decrease can be obtained by neglecting the 
differences ( p i  - pe) and (pi '  - p k ' ) ,  by assuming the speed 
l i k e  the speed 
prac t ica l ly  very s m a l l ,  l a s t l y ,  by disregarding the i r r e v e r s i b i l i t y  of 
compression of the gases, from pkl = pi r  t o  pe t  = pa, i n  the rotat ing 

system. By (165) and (167), we then get f o r  the normal engine 

Wk' zero 

we, i n  which case these differences a re  minimum and 

and f o r  the engine with ro ta t ing  exhaust 

Y -1 Y -1 

whence, by (168) and a f t e r  reduction 

L I -  

r- 1 

- 1 + ( y  - 1) 
pt3 

Consider, by way of example, the case of a normal type of explosion 
engine with ( i n  M.K.S. un i t s )  

. T g = 273O + 700' = 973' ~g = 4 ~ a ( ~ a  = 10,000) 

MC = 18,000 L = 45,900,000 
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f o r  which, i n  t h e  conditions c i t e d  above 

0 0 
Te = T .  = 784. = 273 J + 511' 

and f o r  the engine whose ro ta t ing  exhaust is  supposed t o  function with 
a back pressure reduced t o  half  (pi '  = 0 . 5 ~ ~ )  

The decrease i n  the thermal eff ic iency of t he  complete thermo- 
dynamic cycle i s  

and t h i s  decrease, already appreciable, const i tutes  a lower l i m i t  ( f o r  
the chosen value of 
t i e s .  T h i s  example fur ther  shows t h a t  the temperature of the gases at 
the ou t l e t  o f  t he  ro ta t ing  system can be considerably raised, and t h i s  
f a c t  reveals, if  one deals with an explosion engine whose exhaust i s  
always a t  high temperature as i n  the chosen example, cer ta in  d i f f i c u l t i e s  
i n  the rea l iza t ion  of t he  ro ta t ing  system and the  behavior of i t s  
components. 

pi' = 0 . 5 ~ ~ )  by reason of t h e  ignored i r r e v e r s i b i l i -  

The conclusion i s  tha t ,  no matter how a t t r a c t i v e  it 4ay appear, 
the idea of u t i l i z i n g  the ro ta t ion  of a propeller with hollow blades 
(terminated by rockets) t o  insure, with a reduced back pressure, the 
expulsion of the exhaust gases of a normal a i r c r a f t  engine can only be 
achieved a t  the pr ice  of lower over-all  eff ic iency of the propulsion 
system. This idea, therefore,  does not m e r i t  being retained. 

Note: (1) It should be noted tha t  the drop i n  7 due t o  the 
r o t a t i n g  exhaust i s  obtained i n  s p i t e  of an increase i n  indicated energy 
(and, consequently, i n  e f fec t ive  energy) of the engine. 

t h  

I n  f a c t ,  t he  lowering of the back pressure i n  the  engine i t s e l f  
increases the area of the diagram and, consequently, the indicated 
energy. But apar t  from and i n  consequence of the engine, the i r r e v e r s i -  
b i l i t i e s  which occur have the e f f e c t  of ra i s ing  the terminal exhaust 
temperature T e '  by causing a reduction i n  the e f fec t ive  energy Ceff 
of the complete thermodynamic cycle, the energy defined by the funda- 
mental formula (3 )  and which i s  not i den t i ca l  with the effect ive energy 
of t he  engine. 



(2)  Incidental ly ,  it i s  pointed out that, f o r  t he  e f fec t ive  energy 
of the  heat  engine (power avai lable  at  crankshaft)  t o  be ident ica l  w i t h  
t he  e f fec t ive  power teff, it i s  suf f ic ien t  t h a t  the  exhaust be adia- 
b a t i c  and t h a t  t he  difference in the  k ine t i c  energy of t he  ac t ive  bodies 
at en t ry  ( s t a t e  a )  and at e x i t  ( s t a t e  e )  be zero. It i s  o n l y  i n  these 
conditions, almost always reached with the  usual engines, t ha t  t he  
case h 
adopted i n  a r t i c l e  44, corresponds t o  an engine whose energy &, trans- 
mitted t o  t h e  propel ler ,  represents the t o t a l  e f f ec t ive  energy which 
t h i s  engine develops when the  complete thermodynamic cycle i s  ac tua l ly  
real ized.  In pract ice ,  t h i s  i s  the case with the  normal engine- 
propel ler  combination such as used on airplanes.  

h = 1, w i t h  t he  def in i t ion  (138) of the coef f ic ien t  of divis ion 

. (3) Lastly,  it should be pointed out t h a t  lowering the  back pres- 
sure i n  the  cylinders, permitted by the  ro t a t ing  exhaust, improves the  
cylinder charge and reduces the  losses  due t o  the  presence of residuary 
gases i n  the  f r e e  space. It undoubtedly permits, everything e l s e  being 
equal, the  extreme pressure r a t i o  of the  compression phase t o  be raised,  
and a t  the  same time the  temperature 
of the exhaust t o  be reduced. 

Tg i n  the  cylinder at the start 

These f ac t s ,  favorable f o r  a cer ta in  improvement of the  power by 
weight and the  e f f ic iency  of the engine, were disregarded i n  the  pre- 
ceding discussion. They undoubtedly at tenuate  t o  some extent  the  
unfavorable conclusion but do not appear t o  modify the  general r e s u l t .  

54. Engine spec ia l ly  adapted t o  ro t a t ing  exhaust 

The theo re t i ca l  heat engine, spec i f i ca l ly  designed f o r  ro t a t ing  
exhaust, includes an adiabat ic  and reversible  compression of the com- 
bustion a i r  ( so l id  o r  l i q u i d )  from pa t o  pc = kcpa, an adiabat ic  and 
complete combustion at constant pressure pc, and an adiabat ic  and 
reversible  expansion of burnt gases from pc t o  pa. (The character- 
i s t i c s  and the  thermal e f f ic iency  of t h i s  t heo re t i ca l  cycle f o r  various 
compression r a t i o s  Xc and corresponding excess E of a i r  i n  the f u e l  
mixture w e r e  given i n  t ab le  XIII.) 

In the  r ea l i za t ion  of t h i s  t heo re t i ca l  cycle, the  imperfection of 
the real machines modifies the  charac te r i s t ics  and the  e f f ic iency  and 
it i s  very important t o  determine the  most favorable conditions of 
r ea l i za t ion  as w e l l  as the  results which can probably be obtained i n  
prac t ice .  

To begin with an extreme case, consider an idea l  machine which 
y i e lds  t h e  perfect ,  pa r t i cu la r ly  advantageous, t heo re t i ca l  cycle defined 
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* 

by 
q th  = 0..664 ( c f .  las t  l i n e ,  t ab l e  X X I I )  and a pwameter Q defined by 

a = 3, )cc = 45, t o  which corresponds a thermal e f f ic iency  of 

0.664 x 48,000,000 - - 542,000 Q=-- 
4 x 14.68 x v2 V2 

'lthL - 0.664 x 
av2 

If V varLes from 0 t o  300 m/sec (0 t o  1080 km/h), Q var ies  from 
i n f i n i t y  t o  6.2 and it i s  immediately seen t h a t  t he  maximum 
qg i s  reached when the  coeff ic ient  h i s  very near uni ty ,  t ha t  is, 
when the  pr inc ipa l  pa r t  of t h e  e f fec t ive  energy of thermodynamic cycle 
i s  supplied t o  the  r o t a t i n g  system, i n  form of mechanical energy, by 
the  engine t o  which it i s  l inked. 

7th and 

Hence, it appears, a p r i o r i ,  t ha t ,  the conditions are unfavorable 
when considering systems i n  which the  ro t a t ing  system receives, i n  t he  
form of mechanical energy, from the  associated system only a reduced, 
zero, or even negative pa r t  of the e f fec t ive  energy of t he  thermodynamic 
cycle, the l a t te r  being assumed defined and constant. 

This presumption i s  confirmed by treatment of the  spec i f ic  case of 
the  propel ler  driven exclusively by react ion,  the case defined by h = 0 
and i n  which the  propel ler  i s  moved only by the  tangent ia l  react ion of 
i t s  exhaust rockets, and subsequently, the case of a je t  propel ler  
associated with an in t e rna l  combustion turbine under the bes t  conditions. 

The study of the  f i r s t  of these problems then leads t o  the  case of 
the  spec i f ic  e f f ic iency  ( the  r a t i o  of energy ac tua l ly  supplied t o  the  
theo re t i ca l  energy ava i lab le)  and of the  in t e rna l  e f f ic iency  of tan- 
gen t i a l  react ion turbines  with one wheel, t h a t  i s  t o  say, of a gas 
turbine . 

G 55. Propeller driven exclusively by rea t ion  

In t h i s  case ( h  = 0)  where the associated system supplies no 
mechanical energy t o  the  propel ler ,  two d i f f e ren t  methods can be con- 
ceived: 
preliminary compression must be assured i n  the  propel ler  i t se l f ,  
operating as cent r i fuga l  compressor, and the  combustion effected i n  the  
ro ta t ing  rockets; or by eliminating any mechanical connection between 
the  propeller and the associated system and conceiving the l a t t e r  i n  the 
form of a balanced engine, that is, supplying no ef fec t ive  energy. This 
balanced,engine may, i t se l f ,  be presented i n  two pr inc ipa l  forms: e i t h e r  
rea l iz ing  the  compression, the combustion, and an adequate portion of 
the  terminal expansion i n  such a way a s . t o  balance the  r e s i s t a n t  
energies of the  engine by the  corresponding expansion energy (case of 
i n t eg ra l  cycle);  or else const i tuted by a normal engine engaging a com- 
pressor t h a t  supplies the compressed combustion air  t o  the  ro ta t ing  
un i t  (case of divided cycle) .  

e i t h e r  by omitting the  associated system, i n  which case the  



NACA TM 1259 133 

56. F i r s t  type, propeller i so la ted  

This type of machine, proposed and studied by various inventors, 
i s  t i e d  t o  the ancient idea of the autocompression gas turbine, an idea 
encountered i n  various patents or designs of turbines with gas or with 
in te rna l  combustion. 
Nernst . ) (This idea has been exhaustively studied by 

Without touching upon the problems r e l a t ing  t o  the functioning of 
the  combustion chambers disposed over the  periphery of the  ro ta t ing  
system, it i s  expedient t o  observe t h a t  the  thermal eff ic iency i s  
chief ly  dependent upon the compression r a t i o  and it i s  necessary t o  
evaluate the one t h a t  permits t h i s  arrangement t o  be realized. 

In  the  ro ta t ing  system, the power 
and which changes the s t a t e  of the air from 
b(%, Tb),  is,  on the assumption of adiabat ic  compression as i s  p rac t i -  
ca l ly  inevi table  f o r  a system of t h i s  type, 

,Pa expended on the compression, 
a(pa, Ta) t o  s t a t e  

where 

a = volume (by mass) of air 

V = corresponding speed of air  (axial i n  theory) a t  entry in 
ro ta t ing  system ( s t a t e  a )  

U = peripheral  speed of system, a t  the point where the a i r  reaches 
s t a t e  b 

wb = corresponding velocity of air, a t  the sane place, i n  the 
ro ta t ing  system 

With pa a s  the specif ic  eff ic iency of the compressor with respect 
pb )Lb = - 
Pa 

t o  the t4eo re t i ca l  adiabatic,  the r a t i o  of compression 

obtained reads 

Y Y 
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Ta = 288' 

Ta = 255'5 
Ta = 223' 
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100 200 300 400 500 
w = o  
(m/sec) 

I hb = 1 1.0627 1.2634 1.6562 2.3482 3.506 
hb = 1 1.0699 1.3000 1.7580 2.5774 4.0013 

= 1 1.0801 1.3489 1.8942 2.9091 4.7048 

By way of example, take the most favorable conditions by assuming 
pa = 1 and wb = 0; for air: 
(in M.K.S. units) (In this instance the values adopted by Rateau, as 
the most recent, are uSed.),md w2 = u2 + v2. 

r = 1.4034; (7 - l)/y = 0.2875; c = 1000 

Formula (171) then reads 

= r + 2000T, w2 I""" 
with which the maximum theoretical compression ratio Xb obtainable 
by centrifugal compression can be computed as function or W and 
OS Tam 

By taking the values of Ta corresponding to altitudes 0, 3000 m, 
from o to 500 m/sec, and 10,000 m in standard altitude, and varying 

the values hb shown in table XXV are obtained. 
w 

Table X X V  

Theoretical Centrifugal Compression (Adiabatic) of Air 

as Function of the Resultant Speed W and 

Atmospheric Temperature Ta 

2 + 15' = 288O Z = 0 III Pa = p0 = 10,330 kg/m 
z = 5,000 m pa = 0.534 po 
z = 10,000 m pa = 0.261 po 

These data are represented by the curves of figure 41, which also 
can be immediately contains a diagram by means of which W = [$ + V2 

computed as function of U and of V. 

In practice, V cannot exceed 350 to 400 m/sec (figures still not 
reached up to now), V 
200 m/sec, and the efficiency pa of the adiabatic centrifugal 

may be considered as ranging between 0 and 
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compressor cer ta in ly  does not exceed 0.85. 
speed Wb cannot be cancelled and must maintain a c e r t a i n  value t o  
assure the volume of the rockets with moderate sections of passage.' 

On the other hand, the 

When these conditions are taken i n t o  account, it i s  easy t o  see 
t h a t  a compression r a t i o  kb of the order of 3 f o r  a single stage of 
compression i s  p r a c t i c a l l y  the l i m i t .  

. Consequently, t h e  thermal eff ic iency of the system i s  l imited t o  a 
value, which, theore t ica l ly  and according t o  formula (91) where 
cannot exceed 0.245; and the inevi table  i r r e v e r s i b i l i t i e s  of the real i -  
zation reduce t h i s  f igure even more (by one-fourth a t  l eas t ) .  

7 = 1.35, 

The system of single propeller actuated exclusively by react ion 
i s  condemned by t h i s  fundamental defect .  

57. Second type of propeller actuated solely by reaction: driving 
system attached and independent 

A .  Integral  cycle.-  In  t h i s  case the act ive bodies go through the 
same cycle and e f f e c t  t h e i r  passage across the machine along the same 
path . 

The cycle i s  represented on a diagram ( p , v ) ,  or Clapeyron 
diagram ( f igu re  42) .  

I n  the idea l  or  theore t ica l  machine, t h i s  cycle comprises: the 
i r revers ible  and adiabatic compression ab, from Pa t o  pb; the 
adiabatic and complete combustion bc, a t  constant pressure 
the reversible  adiabatic expansion ce, from pc t o  pe = pa. I n  the 
so-called motive system i s  effected the pa r t  abcd of the t o t a l  cycle, 
the expansion of which i s  arrested a t  pressure so t h a t  the e f f ec -  
t i v e  energy of t h i s  system i s  zero. The rest of t he  cycle, t h a t  i s ,  
the complement (de)  of the expansion, i s  effected i n  the ro ta t ing  system 
which does not receive the mechanical energy of the attached system and 
consequently permits of no mechanical connection with the  l a t t e r .  

pc = po; 

pd 

In  the r e a l  machine, the cycle d i f f e r s  from the theore t ica l  cycle 
abcde 
residual  gases, f r i c t i o n ,  leakages, e t c . ) .  

by reason of i r r e v e r s i b i l i t i e s  of every nature ( e f f e c t  of w a l l s ,  

Now it i s  proposed t o  calculate  the thermal eff ic iency q th  of 
the r e a l  cycle i n  probable or*admissible conditions. 

Two principal  forms of rea l iza t ion  can be conceived, depending on 
whether t he  motive o r  attached system which produces abcd, i s  of t he  
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reciprocating type (balanced pistons engine) o r  of the ro ta ry  type 
(balanced i n t e r n a l  combustion tu rb ine ) .  I n  any event, the complement 
de of the cycle i s  rea l ized  i n  the gas turbine which const i tutes  the 
r o t a t i n g  system. 

(a )  Case where the motive system i s  of t he  reciprocating type.- 
Incidental  t o  t he  calculations summarized i n  t ab le  XIV, it i s  s t a t ed  
(by neglecting t h e  k ine t ic  energy of t he  a i r  a t  i t s  entrance i n  the 
motive system as i n  the c i t e d  calculations - t h i s  approximation i s  * 

admissible here as long as the speed of propulsion V does not exceed 

150 t o  200 m/sec) t h a t  a t  compression r a t i o s  

order of 15 t o  45 the  real exhaust temperature 
sure 
about 975' when the  d i lu t ion  
when the corresponding excess of a i r  i n  the combiistible mixture 
increases from 0 t o  300 percmt .  

X, = = pb - of the 
Pa 

Tdl 

a passes from 0 t o  3, t h a t  i s  t o  say, 

(a t  constant pres- 
pa' = Adlpa) of the reciprocating engine s h i f t s  from 2235' t o  

On leaving the  engine, the gases c i rcu la te  i n  the pipes which con- 
vey them t o  the ro ta t ing  system. Since all these p a r t s  a re  prac t ica l ly  
a t  a steady s t a t e ,  it i s  imperative t h a t  the temperature of the gases 
be not excessive19 and, on considering a temperature of 700 c as prac- 
t i c a l  l i m i t ,  it i s  seen t h a t  a di lu t ion  a of a t  l e a s t  equal t o  3 must 
be visualized. 

0 

This i s  the  value chosen. With _Cdrr ( c f .  t ab l e  X I V )  as the theo- 
r e t i c a l  energy of the reversible  expansion beginning with the conditions 
(pd ' ,  T d ' )  of the exhaust of the r e a l  engine and as the eff ic iency 
of expansion with respect t o  the reversible .adiabat ic ,  the thermal 
eff ic iency 

pd" 

7th  defined by formula (4), i s  expressed by the formula 

The eff ic iency of expansion pd" i s  not i den t i ca l  with the spec i f i c  
expansion of t he  exhaust pipe system + ro ta t ing  system, considered as a 
turbine.  It d i f f e r s  from it by the f a c t  t h a t  the kinet ic  energy 
remaining i n  it i s  excluded from the lo s ses .  Therefore, a fairly high 
value f o r  pdlr,  such as pd" = 0.90 f o r  example, can be chosen. 

"This reservation i s  not formulated 'for t he  l iquid-fuel  rocket 
because, f o r  i t s  expansion nozzle, a rea l iza t ion  assuring a good behavior 
of t he  nozzle (or  i t s  convergent pa r t  which i s  very shor t )  can be 
envisaged i n  s p i t e  of temperatures above 700' C over a l i t t l e  extended 
zone. 
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In  these conditions the  e f f ic iency  Q-h assumes the  values 
indicated in  t ab le  XXVI. 

Table XXVI 

Mix tu re  very di luted:  a = 3 ro t a t ing  system: pdtf = 0.90 

Losses i n  the engine computed as i n  t ab le  X I V  ( 2  = 0.10) 

xc = - 

803 1427 

903 1514 

0.372 

.421 

According t o  t h i s  tab le ,  the  e f f ic iency  T~~ a t  a compression 

r a t i o  hc 
values which a re  considerably higher than the  thermal eff ic iency of the  
ordinary airplane engine (0.27 approximately) and even of the best  
heavy-oil engines (0.36 approximately). 

ranging between 15 and 45 ranges between 0.372 and 0.449, 

It i s  noted t h a t ,  on comparing the above qth values corresponding 
t o  r e a l  machines with the  corresponding values f o r  the theo re t i ca l  or  
ideal  machine given by tab le  X I I I ,  namely, 0.517, 0.611, and 0.664, the  
specif ic  e f f ic iency  of the r e a l  machine, t h a t  i s ,  the r a t i o  

ranges between 0.72 and 0.675, which values ( rlth) r e a l  /( ‘th) the ore t i c a1 ’ 
are  plausible  and e n t i r e l y  admissible. 

The envisaged type of machine appears therefore  d i s t i n c t l y  
in te res t ing .  I t s  p rac t i ca l  rea l iza t ion ,  however, r a i se s  cer ta in  
d i f f i c u l t i e s ,  which a re  b r i e f l y  outlined. 

When contemplating the  r ea l i za t ion  of the cycle abcd ( f i g .  42) 
i n  t he  same cylinder,  allowance must be made f o r  the f r e e  space which 
increases the losses (by residual  gases) and diminishes the volume of 
the ac t ive  bodies consumed by the piston s t roke.  Besides, the volumes 
i n  a and d a re  not equal and the pis ton m u s t  have unequal strokes 
( the  engine operating evidently a t  four  cycles) or e l s e  the  intake 
closes (or the  exhaust opens) before the p is ton  reaches the  bottom of 
the  stroke. 
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XC 

10 

15 
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%h Pa r 

0.9 0.85 0.352 
* 75 .302 

.75 .268 
- 7  .05 .285 

75 .219 

./ 0 85 - 375 
.75 .310 

* 75 .267 - 7' .85 .298 
-75 .215 

.8 - 85 - 323 

.8 .85 .340 

To avoid these drawbacks, this cycle can be contempla$ed to realize 
in two twin cylinders operating at two cycles, with transference at the 
end of compression and with the free spaces restricted to a minimum. 
This arrangement presents obvious advantages, but at combust ion the 
cylinder operates permanently at high temperatures, although reduced 
by the dilution a = 3 adopted above. 

Notwithstanding these objections or reservations, this type of 
machine merits to be retained. 

(b) Case where the motive system is of the rotary type (turbo- ~ - - -  
machine).- Here a high degree of dilution is evidently indispensible, 
2 s  for all turbomotors with internal combustion whose real operation 
is supposed adiabatic as completely and perfectly as possible, along 
with a moderate compression ratio Xc in order.to lower the tempera- 
tures on the blades of the turbocompressor and of the expansion turbine. 

As in the study of the turborocket, article 30, a dilution a = 3 
and a compression ratio Xc of the order of 10 to 15 is adopted; For 
the turbocompressor efficiency pa, an extreme value ranging between 0.7 
and 0.9 is contemplated; for the efficiency of utilization r of the 
(primary) expansion turbine which actuates the turbocompressor, a value 
of the order of 0.75 to 0.85 is assumed. Lastly, the efficiency pa" 
(the remaining kinetic energy not counted as loss) of the secondary 
expansion turbine in the rotating system and in its pipes is allowed 
for at 0.90. 

On these premises, the thermal efficiency 7th of the complete 
thermal cycle reaches the values given in table XXVII and which are 
to be compared to those of table XVI (with pd" = 0.95 instead 
of Pa = 0.90).  

Table XXVII 

Ta = 288' pd" = 0.90) 
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The continuously progressing.turbomachine technique does not 
permit immediately t o  envisage more favorable conditions than 

r = 0.8 

or  

xc = 15 Pa = 0.75 r = 0.75 

In  these conditions, the preceding t a b l e  indicates  t h a t  'the e f f i -  
ciency 
than t h a t  of good in t e rna l  combustion a i r c r a f t  engines and much below 
t h a t  of fuel- inject ion engines. 

7 t h  does not exceed 0.28 t o  0.23 and consequently w i l l  be l e s s  

Hence the  type of machine visualized i s  predicated upon the premise 
of considerable progress being-made f i r s t  on the specif ic  eff ic iency 
( p a  and r) i n  the u t i l i z e d  turbomachines. 

58. Case of divided cycle 

The motive system i s  joined t o  the ro ta t ing  system which produces 
no e f fec t ive  energy, by means of a normal engine which drives an a i r  
compressor designed t o  feed the rotat ing system. In  t h i s  arrangement 
the combustion of the mixture intended for t he  ro ta t ing  system i s  no 
longer effected i n  the  attached system. 

It can be sedured e i t h e r  i n  fixed combustion chambers located 
between the two systems or i n  the ro ta t ing  system i t s e l f  and then pref- 
erably i n  chambers disposed over i t s  periphery. 

The e s s e n t i a l  difference between these two conceptions i s  t h a t ,  i n  
the second system, the  arms (or l i n k s )  of t he  ro ta t ing  system'cannot be 
u t i l i z e d  as centr i fugal  compressors and so permit increasing the com- 
pression r a t i o  of the a i r  which a r i s e s  from the compressor actuated by 
the auxi l ia ry  system. 

A s  long as the speeds V and U are not excessive, the energy 
of compression of the ro ta t ing  system remains s m a l l  compared t o  t h a t  
demanded of the attached system, it being known t h a t  a t o t a l  compres- 
sion r a t i o  Xc of 10 t o  15 must be reached t o  assure a sa t i s fac tory  
cycle. On the other hand, the d i f f i c u l t l e s  of i n s t a l l a t i o n  and opera- 
t i o n  of the compression chambers ro ta t ing  a t  a high speed U make the 
f i rs t  method preferable,  i n  theory, and which ' is therefore consider,ed 
here and i t s  eff ic iency qth evaluated. 
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sa = t h e o r e t i c a l  energy of compression of t he  air  destined t o  burn 
1 kg of f u e l  i n  the pr inc ipa l  system, the compression effected according 
t o  a r a t i o  Xc deterniined by the extreme pressure Xc = pc/pa 

pa = spec i f i c  eff ic iency (with respect t o  the theore t ica l  adia- 
b a t i c )  of the compressor driven by the auxi l ia ry  system 

Cd = energy of t he  theore t ica l  expansion from pc t o  pa, s t a r t i n g  
from t h e  s t a t e  i n  which the gases are introduced, a f t e r  r e a l  compression, 
by complete and adiabat ic  compression ( t o  which the real  combustion, 
suf f ic ien t ly  exact i n  t h e  case i n  point, i s  assumed comparable) 

p t  = eff ic iency of the r e a l  expansion which i s  effected 's tar t ing 
from the f ixed combustion chambers and completed a t  the ou t l e t  of the 
ro ta t ing  system 

Cd' = ptQ, t h e  thermodynamic energy of t he  real  expansion 

vm = thermal eff ic iency of auxi l iary system assumed t o  consume the 
same f u e l  as the pr inc ipa l  system 

av2 Lastly, W i  = - = the i n i t i a l  k ine t i c  energy of the mass of a i r  
2g 

considered (a  = r a t i o  of mass of air/fuel) ' .  

The compressor efficiency pa being assumed evaluated under ac tua l  
operation conditions a t  speed V, the  e f fec t ive  energy &' absorbed 
by the compressor i s  

and necessi ta tes  the consumption by the auxi l ia ry  system of a quantity 
of f u e l  ( i n  kg) equal t o  
sumed i n  the same time in t e rva l  by the pr incipal  system. 

Ca'/%L which i s  additive t o  the f u e l  con- 

The ef fec t ive  energy of the complete thermodynamic cycle i s  
cat = ptCa ( 3 ) ;  therefore,  t o  obtain the thermal eff ic iency 7th 
the thermodynamic cycle under consideration it i s  su f f i c i en t  t o  r e fe r  
t h i s  energy ' to t he  heat value of the f u e l  consumed (1 + C!,'/q,L>. 

of 
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Hence 

which can be reconciled with formula (97).  

Allowance f o r  t he  i n i t i a l  k ine t i c  energy of the air  supplying the  

the  term (-a $) which brings out the bene f i c i a l  e f f e c t  of t h e  

compressor of the  pr inc ipa l  system introduces i n  t h e  denominator of 

t h  
increase i n  speed V. It fu r the r  w i l l  be reca l led  t h a t  the  spec i f ic  
e f f ic iency  pa of t h e  compressor i tself  depends (but i n  a r a the r  s m a l l  
measure, espec ia l ly  when a well-adapted turbocompressor is  involved) on 
the  speed V at entrance i n  the  o r i f i c e  of t h e  compressor. 

Moreover, i n  the  foregoing expression, t h e  e f f ic iency  p t  ( ca l l ed  
the  e f f ic iency  of the  real expansion) represents ( i f  desired)  the  spe- 
c i f i c  e f f ic iency  of the  expansion turbine formed by the  ro t a t ing  system, 
provided t h a t  t he  remaining k ine t ic  energy of t he  gases a t  the  turbine 
e x i t  are not included i n  the losses  of t he  la t ter .  

Assuming t h a t  t h i s  turbine has a s ingle-rotor  playing the  p a r t  of 
a ro t a t ing  d i s t r ibu to r  and, t ha t ,  consequently, t he  losses  due t o  shock, 
eddies, and f r i c t i o n  are reduced correspondingly, t he  preceding remark 
leads t o  envisage a ra ther  high value for t he  p t  i n  question. Granted 
t h a t  t h i s  value could range between 0.90 and 0.95 the lower l i m i t  
p t  = 0.90 i s  systematically adopted t o  compensate f o r  t he  e f f ec t  of the  
various losses of t he  complete system (notably the  lo s s  through incom- 
p l e t e  combustion and adiabat ic  deficiency of the  system). 

For the  e f f ic iency  pa, the values therefore  range between 0.7 and 
0.9, which holds f o r  good compressors whether of t he  p is ton  or the  
ro ta ry  type.  Por the  compression r a t i o  AC, t he  uniform value of 
Xc = 10 i s  assumed, with a d i lu t ion  a = 3 and standard i n i t i a l  tem- 
perature Ta = 288O. For the  thermal e f f ic iency  of the  auxiliary 
system, the  constant value of qm = 0.27 which corresponds t o  the  
be t t e r  modern a i r c r a f t  engines i s  adopted. 

In  these conditions and on the  basis of t he  values of ca and 
given in  t a b l e  XV, formula (173) permits 
d i f f e ren t  values of pa and of speed V .  

7th t o  be computed f o r  
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V 
7th (m/sec) 

0 0.316 
150 * 323 
300 - 350 

0 .302 
150 .310 
300 * 335 

The da ta  obtained are represented i n  t a b l e  XXVIII and p lo t ted  i n  
f igure 43. 

0 - 9  

Table XXVIII, 

0 0.316 
150 * 323 
300 - 350 

(kc = 10 

'1, = 0.27 

-7 

a = 3  

0 .287 
150 .295 
300 .322 

Ta = 288' 

P t  = 0 .9 )  

being 7 th  (P, and 'a Note the appreciable improvement i n  

f ixed)  when the  speed V becomes very high. A t  speeds below 150 m/sec, 
t h i s  improvement i s  altogether secondary. 

The decrease i n  7th a t  decreasing pa i s  ra ther  moderate and 
t h a t  takes account of the f a c t  t h a t  the eff ic iency of expansion p t  
i n  the r o t a t i n g  system, an eff ic iency which i s  assumed constant, has a 
ra ther  high value ( p t  = 0 .90) .  

For a pis ton compressor, pa values up t o  0.90 can perhaps be 
visualized. For ro ta ry  compressors, however, it i s  prudent not t o  
discount 
order of 10 as above. 

pa values higher than 0.73 a t  a compression r a t i o  of the 

Finally,  it i s  seen t h a t ,  f o r  the systems involved (propel lers  
driven exclusively by react ion and with- a compressor geared t o  auxi l iary 
system), the e f f ic iency  7th of the complete thermodynamic cycle could 
prac t ica l ly  reach values of between 0.295 and 0.320, the mixture 
u t i l i z e d  by the propeller permitting a corresponding excess of a i r  of 
300 percent (a = 3 ) .  



59. Recapitulation 

The study, developed i n  the preceding three. paragraphs (55 t o  58), of the several visualized 2 
P 
10 
VI 
\D 

propeller systems driven solely by ,-?action i s  summarized i n  the following table XXIX. 

Table XXIX 

~ ~~ 

Type of system 

Type I: Propeller isolated 

'y-pe 11: 
'rope l l e r  w i t  

attached 
system 

a. Balanced 
engine 

Reciprocating 
type 

b.  Balanced 
turbomotor 

Compre s sor 
driven by 
auxiliary 
engine of 
standard 
type 

r A 
Integral cycle 

B 
Divided cycle 

~~~ 

Talue 7th practical13 
obtainable 

Jnsat i sf ac tory because 
of insufficient 

compression 

0.23 < 7th < 0.28 

:ompression r a t i o  Lc 
visualized 

Unsatisfactory 

15 < Lc < 43 

Lc 2 10 

The limits indicated correspond t o  satisfactory systems (engines, compressors, turbines) 
such as those already i n  existence or apparently eas i ly  obtainable. 
of the f u e l  mixture was fixed a t  
f o r  the f u e l  i n  question (Rey kerosene). 

In a l l  of. them the di lut ion 
a = 3, that  is ,  a corresponding a i r  consumption of a = 58.8 



. 
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The foregoing tab le  shows the superior i ty  of the systems of the 
type (A/a) ,  although cer ta in  manufacturing d i f f i c u l t i e s  may be encoun- 
t e r ed  ( c f .  a r t i c l e  57/a) , a s  well as the  weight and bulk which might 
r e su l t ,  f o r  a reciprocating machine of t h i s  type, as a r e s u l t  of the 
large excess of air (a = 3) necessary Tor the mixture i n  the  cycle. 

It i s  known, from the general discussion i n  a r t i c l e  51, t h a t  a 
high propulsive eff ic iency q i s  obtainable with a propeller driven 

shown i n  f igures  35 and 38. 
solely by react ion and charac t er ized by h = 0. This i s  very c lear ly  

Nevertheless, the high values of qth, obtainable according t o  the 
above table ,  favor the over-al l  eff ic iency 
s t i t u t e s  the c r i t e r i o n  of appraisal  of propulsion systems. 

‘Ig = 7th x qp, which con- 

The most favorable (A/&) system i s  discussed on a model problem. 

60. Special study of the several  e f f ic ienc ies  of the propeller driven 
exclusively by reaction, i n  the most favorable case 

The most favorable (A/a) system i s  characterized by 

a = 58.8 IC = 45 7th = O a 4 5  

The heat value L of the (Rey) kerosene i s  ( i n  M.K.S. u n i t s )  

L = 48,000,000 

hence 

On admitting t h a t  does not exceed 300 m/sec (1080 h / h ) ,  the 
parameter remains above 4.08, and, as i s  easy t o  verify,  the 

a -k - 59.8 1.017 can be compared t o  unity f o r  the quantity 5 = ___ 

calculation of  the several  e f f ic ienc ies .  

V 
Q 

-m= a 

In these conditions (with h = 0 ) ,  which characterizes the j e t  
propeller,  taken in to  account, the formulas (153) and (154) give 

with 
sections i n  the atmosphere. 

t an  j3e = Ue/V, Ue denoting the peripheral  speed of the exhaust 
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On the other hand, the over-all  eff ic iency vg, i s  by def ini t ion 

Ue (m/sec> 
/ 

0 50 100 200 300 400 ’ 
V = 100 qp = 0.207 0.218 0.245 0.323 0.398 0.465 
(m/sec) { 3g = -093 .og8 . n o  .143 - 179 .209 

- - * 370 .374 .3825 . 4 m  .463 .507 
- - .167 .168 .172 .188 .208 .228 

.497 .500 503 .5175 .536 3 6 2  - - 

v = 200 

qg = 7th 'rip 

Quantity Q depends only  on V and, by formula (175), qp depends on 
Q (o r  V ) ,  Ue, and vh, the propeller eff ic iency.  

For the l a t t e r ,  a constant value of 0.75 i s  assumed; Ue i s  varied 
from 0 t o  4-00 m/sec, and 

The r e s u l t s  are  shown i n  tab le  X X X  and plot ted i n  f igure 44. 

V from 0 t o  300 m/sec. 

Table XXX 

Figure 44 also shows the propulsive eff ic iency (qp = 7h) and the 
over-all  eff ic iency (qg = 7h x 7th)  of a normal engine-propeller combi- 
nation u t i l i z i n g  the same propeller (7h = 0.75) and permitting an in t e r -  
na l  combustion engine, or  a heavy-oil in jec t ion  engine, t ha t  is ,  power 
plants  with an ant ic ipated thermal eff ic iency equal t o  0.27 or  0.34, 
respectively.  
propeller eff ic iency i r respect ive of Ue and V, which assumes the seid 
propeller adapted f o r  each case i n  the bes t  conditions. 
w i l l  be more correct t o  concede a cer ta in  decrease i n  

A constant value qh = 0.75 was adopted f o r  the par t icu lar  

Besides, it 
qh when the 

t i p  speed (Ue2 + V2) 1/2 becomes very high, t h a t  is ,  higher than 
300 m/sec. 
sonic velocity was disregarded here f o r  reasons of simplicity.  

This known decrease i n  propeller eff ic iency on approaching 
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The diagram'of f igure  44 proves t h a t  within t h e  present p rac t i ca l  
range of Ue = 300 and v = 200 m/sec: 

. (1) The propulsive e f f ic iency  qp of t he  j e t  propel ler  i s  seen 
t o  be considerably below the  e f f ic iency  qh of t he  regular  propel ler .  

(2 )  The propulsive e f f ic iency  qp increases with the speed V, 
t he  per ipheral  speed Ue being assumed constant.  

(3 )  T~ increases ra ther  slowly with Ue, V being fixed, and 

( 4 )  The over -a l l  e f f ic iency  vg 
passes through a minimum f o r  Ue = 0. 

of the  jet  propel ler  reaches, a t  
extreme values of Ue and V, the  value corresponding t o  a normal 
engine - propel ler  system, 

The conclusion i s  t h a t ,  as long as V 
Ue 300 m/sec, the contemplated system remains in fe r io r  t o  a stand- 

does not exceed 200 m/sec, 

7th and i t s  high d i lu -  
and 
ard  system of propulsion i n  s p i t e  of i t s  high 
t i o n  (a = 3) ,  a t  l e a s t  f o r  speeds below 200 m/sec. 

61. Notes on t h e  in t e rna l  e f f ic iency  of t he  gas turbine 

Figure 44 i l l u s t r a t e s  the  r e l a t i v e l y  slow increase of qp with Ue, 
f o r  given V .  This f a c t  c a l l s  fo r  an explanation because it may be 
surpr is ing a t  f i r s t  glance. It is, as w i l l  be shown, intimately r e l a t ed  
with the  f a c t  t h a t  t h e  in t e rna l  e f f ic iency  of t h e  gas turbine does not 
a t t a i n  high values except at high ro t a t ive  speeds. 

In  the case of the  propel ler  driven exclusively by reaction, the  
ro t a t ing  system can be regarded as forming a gas turbine of the  cen t r i f -  
ugal type and with he l ico ida l  e ject ion,  which drives the propeller the  
blades of which envelop, i n  r e a l i t y ,  the moving channels of the sa id  
turbine . 

According t o  t h i s  point of view, the  e f f ec t ive  horsepower of t h i s  
turbine on i t s  shaf t  balances the power absorbed by the  propel ler .  The 
th rus t  horsepower consis ts  of the  propel ler  t h rus t  T ( f i g .  45) and of 
t he  axial component Tf of the react ion Rf supported by the turbine 
and due t o  the e j ec t ion  of the gases. These t w o  portions can be 



NACA m 1259 147 

distinguished i n  the  propulsive eff ic iency qP2O by bringing out the 
ro l e  played by the in te rna l  eff ic iency of the gas turbine formed by the  
ro ta t ing  system. 

the in t e rna l  eff ic iency OF the gas turbine i s  defined and evaluated by 
the  conventional turbine theory. 

Before presenting q i n  t h i s  form, it i s  well t o  remember how 

Consider a gas turbine, with a single ro tor ,  with cent ra l  admis- 
sion and peripheral  exhaust, and f o r  greater  generalization, admit t h a t  
t h i s  system ( f i g .  45) i s  actuated by an axial t r ans l a t ion  at  speed V, 
SO that '  the  resu l tan t  W e  of V and Ue, inclined at fie with respect 
t o  the axis of rotat ion,  i s  opposite t o  the  corresponding speed 
(with respect t o  the ro to r )  of the gases a t  t h e i r  discharge. 

We 

Let M be the volume by mass of the turbine,  d the i n i t i a l  state 
(pa, Td, Wd = O),and 
passing through the turbine, and Y and Y the in t e rna l  energy and 
volume. of these gases referred t o  u n i t  mass. 

e the f i n a l  s t a t e  (pe, Te, w e )  of the gases 

The adiabatic exparkion, reversible and very slow, effected from 
pd t o  pe, conveys the gases from s t a t e  d t o  a cer ta in  s t a t e  

TE). 

A s  usual, we put 

The thus-defined quant i t ies  H and vo represent what i s  cal led the 
"head" and the " theoret ical  velocity" due t o  t h i s  head, of the turbine 
i n  question. 

201n the case of the t rue  j e t  propeller ( h  = 0)  considered here, 
the eff ic iency q given by the general formula (175) i s  reduced t o  
the term qf cal?ed the propulsive eff ic iency of ro ta t ing  rockets. It 
i s  purposed t o  r e c a l l ,  that, act ing d i r ec t ly  through the component Tf 
of i t s  reaction or,  indirect ly ,  through i t s  peripheral  component which 
the propeller transforms into thrus t ,  the j e t s  a re  the sole motors of 
the propulsive system. 
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I n  the ac tua l  expansion, from state d t o  state e, numerous 
i r r e v e r s i b i l i t i e s  intervene, as w e l l  as more o r  less important exchanges 
of heat with the outside.  

L e t  &t be t h e  t o t a l  heat transferred by the  'turbine i n  question 
and per u n i t  of consumed m a s s ,  on the outside; t h i s  quantity 
comprises, i n  par t icu lar ,  the heat of mechanical f r i c t i o n ,  the bearings 
being incorporated i n  the turbine.  

at 

Quantity 

may be cal led the "effective energy of expansion" (de ) .  

The r a t i o  of e f fec t ive  t o  theore t ica l  energy, denoted by pa, t h a t  
i s  

i s  conveniently ca l led  the eff ic iency of t he  real expansion (denoted 
by pd 
Q r  the "specific" eff ic iency of the turbine.  . 

i n  formula (173)), but should not be confused with the ' ' internal" 

Quantity &ff i s  the e f fec t ive  horsepower a t  the transmission 
shaft  of the turbine operating at  head H, t h a t  i s ,  with the theore t ica l  
horsepower (Mg H ) .  

The specif ic  eff ic iency p t  of the real turbine i s ,  by def ini t ion,  
t he  r a t i o  of the real t o  the  theore t ica l  horsepower o r  

The in t e rna l  horsepower 11 of t h e  turbine being i t s  e f fec t ive  power 
augmented by external  losses  (by external  f r i c t i o n  and leakage) symbol- 
ized by the term Q M g H ,  the in t e rna l  eff ic iency p i ,  or as it i s  some- 
times called,  hydraulic efficiency, i s  the r a t i o  of i n t e rna l  t o  theo- 
r e t i c a l  horsepower, t h a t  i s  
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On the  other hand, on a turbine with a single rotor ,  p i  i s  
expre s sed by 

p1 = + (au - a ' u '  
TO 

u and u '  denoting the peripheral  speeds of the  moving ro tor  a t  the  
mean radius of the  sections of i n l e t  and discharge, a and a'  the  
projections i n  the peripheral  d i rec t ion  of the absolute speed of the 
f l u i d  at  inlet and discharge. 

In the  case of the gas-turbine with cent ra l  admission and sensibly 
axial flow (a ani u always zero o r  quasi-zero i n  every sect ion of 
the i n l e t )  and tangent ia l  and oblique discharge ( f i g .  45), formula (181) 
gives 

In t h i s  study, the  lo s s  at  the jo in t  ( i . e . ,  at  the  i n l e t  i n  the ro ta t ing  
system) as well as the  losses  due t o  the  mechanical f r i c t i o n  of the 

21 shaf t  i n  i t s  bearings are neglected . Accordingly, when it i s  con- 
venient t o  reckon the horsepower absorbed by the f r i c t i o n  of the  ro to r  
i n  the ambient f l u i d  as ef fec t ive  horsepower, t he  external  losses  d is -  
appear, the spec i f ic  eff ic iency p t  i s  coincident with the  internal. 
eff ic iency p 1  according t o  (18), and by (179) and (182) we get 

V02 V02 Zeff = ptM 7 = plM 2 = M Ue(we s i n  pe - Ue) 

On the other hand, the  application of the  pr inciple  of the  conservation 
of energy t o  the turbine and t o  the elements which it contains, during, 
the  time uni t  and i n  r a t i o  t o  the axes i n  absolute t r ans l a t ion  with the  
f ixed par t  of the  turbine, yields  the  r e l a t ion  

The escape of the ac t ive  bodies has been consis tent ly  disregarded: 
It i s  of 1itt.le s ignif icance, in  good heat machines and can be allowed 
f o r  by s l i g h t l y  underestimating the thermal eff ic iency i n  systematic 
manner, when i t s  probable value i s  evaluated. 

The bearing f r i c t i o n  had not been considered i n  the  ro t a t ing  system 
of f igure  34, the  said system being considered as cantilever construc- 
t i o n  and i t s  bearings as belonging t o  the  attached o r  motive system. 



or  by def in i t ion  (178) of the real. expansion eff ic iency pd 

Consider the  head H ( i . e . ,  t he  speed vo) as given along with the 
eff ic iency pa (which depends only on the  changes-of s t a t e  of the 
act ive f l u i d s  and t h e i r  thermal exchange with the  outside) and put 

V/vo = $ = speed of the  turbine in ax ia l  t r ans l a t ion  

ue/v0 = cp = r a t e  of ro t a t ion  

we/vo = x 
By (183) and (184) 

a r e l a t ion  which shows that We increases indef in i te ly  with Ue * 

Entering th i s  h l u e  of X i n  (182) gives 

which expresse-s the  in te rna l  eff ic iency p 1  
j o in t  loss) as st function of pa, $, and cp. 

of the gas turbine (without 

For a gas turbine at  a f ixed point ( turbine fixed, I) = 0) ,  t h i s  
expression i s  reduced t o  

In the general case, formula (186) shows t h a t  p 1  tends toward 
(pa - q2) when cp increases indef in i te ly .  

. It is  e a s i l y  checked that p 1  increases constantly with cp. 
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0.572 
,495 
.338 

Besides, t a b l e  XXXI gives the value of p 1  f o r  d i f fe ren t  values 
of $ and cp, when pd i s  successively assumed equal t o  0.9 or 0.8. 

~ Table XXXI 

Internal Efficiency p i  of the  G a s  Turbine 

0.758 0.852 0.880 
.TO2 .800 .842 
.560 .680 .730 

c p = o  

P 1  = 0 
0 

' 0  

0 
0 
0 

0.5 1 1  I 2 I 4 00 

0.9 
.86 
.74 

.8 

.76 

.64 

22 . The r e s u l t s  of t h i s  tab le  are shown p lo t t ed  i n  f igure  46 They 
indicate very p l a in ly  the  necessi ty  f o r  high speeds of ro t a t ion  of t h e  
order of 1 at  least, i n  order t o  obtain a benef ic ia l  eff ic iency 
espec ia l ly  if 3r i s  appreciable o r  pd i s  low. 

p l y  

The data  given f o r  the gas turbine are readi ly  applicable t o  the  
t rue  j e t  propel ler  described above. 

For t h i s  system, i f  the ro t a t ing  u n i t  i s  considered as a gas turbine 
of the impeller type ( i n  t rans la t ion ,  a t  normal operating speed 
I# = cp/tan Pe), the  e f fec t ive  horsepower ( t h i s  includes the  power 
absorbed by the  f r i c t i o n  of the  rotor i n  t he  ambient f l u i d ,  t h a t  is ,  
the  f r i c t i o n  of the propel ler  blades i n  the  a i r )  of the  turbine repre- 
sents  the  power -& absorbed by the  propel ler ,  which gives an effec-  
t i v e  power of propulsion 

On the  other  hand, the  axial component Tf (see f i g .  45) of t he  
react ion Rf 
propulsion 

supported by the  rockets supplies an ef fec t ive  power of 

?2These curves have not been extended as far as the or igin,  where 
they f i t  t angent ia l ly  t o  the  axis of abscissas,  i n  order t o  avoid the  
confusion of t he  curves i n  t h i s  zone resu l t ing  from the  much-reduced 
design scale .  
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The mass volume M of t he  turbine 
volume o f  air)  i s  

(m = volume of fue l ,  a = corresponding 

M = m ( 1  + a )  

The t o t a l  e f f ec t ive  power of propulsion TV is ,  by (188) and (189) 

and the  propulsive e f f ic iency  vp by def in i t ion  (9)  i s  

Quantity 7th can be connected with vo2 by noting t h a t ,  by def in i t ion  
of 7th: 

( the  mass of combustible mixture including the  u n i t  of f u e l  mass being 
taken f o r  reference term) and by (178) gives 

l a s t l y ,  by applying the  pr inc ip le  of the conservation of energy be+,ween 
the s t a t e s  a and d to the  balanced system attached t o  the ro ta t ing  
system 

Adding (191) and (l92), by put t ing 
(3)  gives a f t e r  reduction 

C&, + C&t = -% and comparing with 
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Given V ,  q th ,  and pa, t h i s  r e l a t i o n  i s  used t o  compute Vo. Applying 
t h i s  expression t o  (190) gives the  propulsive e f f ic iency  i n  the  desired 
form 

which i s  none other  than formula (175) 23 . 
By w a y  of i l l u s t r a t i o n ,  take the  system studied i n  the  preceding 

a r t i c l e  ( t ab le  X X X  and f i g .  4-4) f o r  the  pa r t i cu la r  case V = 200 m/sec, 
7th = 0.45, qh = 0.75, a = 38-72, L = 48yOOOyOOO ( i n  M.K.S. LlIlitS) 

Assuming the  eff ic iency of expansion Pd 
vo = 920 m/sec. 

i n  the  gas turbine equal 
The speed t o  0.90, formula (190) gives 

Jr = 2OO/92O = 0.2175 and the  propulsive eff ic iency qp is ,  by (194), 

p1 
qp = 1.171 0.75 + i 

with, by (186) 

Thus by varying cp = Ue/Vo between 0 and 0.5,  the  values of p i y  qhP1, 

tf2 
1 cp2' 

p -- and qp were obtained and posted i n  tab le  XXXII. 

23Formula (175) permits, however, an approximhtion not u t i l i z e d  

above. The r a t i o  - a + I. w a s  ac tua l ly  compared t o  unity.  This 

s implif icat ion i s  e n t i r e l y  legit imate,  as w i l l  be shown later on. 
a 
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= Ue/vo . 
Ue m/sec . . . 

Pl""' . 

qhpl . . . . . 
If2 p i  . . . . 
cp 

in, $)Pi- - 
qp . . . . . . 
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0 0.1 0.2 0.3 0.4 0.5 00 

o 92 184 276 368 460 m 

0 0.0597 0.1825 0.3035 0.4033 0.483 0.853 

o 0.0478 0.1367 0.2274 0.3024 0.3622 0.64 

0.318 0.282 0.2156 0.159 0.1193 0.0911 0 

0.318 0.3298 0.3523 0.3864 0.4217 0.4533 0.64 

0.3725 0.3862 0.413 0.453 0.494 0.531 qp = qh = 0.75 

Table XXXII 

Propeller Driven Exclusively by Reaction. 

v = 200 m/sec qth = 0.45 qh = 0.75 a = 58.72 YO = 920 m/sec 

The above values of 
and were calculated by the approximate formula (175) i n  which the r a t i o  
(1 + a)/a = 59.72/g.72 = 1.017 i s  compared t o  uni ty .  The difference 
does not exceed 1 percent, hence j u s t i f i e s  the approximation f o r  s h -  
pli fying (175). 

qp a re  i n  good agreement with those i n  tab le  XXX 

The r e s u l t s  of the preceding tab le  are p lo t ted  i n  f igure 47. The 
r e l a t ive ly  slow increase of qp with Ue i s  the r e s u l t  of the slowness 
with which the in te rna l  eff ic iency p i  of the gas turbine increases 
with the speed of ro ta t ion  cp = Ue/Vo of t h i s  system. 

62. J e t  propeller rea l iz ing  the best  combination of driving and 
ro ta t ing  system 

A s  indicated a t  the end of a r t i c l e  54, the  optimum mixed system, 
tha t  is ,  giving the most advantageous combination of primary and 
rotat ing system, i s  now considered. 
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It i s  possible t o  determine ( c f .  a r t i c l e  50) the  value 
coeff ic ient  of divis ion 
Q = qth L/av2, gives the maximum of the psopulsive eff ic iency q 
maximum which is  then easy t o  calculate .  

h2 of t he  

a 
h, which, f o r  a given value of the parameter 

P 

In  order t o  study, by exact examples, the results t h a t  may be hoped 

qth 
f o r  from t h i s  optimum mixed system, the question actual ly  involves the 
determination of the best  probable values of the thermal eff ic iency 
of the cycle as w e l l  as the corresponding values of Q. 

Having discussed at  length the case of a mixed cycle ( a r t i c l e  53)  
which involved a normal airplane engine, a revolving exhaust supplied 
by low o r  high pressure with respect t o  the  normal exhaust pressure of 
such a system i n  (53), there remains the case of a cycle comprising, i n  
theory, a combustion a t  constant pressure, inser ted between the pre- 
liminary compression and a subsequent continuous expansion, both 
adiabatic,  a cycle defined i n  (54). 

Obviously a l l  systems of the so-called balanced type, ( a r t i c l e s  56 
t o  60) studied previously on the t rue  j e t  propeller,  can be employed 
here .on the condition of recovering i n  the engine an additional portion 
of the expansion of the burnt gases i n  the form of effect ive mechani- 
c a l  energy t h a t  i s  transmitted by the said engine t o  the  ro ta t ing  
system, the portion which i s  extracted a t  the ac tua l ly  produced expan- 
sion i n  the ro ta t ing  system. 

It i s  therefore Fmmediately seen tha t ,  at  preliminary compression 
and combustion produced i n  ident ica l  conditions, the second system gives 
a higher o r  Lower thermal efficiency 
depending upon whether the eff ic iency of expansion24 of the supplemen- 
t a r y  expansion produced i n  the system i s  higher or lower than the value 
which it has when t h i s  expansion i s  produced i n  the revolving system. 

7th than t h a t  of the f irst ,  

In  t h i s  last  case, the t r u l y  optimistic value, pd = 0.9 had been 
consistently admitted. It cer ta in ly  i s  not possible t o  visualize a 
higher value f o r  the same portion of expansion i n  the case where the 
l a t t e r  i s  real ized i n  the system i t s e l f  instead of i n  the revolving 
uni t .  

"his expansion eff ic iency could even be reduced t o  0.85 or more 
when the engine i s  of the reciprocating type, and t o  0.80 or more when 
of the turbine type. 

241t concerns here the efficiency of the r e a l  expansion as defined 
i n  (61) and,. i n  par t icular ,  by the general formula (178), s t a t e  (d)  
and (e) denoting the extreme s t a t e  of r e a l  expansion under consideration, 
t h a t  I s ,  i n  the  present case, of the p a r t i a l  r e a l  expansion. 
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In these conditions ( c f .  t ab l e  X I X )  t he  conclusion i s  reached 
tha t ,  depending upon whether t h e  coeff ic ient  
pe l l e r  driven by j e t  exclusively) t o  one (propel ler  driven by engine 
only), the  values of flth, indicated i n  t h i s  tab le ,  must be mult ipl ied 
by a reduction f ac to r  ranging between 1 and 0.85/0.90 = 0.945 (recipro-  
cat ing engine), or  between 1 and 0.8/0.9 = 0.89 (turbo j e t ) ,  the  values 
of t h e  compression r a t i o  Xc and of t he  d i lu t ion  a remaining 
p rac t i ca l ly  the  same. 

h passes from zero (pro- 

For the  previously c i t ed  reasons (increase i n  volume and decrease 
i n  the  temperature of t h e  gases i n  contact with the  components i n  con- 
tinuous ro t a t ive  motion), the most favorable d i lu t ion  
appears t o  be of the  order of magnitude of 3, t h a t  is, f o r  the  Rey 
kerosene, a corresponding air  volume of the  order of 60 (a = 3 
sponds i n  f a c t  t o  

a t o  be re ta ined  

corre- 
a = 58.72). 

In these conditions, it i s  seen tha t ,  i f  propulsive speeds of more 
than 200 m/sec a re  excluded and the  best  thermal e f f ic iency  
cept ible  t o  give t h e  bes t  over-al l  e f f ic iency  
retained, t h a t  is ,  an 7 th  of the  order of 0.43 t o  0.423 ( i f  h passes 
from zero t o  un i ty ) ,  t h e  minimum of the  parameter 
i s  of t he  order of 

7th 
i s  

sus- 
vg = 7 th  x vp 

Q t o  be visualized 

%h - (0.47 t o  0.425) x 48,000,000 - 
58.72 x 200 x 200 & =  

a x v2 

or  of the order of 9.21 t o  8.66 (h  varying from zero t o  uni ty) .  

Formula,(163) shows then t h a t  the  corresponding maximum possible 
improvement of propulsive eff ic iency with respect t o  t h a t  of the pro- 
pe l l e r  (which i s  the  propulsive eff ic iency of the  propel ler  driven by 
the  engine exclusively,  t he  exhaust being fixed, having but a negl igible  
propulsive e f f ec t  as i n  standard engine-propeller systems) does not 
exceed 

= 1.06 percent A =  (Qr 1 
0.7 2 x 8.66 

which i s  e n t i r e l y  negl igible .  

It i s  therefore  superf1uou.s t o  seek the  best  combination, which 5s 
prac t i ca l ly  very near t o  the  standard engine -propeller system (f ixed 
exhaust) ,  and which without appreciable benefit ,  introduces the compli- 
cations and d i f f i c u l t i e s  inherent i n  a revolving exhaust. 
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Returning t o  the turbojet ,  there  i s  some hope of being able t o  
r ea l i ze  complete expansion (spec i f ic  advantage of the in te rna l  combus- 
t i o n  turbine) ,  the great d i lu t ion  (a, = 3) remaining, moreover, ind is -  
pensable. But the thermal e f f ic ienc ies  obtainable drop then t o  values 
of the  order of 0.24 t o  0.25 maximum, which i s  below that of good air-  
plane engines (0.27) and considerably below t h a t  of f u e l  in jec t ion  
engines which can reach 0.36. 

63. Optimum orientat ion of exhaust j e t s  

I n  the study of the general system represented i n  f igure  34, it 
had’been admitted t h a t  the exhaust of the rockets i s  exactly a l ined 
along the absolute speed of the center of the  discharge opening of 
these rockets, which describes a he l ico ida l  t ra jec tory .  

It i s  expedient t o  investigate t h i s  or ientat ion,  i n  order t o  
obtain the most advantageous or ientat ion,  t h a t  i s ,  the maximum 
propulsive eff ic iency qp. 

Consider f igure 48, i n  which the incl inat ion 7e of the exhaust 
j e t  of a rocbet (equivalent t o  the c lus te r  of rockets disposed around 
the axis of ro ta t ion)  is di f fe ren t  from the or ientat ion Pe of the 
absolute speed of the said rocket. 

To reconcile the f r ee  flow t h a t  flows around the envelope of the 
rocket with the j e t  t h a t  leaves the l a t t e r ,  it i s  necessary t o  give t h i s  
envelope a somewhat special  form, such as tha t  indicated by f igure 48, 
f o r  example. 

It should a l so  be noted that the angles Pe and 7e could be 
d i f fe ren t  fro& each other without en ta i l ing  a considerable development 
of the envelope and an aerodynamic resis tance of the l a t t e r  t h a t  can no 
longer be j u s t l y  neglected, a s  s ta ted  before and a s  applied t o  what 
follows . 

To allow f o r  the angle ye, simply revert  t o  the calculations i n  
a r t i c l e s  44 t o  47 and replace Be by 7e every time the inc l ina t ion  
of the corresponding speed. of exhaust appears. 

Thus formula (140) becomes 

’ while formula (141) can be wri t ten as 

T = Th + m (1 + a ) w e  cos 7e - L 
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W e  - x e = - -  v 

Lastly, formula (144) modified, becomes 

s i n  ye s i n  Pe 
2 

COS Pe 
(198) 

- 

a 2 + 2 ( 1  - h ) d  l+a - t an  Be - 

I 

s i n  ye 

which corresponds t o  formula (152), when Ye = Pe. 

According t o  a legi t imate  conventional approximation, (a + l ) / a  
i s  compared t o  unity;  hence the preceding formula becomes 

f 

with 

Xe =\i. + 2 ( 1  - h)Q + tan2pe(2 s i n  Ein Pe Ye - 1) 

formulas which permit the  same approximations t o  be made as those used 
i n  the  preceding numerical calculat ions and which can be obtained also 
by making 5 = (a + l ) / a  = 1 i n  formulas (150) and (152). 
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It should be remembered t h a t  the  formulas (200) and (201 ) ,  i n .  
which the aerodynamic resis tance of the  rockets  i s  not taken i n t o  
account, may permit an insuf f ic ien t  approximation i n  the case where t h e  
angles pe and 7e d i f f e r  considerably from each other .  * 

64. Application t o  the  spec i f ic  case of t h e  propel ler  driven exclusively 
by reac t ion  

With formulas (200) and (201) and by making h = 0, the  case of 
the  propel ler  driven exclusively by reac t ion  i s  obtained. Supposing 
t h a t  qh, qthy Q, and t a n  pe are given and t h e  problem i s  t h a t  of 
f inding the  optimum value of t a n  Pet t h a t  i s ,  t h a t  which gives, i n  t h e  
conditions considered, t he  maximum qp (and a t  the  same t i m e ,  'Ig). 

This value of t an  pe should cancel the  der ivat ive of qp with 
respect t o  t a n  7e, t h i s  quant i ty  being taken as sole  variable i n  (200). 

The looked-for value i s  then found as the  root  of t he  equation 

t a n  p e ( l  - t an  1 + qh t a n  pe t an  ye 

Xe being expressed by formula (201). 

It i s  readi ly  seen tha t  t h i s  equation cannot, as a ru le ,  be solved 
very eas i ly ,  and requires  a special  study i n  each pa r t i cu la r  case. In 
consequence, we re turn  t o  the  pa r t i cu la r ly  in t e re s t ing  case contemplated 
i n  a r t i c l e  (60) ( t ab le  X X X ,  f i g .  44) and corresponding t o  

q th  = 0.45 qh = 0.75 V .= 200 m/sec Q = 9.21 

Rather than solving (200) f o r  d i f f e ren t  t a n  De = Ue/Vy it i s  more 
convenient t o  compute qp f o r  d i f f e ren t  values of t a n  ye and i n  each 
case, f o r  d i f f e ren t  values of t a n  Pe by (200) and (201). 

The r e s u l t s  are represented i n  t a b l e  XXXIII and f igure  49. 
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tan ye = 0 
0.5 
1 
1.5 
2 

Table XXXIII 

P Values of 7 

n - \ 

0.5 1 1.5 2 
100 200 300 400 

[tan Be - 0 

m/sec 
Ue = 0 

= 0.370 0.367 0.358 0.342 0.318 
.319 .382 .434 .465 - 477 
,229 ‘330 ,416 .4a3 527 

VP 

-156 .276 * 378 .462 .524 
.io5 .230 .340 .430 - 507 

Propeller Driven Exclusively by Reaction. (7 th  = 0.45; qh = 0.75; 

V = 200 m/sec; Q = 9.21) Rockets with Variable Orientation 

of t h e  propeller with V? Figure 49 shows the  eff ic iency curve 
normally oriented rockets, De = ye, studied i n  a r t i c l e  (60). 

The envelope of the curves ( t a n  y e )  gives the  maximum T~ f o r  
each value of t a n  Be, or  Ue, and the corresponding or ientat ion ye i s  
the quota of the curve which touches the envelope at  the point under 
considerat ion. 

An examination of t h i s  f igure shows t h a t  a cer ta in  Lmprovement 
could be obtained i f  7e were given a value d i f fe ren t  from De, but 
t h i s  improvement does not exceed 2 percent i n  r e l a t i v e  value and i s  
therefore of secondary importance. 

The difference between 7e and be, i n  the optimum arrangement 
t h a t  affords t h i s  improvement, i s  readi ly  apparent i n  f igure 50, which 
represents the quoted curves ( t a n  De) with 
instead of  the converse representation used i n  f igu re  49. It i s  seen 
t h a t  i n  the optimum arrangelnent ( t an  Pe - t a n  ye) increases from zero 
t o  about uni ty  when t a n  Be increases from 0 t o  2. The corresponding 
difference ((3, - r e )  therefore does not exceed 20 degrees, which should 
be near the permissible l i m i t ,  i n  order t h a t  t he  employed formulas main- 
t a i n  a sa t i s fac tory  degree of approximation. One advantage, although 
t r i f l i n g ,  i s  afforded from t h i s  summary outline,  namely, giving the 
inc l ina t ion  of t he  rockets on the axis of ro ta t ion  a value smaller than 
t h e  inc l ina t ion  of t h e i r  absolute speed on the same axis .  I n  a cer ta in  
measure, t h i s  conclusion can be reached by the  r u l e  t h a t  obliges t o  
give t o  the zero l i f t  ax i s  of a propeller blade section a geometrical 
p i t c h  superior t o  t h a t  of the hel icoidal  t r a j e c t o r y  of the said section. 

t a n  Ye as abscissa, 
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I n  the corresponding posi t ion ( T ~  < Be)  represented i n  figure 49, 
due t o  the jet  of gases leaving the  rocket i s  i tseif  the react ion Rf 

inclined with respect t o  the speed V at  an angle. 6e i n f e r i o r  t o  y e .  

It can be shown, i n  e f f ec t ,  t h a t  the angle 6e i s  given, i n  the 
case of t H e  pure react ion propeller, by t h e  simple formula 

which necessarily involves 

65.  Notes on the inherent advantage with a propeller driven exclusively 
by react ion 

Such a propeller can be regarded as a combination of a t rue rocket 
(with l i q u i d  f u e l ) ,  t he  j e t  of which instead of assuring d i r e c t  propul- 
sion by axial react ion (as i n  the case of the rockets studied i n  chap- 
t e r  1 of P a r t  B of the f i r s t  p a r t  of t h i s  r epor t )  furnishes i n  pa r t  the 
propulsive t h r u s t  by means of a propeller which i t s e l f  i s  driven by the 
peripheral  (or  tangent ia l )  component of the react ion supported by the 
exhaust nozzle, placed a t  t i p s  of the blades and sensibly oriented along 
i t s  own t r a j ec to ry .  

This combination permits, as already demonstrated, speeds of the 
order of TOO km/h a t  l e a s t ,  so as t o  obtain (by vir tue especial ly  of an  
improved thermal eff ic iency 7 th)  an important over-al l  eff ic iency qg.  

Moreover, the improvement of the thermal eff ic iency of t h i s  combi- . ,  
nation makes it possible t o  obtain a quasi-continuous and t o t a l  expan- 
sion, effected i n  pa r t  i n  the balanced engine and i n  pa r t  i n  the 
revolving un i t ;  it o f f e r s  the advantage of suppressing every mechanical 
connection between the engine and'the propeller,  since, by def ini t ion,  
no transmission of mechanical energy i s  effected between these elements. 

In  consequence, a var ia t ion of the operating conditions of the pro- 
pe l l e r  independent of the speed of engine i t s e l f  can be provided. For 
example, a simple modification of the or ientat ion of the exhaust je ts  
(connected or  not with a change of the propeller p i t c h )  can be secured 
without modifying the speed of ro ta t ion  of the adjoined engine. 
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This advantage appears t o  merit a t ten t ion .  
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By the  same argument, t he  pr inciple  of t he  propel ler  driven 
exclusively by reac t ion  appears t o  be able t o  give r ise i n  the  form of 
a hydraulic transmission by j e t  (and consequently, i n  open c i r c u i t )  
between an energy generator and one or  even 'several propulsive pro- 
pe l le rs ,  with ce r t a in  in t e re s t ing  appl icat ions f o r  the navy. 

66. Addition of a t h r u s t  augmenter tube t o  the  exhaust of the  je t  
propel ler  

A s  envisaged f o r  the  t rue  rockets with d i r ec t  and axial reaction, 
the addi t ion of a s ingle  o r  multiple t h rus t  augmenter tube t o  the  
revolving exhaust nozzles can be conceived. 

The general formulas necessary a re  e a s i l y  extended t o  include t h i s  
system, by revert ing t o  the  l i n e  of reasoning of a r t i c l e s  (44) t o  (47) 
while bearing i n  mind t h a t :  

(1) At induction, the  system t r aps  the corresponding volumes of 
a i r  a and a ' ,  at  entrance i n  the heat engine and, a t  entrance i n  the  
augnerter tube, respectively,  t he  a i r  i n  question may be regarded i n  
one and the other case as being a t  absolute r e s t  and under the  condi- 
t i ons  pa, Ta of the s t i l l  atmosphere. 

( 2 )  A t  evacuation, the system supplies a mixture of burnt gases 
and a i r  trapped by the  t h r u s t  augmenter tube, a mixture assumed 
homogeneous (pe = pa, Te) and moving a t  a uniform r e l a t i v e  speed we. 

It i s  m e d i a t e l y  apparent t h a t  the  previously establ ished formulas 
held t rue ,  provided t h a t  a i s  replaced by (a + a ' ) .  

If it i s  expedient t o  neglect the  aerodynamic resis tance of the  
rockets, f i t t e d  now with th rus t  augmenter tubes, and t o  adopt the 
approximation, even more legi t imate  here, naziely, t o  assimilate the  
r a t i o  (a + a t  + l ) / ( a  + a') t o  uni ty .  
i den t i ca l  t o  (200) and (201), f o r  the  case where the  or ien ta t ion  
of the rocket can d i f f e r  a l i t t l e  from the  or ien ta t ion  De of the  
absolute speed of t h i s  rocket: 

It gives the  following formulas, 
ye 

vp = hqh + - X  

(203) 
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x e = - -  We -dl + 2 ( 1  - h)Q + tan2Pe( 2 sin s in  pe ye  
V 

with 

the  thermal e f f ic iency  applying, t o  be sure, t o  t he  complete 
thermal cycle, which includes the  operation of t h e  rockets and t h e  
th rus t  augmenter tubes.  

q th  

When a j e t  propel ler  with normally or iented rockets (Pe = y e )  i s  
involved, it i s  suf f ic ien t  t o  make ye = pe i n  the  preceding equations 
and formulas which a re  omitted here since they are iden t i ca l  with those 
used i n  a l l  the  foregoing numerical calculat ions r e l a t i v e  t o  j e t  pro- 
pe l l e r s ,  except t h a t  (a  + a l )  i s  subst i tuted f o r  (a). 

To study the  advantages accruing from the  addi t ion of t h r u s t  
augmenter tubes t o ' t h e  exhaust of a normal j e t  propeller,  it i s  
necessary t o  compare the  over-al l  e f f ic iency  of the  j e t  propel ler  
with th rus t  augmen€er tubes with that of t he  je t  propel ler  without 
augmenter tubes t o  which it corresponds, the only difference between 
the two arrangements consisting i n  the  arrangement of the exhaust 
nozzles . 

Tg 

With a double accent denoting the  quant i t ies  of the  reference j e t  
propeller,  without augmenter tube, the problem consis ts  i n  ascer ta ining 
i f  and t o  what extent  the r a t i o  

can exceed 
or benefit' 

II~ t h  

un i ty ; ' the  r e l a t i v e  difference i s  a measure of the advantage 
accruing from the  addi t ion of augmenter tubes.  

s comparison L, a, V, v$h t a n  p = U,/V are obviously taken 
iden t i ca l  i n  both cases. 



164 NACA TM 1259 

I n  these conditions qP1" and 17 are solely dependent on the J? 
corresponding values of the parameter Q, o r  

7 thL 7th a 

av2 'th 
- Q" X - X Q=-- 

a + a' 

The problem i s  one of knowing how the r a t i o  

' lth 

'the Y =  

a t  var ies  as function of the r a t i o  JJ = - a 

A s  previously pointed out, Y depends, i n  the par t icu lar  conditions, 
chief ly  on p and the corresponding pressure hl = pl/p i n  the mixer 
of the th rus t  augmenter tube (when a single,  adiabat ic  augmenter tube 
i s  involved), or i n  other words, Y decreases when Q increases, 
irrespective of ;hi. 

On the other hand, it i s  eas i ly  checked t h a t  vP decreases when Q 
increases . 

Therefore, when p increases ( s t a r t i n g  from zero, case of exhaust 
without e f f e c t  of t h r u s t  augmenter tube),  Y/(1 + p) decreases, t h a t  i s ,  
Q decreases and, consequently, vP increases. The var ia t ion of qp 
then r e s u l t s  i n  var ia t ions,  i n  the oppGsite sense, of 7th or  Y 

, 

There i s  absolutely nothing t o  prevent thinking that v g  could, 
i n  these conditions, increase and therefore the addition of augmenter 
tubes afford a greater  or  l e s s e r  benefi t .  

Bu t  every tes t  of the numerical calculation w i l l  necessi ta te  
assumptions f o r  which the  experimental basis, which i s  indispensible, 
i s  u t t e r l y  lacking a t  the present time. 

For more d e t a i l s  on t h i s  subject, t he  reader i s  therefore re fer red  
t o  the chapters of the second par t  of t h i s  report  devoted t o  rockets 
with th rus t  augmenter tubes, by s t ress ing once more the  importance of a 
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systematic experimental study of the  operation of gas augmenter tubes 
and the  influence of p and of A1 on the  thermal e f f ic iency  of the 
cycle of ac t ive  bodies of f l u i d s  i n  th rus t  augmenter tubes of t h i s  
kind. 

CHAPTER I1 

Summary and Conclusions of Pa r t  I1 

67. R e v i e w  of r e s u l t s  obtained i n  chapter I 

The general scheme of t he  propulsive system represented by f igure  34 
involves the  combination of a heat engine, i n  which a more o r  l e s s  
important pa r t  of the complete thermodynamic cycle of the act ive bodies 
takes place, and a propel ler  which a t  the  same time cons t i tu tes  a 
revolving exhaust, i n  which the  aforementioned cycle i s  achieved. 

The propeller i s  driven, i n  general, by the torque transmitted by 
the engine on i t s  shaf t  and by the l a t t e r  operating as a gas turbine.  

The over-al l  th rus t  i s  the sum of the  propeller t h rus t  and the  
axial component of the react ions due t o  the exhaust j e t s .  

The envisaged arrangement includes the usual engine-propeller com- 
binations, the rockets with a x i a l  and d i r ec t  reac t ion  and, l a s t l y ,  the  
t rue  je t  propel ler .  

The pr inc ipa l  r e s u l t s  may be summed up as follows: 

The formulas i n  a r t i c l e s  44 t o  47 cons t i tu te  the fundamental 
formulas. They lend themselves t o  legi t imate  s implif icat ions so that 
the propulsive eff ic iency qp can be expressed by the formulas (153) 
and (155). 

When the  rockets are incl ined with respect t o  t h e i r  t ra jec tory ,  
these formulas can be replaced by (200) and (201), which may cease t o  
be applicable if  the  inc l ina t ion  y e  of the rockets d i f f e r s  too much 
from the Pe of t h e i r  t ra jec tory .  

Assuming the propel ler  eff ic iency qh and the inc l ina t ion  
t an  Pe = Ue/V 
ax i s  of ro ta t ion  as given, the  e f f ic iency  
coeff ic ient  
parameter 
of Q ( a r t i c l e  5 0 ) .  

of hel icoidal  t r a j ec to ry  of the  revolving rockets on the  
qp depends only on the 

h (defined i n  a r t i c l e  44, formula (138)) and on the  
Q = 7th L/av2, and it is, i n  par t icu lar ,  a decreasing function 

I .- 
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Within t h e  possible  scope of appl icat ion and at  speed not exceeding 
TOO t o  800 km/h, qp passes through a m a x i m u m  (Th, t a n  Pe, and Q being 
constants) a t  a ce r t a in  value o f ,  h 
m a x i m u m  exceeds the  propel ler  e f f ic iency  qh very l i t t l e .  

s l i g h t l y  below uni ty  arid t h i s  

In  other words, i n  these par t icu lar  conditions, t he  combination of 
engine and the most advantageous ro t a t ing  system i s  p rac t i ca l ly  ident i -  
ca l  t o  t he  standard engine-propeller system where h i s  equal t o  unity,  
t ha t  is ,  the  e f f ec t ive  energy of the  thermodynamic cycle (defined i n  
a r t i c l e  44) e n t i r e l y  rea l ized  i n  form of mechanical energy i n  the  engine 
and transmitted by t h e  l a t t e r  t o  the  propel ler  ( c f .  a r t i c l e  51). 

The greatest a t t en t ion  should be given t o  the  obtainable value of 
the thermal e f f ic iency  q th  (and t o  the corresponding consumption of 
a i r  a, since t h i s  term a f f e c t s  both the  e f f ic iency  vp and the  over- 
a l l  e f f ic iency  qg = qth  X q , which de f in i t i ve ly  cons t i tu tes  t he  t rue  P 
c r i t e r ion  of valuation ( c f .  a r t i c l e  52) .  

When proceding from an ordinary reciprocal  engine and f i t t i n g  it 
with a revolving exhaust without modifying the  pressure of combustion 
or the  volumetric r a t i o  of expansion i n  the  engine cylinders, the over- 
a l l  eff ic iency with respect t o  the  engine-propeller system taken f o r  
s t a r t i n g  point i s  reduced ( a r t i c l e  5 3 ) .  

When it i s  expedient t o  look f o r  new and subs tan t ia l ly  d i f fe ren t  
types of heat engines ( reciprocal  o r  ro t a ry )  t o  form the  epgine, the 
thermal e f f ic iency  qth with respect t o  the ac tua l  a i r c r a f t  engines, 
can be improved by t ry ing  t o  secure a complete and continuous expansion 
of the  burnt gases i n  sp i t e  of t h e i r  passage from the engine t o  the 
revolving system ( a r t i c l e  54). 

The extreme case of a se l f -ac t ing  e l e c t r i c  propel ler ,  assuring the  
centr i fugal  compression of the a i r  at the  inside of the  sui tably hollow 
blades and comprising combustion chambers and expansion nozzles a t  the 
blade t i p s ,  i s  of no p rac t i ca l  i n t e re s t  by reason of the  low Tth, due 
t o  insuf f ic ien t  compression ( a r t i c l e  56). 

The arrangement of the  t rue  je t  propel ler  (o r  driven exclusively 
by react ion)  which permits a balanced engine (h  = 0)  i s  of r e a l  i n t e re s t  
theore t ica l ly ,  f o r  it promises considerable improvement of 
( a r t i c l e  59, 
tages due t o  the elimination of every mechanical connection between 
engine and propel ler  ( a r t i c l e  61). 

7th 
t ab le  X X I X )  and a t  the  same time affords cer ta in  advan- 

However, t h i s  arrangement i s  in fe r io r  t o  tha t  of  the  optimum system 
(corresponding t o  a ce r t a in  value of 
with the same value of the r a t i o  

h near un i ty) ,  which functions 
qth/a. 
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For the true jet  propeller,  two main types of engine can be 
envisaged: 
ra ther  high compression r a t io ,  o r  a balanced turboje t  with lower com- 
pression r a t i o ,  these two types of engines w i t h  quasi-continuous and 
complete expansion t o  operate w i t h  a r a the r  subs tan t ia l  d i lu t ion  a. 
The first ac tua l ly  preponderates and i s  used t o  envisage appl icat ions 
with over-al l  e f f ic iency  perhaps equivalent o r  superior t o  that of 
present-day engine-propeller systems, provided t h a t  the speed i s  i n  
excess of TOO t o  800 km/h (article 60). 

either a balanced rec iproca l  engine (with p is tons)  with 

The second i s  much in fe r io r  t o  the first at  t h e  present state of 
engineering of turbomachines (compressors and turb ines) .  

A s  concerns the r e l a t i v e l y  slow decrease of qp as function of 
t a n  fie, t h a t  i s ,  of the  per ipheral  speed, the  propert ies  of the  t rue  
je t  propel ler  are d i r e c t l y  connected t o  those of the  s ingle  ro to r  gas 
turbine ( c f .  a r t i c l e  61). 

The addi t ion of thrust augmentation t o  the  exhaust of the  j e t  pro- 
pe l l e r  ( a r t i c l e  66) should not be condemned a p r i o r i .  For a prof i tab le  
study of t h i s  question, t he  various problems concerning gas augmentation, 
about which there  Ys a lack of data,  must be subjected t o  systematic 
experimentat ion.  

68. Class i f ica t ion  of the  various in t e re s t ing  types of propulsive 
systems - ways of progress 

The present report  deals with propulsive systems which produce 
t h e i r  propulsive e f f ec t  e i t h e r  exclusively by d i r ec t  reaction, or  by 
d i r ec t  (axial o r  he l ico ida l )  and ind i rec t  reac t ion  simultaneously, the  
l a t t e r  being obtained by making a propel ler  a c t  i n  the  outside f l u i d .  

Three main systems are  of i n t e re s t :  

(a )  The c l a s s i ca l  engine-propeller combination, which sensibly 
corresponds t o  the  case (h  = 1, tan  fie = 0 )  of the system termed je t  
propel ler .  

(b)  The system or  propel ler  driven exclusively by react ion and 
balanced engine of the reciprocal  or  ro ta ry  type, a system corresponding 
t o  case h = 0 of the react ion propel lers .  

( c )  The system cal led pure rocket o r  rocket with th rus t  augmentation, 
with d i r ec t  axial react ion.  

Summarily, it may be s ta ted  t h a t  the  second and t h i r d  appear t o  be 
able t o  produce an e f f ic iency  equivalent o r  superior t o  tha t  ac tua l ly  
obtained by the f i r s t ,  provided t h a t  the propel ler  speed exceeds TOO 
t o  800 km/h i n  the second case, and 1200 t o  1500 km/h i n  the t h i r d .  
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Considering that the propeller efficiency can decrease rather  sub- 
s t an t i a l ly  a t  high and very high speeds of propulsion, the last two 
systems appear destined t o  supplant the propeller i n  these speed ranges, 
the first of the systems i n  question assuring so t o  say, the t rans i t ion  
between propeller and rocket. 

Although these speed ranges are  of no use f o r  the present, the 
research concerning those systems of propulsion present a cer ta in  
in te res t  fo r  the future  . 

From this  point of view, we believe that the research t o  be under- 
taken should be concentrated on: 

The improvement of the efficiency of the compression and expansion 
turbines, which involves tha t  of the specif ic  horsepower and the 
efficiency of heat engines with piston, and which s t r ive  toward the i r  
ultimate form, that is, toward the internal  combustion turbine. 

The operation of gas augmenters, a problem s t i l l  insuff ic ient ly  
explored, offers  a multitude of interest ing applications. 
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APPENDIX I 

Steady Flow of Viscous Gases 

1. General equation of steady flow. 

A gas ( a  compressible f l u i d  whose inside s t a t e  i s  defined by the  
two variables: density p and temperature T )  can be expressed by the 
general equations of steady25 motion 

I . . . .. 

where p represents the "reversible pressure" corresponding t o  the 
s t a t e  (p,T)  of the f l u i d  by the equation of s t a t e  or  of compressibility, 
the vector (jx, 

i n  question, the parameter 8 the cubic expansion ax & + &  a y + a Z ,  & a n d  ( 

and 
depend on (p,T)  

j,) of the acceleration of the f l u i d  a t  the  point JY, 

q the coeff ic ients  of viscosi ty  of Navier and Poisson, which 

In addition, there i s  the equation of s t a t e  

These f ive  equations are  insuff ic ient  f o r  determining the six 
unknown functions: u, v, w, p, p, T, t o  which must be added a supple- 
mentary r e l a t ion  which can be supplied only by thermodynamics. 

2. Supplementary re la t ion .  

It i s  necessary t o  introduce the properties of the f l u i d  w i t h  
respect t o  the propagation of the heat (by conduction and radiat ion)  
i n  i t s  m a s s .  

25The steady motion, t ha t  is, with constant speed at  each point, . 

which excludes the ag i ta t ion  which, if it occurs, can be allowed f o r  by 
the introduction of a f i c t i t i o u s  viscosi ty  of turbulence. 
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The rad ia t ion  is  disregarded (although it i s  not always negligible 
f o r  r e a l  gases when they are at  elevated temperatures). 

Ordinarily, the  introduction of the conductivity i s  eliminated by 
assuming it zero o r  i n f i n i t e .  

The in te rna l  conductivity of real gases being, i n  general, s l i gh t ,  
i t s  e f fec t  may be disregarded i n  f i rs t  approximation i n  the rapid 
transformations of these f lu ids .  

Considering only the rapid transformations of a gas endowed with 
viscosi ty  and flowing a t  high speed i n  steady s t a t e ,  the conductivity 
i s  assumed t o  be negl igible .  

Therefore, on considering an element of mass dm of such a f lu id ,  
the heat d'Q which it receives from the outside i n  time in te rva l  at, 
and which i s  reduced t o  t h a t  transmitted by the surrounding f l u i d  by 
conductivity, i s  zero. Hence, according t o  the Carnot-Clausius 
pr inciple  

S signifying the entropy per un i t  mass and dlCvi the energy of the 
in te rna l  viscosi ty  i n  time in te rva l  d t  per u n i t  mass. 

This energy of the in te rna l  passive resis tance 
# 

i s  

+ 

Suppose, on the other hand, t h a t  the  gas obeys the l a w s  of perfect  
gases i n  the s t a t e s  of equilibrium 

p = RpT 

au = cat  

R = Cte = C - c I c = function of T 
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The pr inc ip les  of thermodynamics 

TdS = d(U + 

give f o r  these l a w s  

2) - 
P P 

( 7 )  

Thus the desired supplementary r e l a t ion  (4) takes the form (with 
due dlowance for  ( 5 )  and ( 6 ) )  

with 

3. Equation of flow along a filament. 

In  the case under consideration the pr inciple  of the conservation 
of energy does not supply, i n  general, the f i r s t  in tegra l  of the motion 
along a flow filament. 

By suppressing the viscosity,  the f i rs t  in tegra l  of the motion 
along a steady filament i s  ( i n  the absence of forces a t  distance 
X = Y  = z =  0 )  

hence a r e l a t ion  analogous t o  tha t  by Bernoulli (first in tegra l  of the 
k ine t ic  energy) i n  the case of incompressible f l u i d  (p = Cte) and 
devoid of viscosity,  i n  steady flow 

However, an equation similar t o  ( 9 )  along a steady filament of viscous 
and nonconducting gas can be obtained. 
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From the first three e.quations (1) (where X = Y = Z = 0 by 
assumption), follows, a f t e r  multiplying each equation by 
and adding 

udt, vat, wdt 

- - 
where V i s  the speed (u, v, w ) ,  . t h e  vector (Au, Av, Aw), and ds 
the  displacement (udt,  vdt, wdt) along the filament. 

Reconciling (11) with ( 8 ) ,  gives the desired r e l a t i o n  

= 82 + 3(2A2 f B2)  ds + dB + a E  ds 
V P  P 1 P P 

or  

The derivative of t he  function with respect t o  the  

displacement s along the  filament i s  not necessarily negative. ( the  
term -d'Cvi i s  e s s e n t i a l l y  pos i t i ve ) ,  contrary t o  what i s  a t  t h e s  
believed when establ ishing a wrong comparison between the second t e r m  
of (12)  and the l o s s  of head of viscous f l u i d s .  

Equation (12) expresses the  application of the pr inciple  of the 
conservation of energy (or f i r s t  l a w  of  thermodynamics) t o  the flow 
along the steady flow filament. The d i r ec t  application of t h i s  pr inc i -  
p l e  introduces the energy of the normal forces (which d i f f e r  from the 
reversible pressure p )  on the s t r a igh t  sections upstream and down- 
stream from the portion of the filament i n  question, as w e l l  as the 
energy of the tangent ia l  act ions of the ambient f l u i d  on the l a t e r a l  
surface of the filament portion. The foregoing reasoning avoids the 
d i f f i c u l t y  of evaluation of these reports by the use of formula ( 5 )  
of the energy d'Cvi of the in t e rna l  viscosity,  a formula assumed as 
known and which derives from the fundamental notions which thermo- 
dynamics form on the viscosi ty .  

4. Note.- Comparison with incompressible f l u i d .  

In  the  case of a l i q u i d  (p  = Cte) the r e l a t i o n  
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along a steady flow filament and i n  absence of remote external  forces  
i s  easilg- obtained from the equations of motion without having recourse 
t o  thermodynamics. 

This r e l a t i o n  cannot be considered as a pa r t i cu la r  case of (12), 
where 5 = 0 and 8 = C t e  f o r  the  viscous and incompressible f lu id ,  
as the  la t te r  i s  a poor conductor and experiences-an adiabat ic  t r ans -  
formation as e x p l i c i t l y  assumed when es tab l i sh ing  (12). 

But the  propert ies  of a viscous f l u i d  involve the r e l a t ion  

TdS =, dU 

and, therefore,  by ca l l i ng  d'Q the  quant i ty  of heat received by con- 
duc t iv i ty  i n  time in te rva l  d t  by an element immersed i n  the mass, the  
quantity re fer red  t o  un i t  mass i s  

I n  the  case of viscous l iqu id ,  t h i s  r e l a t i o n  and (13)  cons t i tu te  
two general equations for the  flow along a steady filament. If the  
l i qu id  i s  a very poor conductor, d'€J i s  negligible,  and it i s  seen 
t h a t  r e l a t i o n  (12) applied t o  the  spec i f ic  case of the  l i qu id  whose 
flow i s  steady and e s sen t i a l ly  adiabat ic  

ac tua l ly  decomposes i n  t w o  simultaneously ver i f ied  r e l a t ions  

The first of these two relat ions,  t h a t  i s ,  r e l a t ion  (13), i s  
moreover ve r i f i ed  whatever the thermodynamic transformation of t he  f l u i d ,  
since it i s  establ ished d i r ec t ,  s t a r t i n g  from the four equations of 
motion and the  equation of the state of the  l iqu id ,  p = C t e .  However, 
it i s  dependent upon the nature of t h i s  transformation, because the  
coef f ic ien t  of v i scos i ty  7, which depends only on temperature T, 
var ies  ac tua l ly  with the  la t ter ,  i n  general'. 
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I n  the case of t he  l i q u i d  the transformation i s  generally regarded 
as isotH6rmal (T = Cte); e i t h e r  t he  l i q u i d  i s  a very good conductor and 
i n  r e l a t i o n  with a s ingle  source of heat o r  $he viscosi ty  i s  very low 
&d' the l i q u i d  without c a l o r i f i c  communication with the outside medium. 

In such cases, 7 i s  p r a c t i c a l l y  constant and the equations of 
motion (as w e l l  as the  general r e l a t i o n  (13 ) )  do not introduce the t e m -  
perature other than by the constant value t o  be given t o  7 .  This i s  
the study of motion without recourse t o  thermodynamics. 

5 .  Steady and sensibly cy l indr ica l  flow of viscous gas. 

By steady and sensibly cyl indrical  motion i s  meant the steady flow 
i n  which the speed i s  prac t ica l ly  reduced t o  i t s  component p a r a l l e l  t o  
a f ixed axis, such as axis x, f o r  instance, and i n  which, moreover, the 
speed and the s t a t e  of the f l u i d  a re  uniform on every p a r a l l e l ,  t h a t  is ,  
on every c i r c l e  orthogonal t o  the axis of t h e  flow and centered on t h i s  
ax i s .  

Every plane perpendicular t o  the  axis x of the flow const i tutes  
then an orthogonal section ( s t r a i g h t  section of flow) and the reversible  
pressure py i s  constant. 

Always assuming the gas t o  be devoid of i n t e rna l  conductivity and 
disregarding the radiation, the equation of motion (x 
variable abscissa and r as distance from the a x i s )  i s  reduced t o  

being taken as 

with the unknown functions u ( x , r ) ,  p (x ) ,  and p (x , r )  and the coeff i -  
c i en t s  of viscosi ty  5 and 7 dependent on p and on T.  

The equation of s t a t e  being assumed t o  be t h a t  of perfect; gases 

p = RpT (17) 

the foregoing equation must  be augmented by the supplementary re la t ion  
(8) and which can be .written as 
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The equations (15) t o  (18) are the  complete equations'of motion 
which &e used for computing the  unknown u, py py  and T when the  
i n i t i a l  and the  extreme conditions are known. 

, 
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APPENDIX I1 

On the  Theory of Viscous Fluids  i n  Nozzles 

1. The problem. 

Consider t he  steady flow of a viscous f l u i d  i n  a nozzle f i t t e d  on 
t h e  w a l l  of an i n f i n i t e  tank. 

The theo re t i ca l  problem cons is t s  i n  determining i n  complete m a n n e r  
e i t h e r  the  flow corresponding t o  a given nozzle o r  t h e  nozzle i n  corre- 
spondance with a given flow. 

The theory of nozzles i s  as follows: The apparently steady real 
flow i s  replaced by a viscous f lu id ,  moving o r  otherwise, and whose 
in t e rna l  tensions and mean speed are var iable  i n  every s t r a igh t  sect ion 
of t he  flow, the  flow by sections,  t h a t  is, with uniform speed and tem- 
perature i n  every sect ion perpendicular t o  the axis of flow, of a non- 
viscous flow obeying the  same equation of s t a t e ,  s l id ing  against  the  
w a l l  and submitting, i n  pa r t  of it, t o  a reac t ion  of re ta rd ing  f r i c t i o n .  
This retarding act ion represents  the  e f f e c t  of i n t e rna l  v i scos i ty  of the  
real. f l u i d  as w e l l  as the  tangent ia l  forces  i n  contact with l a t t e r  and 
with the  w a l l .  The nature of t he  thermodynamic transformation undergone 
by t h i s  f i c t i t i o u s  f l u i d  i s  expressed by a simple hypothesis. 

2. Approximate theory of nozzles. 

The equations of flow are e a s i l y  put i n  the  following form; the 
subscripts 1 and 2 r e f e r  t o  any two s t r a igh t  sections (assumed plane):  

r 2  r 2  v2* - V12 
= -J adp -J X d x  (equation of motion) (1) 2 1 1 

L I 

= E)2 = m (equation of cont inui ty)  

Quantity X designates the  absolute value of the  retardlng act ion 
re fer red  t o  uni t  m a s s ,  x t he  displacement along the  stream, CD the  
area of t he  straight section, and m the volume of the  nozzle by mass. 
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Quantity X i s  usually put i n  form of 

177 

X 
with the  w a l l  i n  the  straight sect ion of area u). In  the case of 
c i rcu lar  nozzles 

designating the perimeter of contact (wetted perimeter) of t h e  f l u i d  

w e  get  

4v2 
X = T T  ( 3 )  

With the  force X (per un i t  of mass) expressed i n  t h i s  form, the  
coeff ic ient  ‘1 i s  nondimensional. By v i r tue  of the homogenity of the  
equations t h i s  function q i s  thus a function, with numerical coeff i -  
c ients ,  of the invariants,  the number of which i s  determined by the 
Vaschy theorem after all independent quant i t ies  a f fec t ing  the  value 
of X a r e  l i s t e d .  

(a) Case of incompressible f l u i d . -  This f l u i d  being characterized 
by u = C t e ,  equations (1) and (2)  are adequate f o r  solving the problem 
of p lo t t i ng  the  nozzles once it i s  known t o  express the  coeff ic ient  7 
of formula ( 3 ) .  

Ordinarily 7 i s  put equal t o  C t e ,  t he  choice of numerical 
values being obtained from t e s t  data.  

(b)  Case of compressible f l u i d . -  Equations (1) and ( 2 )  are no 
longer suf f ic ien t  because, x being taken f o r  variable and m being 
given, they contain four functions p, u, cy, V of x, o n l y  one of 
which i s  given theo re t i ca l ly  [u(x) when the  nozzle i s  given, p(x)  
when the  flow is  given]. 

A supplementary r e l a t i o n  must be obtained from thermodynamics. 
Moreover, except when nei ther  t h i s  r e l a t i o n  nor the expression of 
introduce the  temperature, the  equation of state of the  f l u i d  must be 
introduced 

7 

p = - f (u ,T)  (4)  
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The supplementary r e l a t i o n  corresponding t o  the  f i c t i t i o u s  f low 
i s  s e t  f o r t h ' i n  t he  following manner. 

The quant i ty  of heat 266md'Q received by the f l u i d  element of 
mass 6m during i t s  path dx is-the sum cf: 

(a) The heat  volume 6md'gi transmitted t o  the  pa r t i cu la r  element 
by the surrounding f l u i d  by rad ia t ion  and conduction 

(b)  The heat volume Gmd'gt transmitted t o  t h i s  element by the  
nozzle through rad ia t ion  and conduction, or  heat exchange with the  w a l l  
by convection 

( c )  Lastly,  the  pa r t  (1 - a ) ( O <  a< l), taken by t h i s  f l u i d  element 
of t he  heat volume equivalent t o  the  work of f r i c t i o n  of t he  f l u i d  
against  the nozzle, Smd'Q. 

Dividing by 6m and re fer red  t o  un i t  m a s s  of f l u i d ,  we get  

On the  other hand, by the  pr inciple  of Carnot-Clausius 

d'Q = TdS = dU + pdo - 
so the  supplementary r e l a t i o n  takes  the  form 

TdS = dU + pda = d'$i + d 'g t  + (1 - a)d19f  

To e s t ab l i sh  a convenient connection between the  conventional flow 
of the f i c t i t i o u s  f l u i d  and the  real flow, ce r t a in  appropriate assump- 
t ions  can be made about t h e  exchanges of heat d'_&i, d'2t, (1 - a)d'& 
which concern the f i c t i t i o u s  f lu id .  

However, when assuming tha t  the flow i s  a.ccomplished by sect ions 
and of a uniform temperature i n  every s t r a igh t  sect ion of the stream, 
the hypothesis i s  ostensibly simplified, as  it i s  useful t o  specify 
tha t  the heat volume (6md'Q) received by the  sect ion of the  f l u i d  of 
mass 6 m  and thickness Ex = - i s  e i t h e r  zero o r  e l s e  uniformly 
d is t r ibu ted  i n  the mass. 

- 
W U  

26The accent given t o  the  l e t t e r  d i s  a reminder tha t  the  
quantity d 'Q  - i s  not, i n  general, a t o t a l  d i f f e r e n t i a l .  
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On the  other hand, it i s  natural o r  reasonable t o  admit f o r  most 
problems of flow i n  nozzles t h a t  the nozzle i tself  exchanges only a 
negl igible  amount of heat w i t h  the  outer atmosphere, t h a t  i s  t o  say, 
t h a t  the  total .  heat volume which it receives from the  f l u i d  
(-dl& + ad1&) i s  zero. 

The t o t a l  heat  volume d1g received per unit m a s s  of f l u i d  and 
assumedly uniformly d i s t r ibu ted  i n  t h e  transverse thickness of t he  
stream a i s  then 

For this quantity of heat, which penetrates  i n  the  section, of mass 6m 
and thickness Ex, through i t s  outsi.de surface ( s t r a igh t  sect ions up- 
stream, downstream, and l a t e r a l l y  i n  contact w i t h  the nozzle), t o  be 
uniformly d is t r ibu ted  i n  the  transverse thickness of the  section, it i s  
necessary t o  assume 

(a) That the  f l u i d  i s  a perfect  conductor, i n  which case nothing 
permits t o  predict. the  value of d 'Q 

(b)  O r  t ha t  the f l u i d  i s  devoid of conductivity and hence, 
d'Qf - = zero and, since d ' s f ,  i s  not zero, (it i s  immediately seen 

t h a t  'd'Qf i s  equal t o  Xdx or  2 V2dx), it must be conceded that 
the  quantity of heat d'Q i s  uniformly transmitted i n  i t s  e n t i r e  t rans-  
verse thickness of the  sect ion other than by conductivity, as by 
radiat ion,  f o r  instance. 

Notwithstanding the d i f f i c u l t i e s  ra i sed  by t h i s  l i n e  of reasoning, 
it i s  admitted here tha t ,  by analogy with the r e a l  f l u id ,  t he  con- 
duc t iv i ty  of the f i c t i t i o u s  f l u i d  must be regarded as negligible,  so . 
t h a t  

d'&j = 0 

In these conditions, t he  desired supplementary r e l a t i o n  i s  

4 2  TdS = dU + pda = 3 V dx D 

http://outsi.de
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The f i n a l  equations of the  f i c t i t i o u s  flow are  a s  follows: 

(a), VdV = -udp - 2 V2dx (equation of motion) 

(b) 

( c )  p = f(u,T) (equation of s t a t e )  

COV = mu (equation of continuity) 

(d)  TdS = dU + pdu = 2 V2dx (supplementazy r e l a t ion )  

The equation (Ia) expresses what m a y  be cal led the  equation of the 
act ive forces  f o r  the f i c t i t i o u s  f lu id ,  derived d i rec t  fmm the 
e quat ions of mot i on. 

Replacing it by the r e l a t ion  tha t  supplies the principle of the  
conservation of energy, we get  

-d(pu) - 9 ?dx + d 'Q - = dU'+ VdV 

This equation, together with ( Id ) ,  i s  equivalent t o  equation ( Ia) ,  
but expressed i n  d i f fe ren t  form. 

3. G a s  nozzles: 

With the equations (I) established fo r  the flow of the f i c t i t i o u s  
gas and assuming t h a t  t h i s  gas obeys the laws of perfect gases (R 
being a constant and C a simple function of T ) :  

The equations of flow become 

WV = mu 

pa = RT 

CdT - adp = 2 V2dx 
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In  these conditlons the problem of the gas nozzle would involve 
e i t h e r  (1) the function 
given f o r  the determination of the functions V, p, U, T of x ( t h a t  i s ,  
the flow) or  (2)  one of the functions 
( t h a t  is ,  the l a w  of flow) f o r  the determination of and the other 
unknown functions ( t h a t  is, the form of  the nozzle and the complimentary 
charac te r i s t ics  of the flow). 

~ ( x )  ( t h a t  is, the form of the nozzle) being 

V, p, u, T of x being given 
~ ( x )  

The preceding four equations (I) enable a complete solution of 
t h i s  problem provided it i s  known how t o  express r j  as function of x .  

In  incompressible f l u i d ,  the approximation 7 = C t e  i s  of ten 
resorted t o .  For a compressible gas or f l u i d ,  the case under considera- 
t i o n  here, such an assumption would be too roughly approximate t o  give 
acceptable r e s u l t s  and 11 should be considered as variant with V, p, u, 
and T as w e l l  as with -, because the effec,t of the in t e rna l  v i s -  

cos i ty  of' a r e a l  f l u i d  i s  d i f f e ren t ,  as proved by experiment, depending 
on whether the flow i s  accompanied by expansion (expansion nozzle) o r  
by compression (compression or d i f fuser  nozzle). 

dP 
dx 

Therefore, the whole problem of gas nozzles, reduced t o  a 
f i c t i t i o u s  problem according t o  the foregoing conception, consis ts  i n  
determining the form of the function 7 which characterizes the 
retarding act ion act ing on f i c t i t i o u s  f l u i d .  

In  sp i t e  of considerable researches, t h i s  problem cannot be sa id  
t o  be solved, and i s  i n  need of systematic experimental study. 

The equations (11), of course, a r e  applicable only i n  the  absence 
of shock waves i n  the f l u i d  (across a wave of t h i s  kind, t he  supple- 
mentary r e l a t i o n  s e t  up above ceases t o  be applicable and should be 
replaced by another such as the l a w  of Hugoniot or the l a w  of dynamic 
adiabat ic) ,  t h a t  i s  t o  say, as Long as the  speed of flow is,  a t  the  
most, equal t o  the veloci ty  of sound i n  the f l u i d  at  the  same point .  

4. Velocity i n  the  throat  of a nozzle. 

One important r e s u l t  r e l a t i v e  t o  the veloci ty  i n  the throat  of the 
nozzle, when the flow s a t i s f i e s  t he  equations (11) i s  the following: 

By d i f fe ren t ia t ion  of the equation of continuity and assuming do, 
negligible with respect t o  dV and du, the veloci ty  i n  the  t h r u s t  i s  

UcdV = Veda (7)  

Subscript c r e f e r s  t o  the throat  of' the  nozzle. 
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On the  other  hand, the  f irst  of t h e  equations (11) can be wri t ten 
as 

VcdV = -o d '[ 1 + !!9 D vc2(g)d 
Dividing (8) by (7)  and reducing, leaves 

The transformation of the  f lu id ,  i n  t h e  th roa t  as along the  nozzle, 
is an endothermic react ion which can be expressed by 

The veloci ty  of sound ac i d  the  f lui l  
i s  given by the  c l a s s i ca l  formula 

ac2 = A P d C  

- (7 

at  he throa t  of 

so tha t  equation ( 9 )  can be wr i t ten  as 

he nozz 

When d ' Q  i s  e s sen t i a l ly  posi t ive,  the preceding formula shows 
t h a t ,  i f  expansion occurs in  the throa t  of a nozzle, (dp negative, 
do pos i t ive) ,  w e  get  

or ,  i n  other words, t ha t  the veloci ty  of a f l u i d  a t  the throat  i s  lower 
than the veloci ty  o€ sound i n  the f l u i d  a t  the same point .  

It i s  remarked tha t ,  provided tha t  dw i s  negligible i n  the throat  
with respect t o  dp and do, t h i s  r e s u l t  i s  rigorous because the eqia- 
t ions  (11) are va l id  for  the throat  since a shock wave cannot e x i s t  i n  t h i s  
paint  where Vc i s  lower than ac. 
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Furthermore, if the expansion of the f l u i d  i s  continued upstream 
from the  throa t ,  no shock wave can exist upstream from the  th roa t  ( the  
convergent pa r t  of the  nozzle),  since i n  th i s  a rea  the  ve loc i ty  of 
sound decreases continuously when the  speed of flow increases continu- 
ously without being able  t o  reach the  f i r s t .  

I n  the case of a compression nozzle o r  d i f fuser ,  equation (10) 
shows tha t ,  do being negative and dp posi tve 

t h a t  is ,  t h e  speed of t he  f l u i d  i n  the  th roa t  of t he  d i f fuse r  exceeds 
the  veloci ty  of sound a t  t h a t  point.  Moreover, a shock wave can form 
upstream from the  throa t .  

5 .  Repre sentat  ion i n  Mollier diagram. 

Suppose t h a t  the  s t a t e  of the f l u i d  a t  each ins tan t  and per u n i t  
mass i s  represented i n  the  Mollier diagram where S i s  taken as the  
abscissa and the t o t a l  heat of t he  f l u i d  A = U + pa as the ordinate.  

For a gas t h a t  obeys the  l a w s  of perfect  gases, t h i s  diagram 
d i f f e r s  from the entropy diagram only by a change of the  scale  of the  
ordinates since, f o r  a gas of t h i s  kind 

' dA = d(U + pa) = C(T)dT 

On the  Mollier diagram, l i k e . o n  the  entropy chart ,  the  l i n e s  of 
constant pressure a re  p a r a l l e l  curves derived by a simple t r ans l a t ion  
along the  axis (S) of t h e  abscissa.  
of Gonstant pressure i s  equal t o  the  absolute temperature i n  each point .  

The slope of the  tangent t o  a l i n e  

Let ( 2 )  be the  curve representing ( f i g .  51) t he  transformation of 
the  gas along flow s t a r t i n g  from point M1 representing the  state of 
the  gas i n  a reference sect ion 1. 

The system nozzle-gas undergoes, with respect  t o  the  outside 
atmosphere a t  uniform temperature 0, a monothermal transformation 
during which, according t o  the Carnot-Clausius theorem, the  noncompen- 
sated work, t h a t  is, the  l o s s  of energy, has f o r  elementary value 
with respect t o  un i t  m a s s  

d ' I I  

d ' I I ' =  OdS 

since the exchange of heat with t h e  outside i s  zero and t he  nozzle does 
not rub against  the surrounding atmosphere. 
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On the  other hand, t he  supplementary r e l a t i o n  ( 5 )  i s  wr'itten 

4 2  d'Qf = 1 V aX = TdS D - 

hence the  loss of energy 

t i ve  
flow 
of a 

This loss ,  e s s e n t i a l l y  posit ive,  represents the decrease i n  effec-  
energy of t he  f l u i d  i n  consequence of i r r e v e r s i b i l i t i e s  which the 
introduced i n  the  nozzle. This e f fec t ive  energy (with exception 
constant of no significance since var ia t ions  i n  13 a re  only 

considered) i s  represented by the  

- r = U + pa - OS 

Between two sect ions 1 and' 2 
give 

function 

V2 - A - o s + -  2 
v2 + - -  2 

of the flow the l a w s  of thermodynamics 

The Mollier diagram affords  a convenient representation of the 
preceding quant i t ies  when, as assumed on f igu re  51, the curve ( 2 )  
representing the transformation of the f l u i d  can be plot ted i n  it. 

D r a w  through the  point M i  the s t r a i g h t  l i n e  a0 of slope 0 
( p a r a l l e l  t o  the tangent of the l i n e  of equal pressure 
point of the temperature 0, taken here a r b i t r a r i l y  as or ig in  of the 
coordinates S and A ) .  

p i  at t h e .  

It i s  readi ly  seen, according t o  (11) and (14), t h a t  f o r  a point M2 
on the l i n e  of transformation ( 2 )  and along the scale of A: 

The v e r t i c a l  distance p 2 9  represents the t o t a l  energy l o s s  
(posi t ive)  I I ~ , ~  from 1 t o  2; 

The v e r t i c a l  distance Qp2 represents the change i n  kinet ic  

energy awl,, = $(~22 - vi') from 1 t o  2. 
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The tangent t o  the l i n e  of transformation ( 2 )  has the angular 
coeff ic ient  

Let us examine the case of expansion nozzles and t h a t  of compres- 
sion nozzles, considering only the pa r t s  of the flow without shock wave, 
so as t o  preserve the va l id i ty  of the flow equations (11). 

However, it should be noted t h a t  i n  both cases the entropy S 
always increases by crossing along the f l o w ,  since TdS = d f &  
(essent ia l ly  posi t ive) ;  the l i n e  of transformation ( 2 )  i s  therefore 
always passed i n  the  sense of increasing entropy. 

(a) Expansion nozzles.- By def in i t ion  dp is, i n  t h i s  case, always 

S tar t ing  from a point Mi without speed, AW = v2 - c a n o n l y b e  

posi t ive a t  the point M2 of the  pressure pg below p1 and, con- 
sequently, the point M2 on the isobar p2 can only be s i tua ted  
between the points 4 and Bg, and the l i n e  . ( 2 )  must f a l l  within the 
curvil inear t r iangle  4M1B2 without having any v e r t i c a l  tangent. 

negative. 
2 

2 

If the speed always tends toward increasing, the curve ( 2  ) decreases 
from l e f t  t o  r igh t  and vice versa (as seen from the r e l a t ion  VdV = -CdT). 

The shape. of the curve ( 2 )  i s  l a rge ly  dependent upon the form of the 
coeff ic ient  q i n  the expression of dfQf, tha t  is, the importance of 
the e f f ec t s  of viscosi ty  and f r i c t i o n  i n  each section of the r e a l  flow, 
e f f ec t s  which a re  summarily represented by the retarding e f f ec t  acting 
on the f i c t i t i o u s  f lu id .  

Therefore, an increase i n  speed requires an expansion, but the 
reciprocal i s  not t rue ,  t h a t  is, the acceleration i n  an expansion nozzle 
i s  not necessarily always posit ive;  in part icular ,  the f l u i d  may, 
without ceasing t o  expand, undergo a deceleration. 

(b)  Compression nozzles.- By def ini t ion,  dp is ,  i n  t h i s  case, 
invariably posit ive.  

dp i s  essent ia l ly  posit ive,  dT is  Hence, since, dS = C - - R - dT 
T P 

necessarily posi t ive and dV negative. 

P 

I ,  I ,  I I I,,, ,111. I I, I I I I , ,, , ,,, .I I, ., ,. ,,......-. .,- ... .-_. .... 
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The l i n e  of transformation ( 2 )  always ascends from l e f t  t o  right 
and presents nei ther  v e r t i c a l  nor horizontal  tangent, as exemplified by 
the  curve M1M3 i n  f igure 51. 

So the  compression nozzle always produces a deceleration of the 
flow, but t he  reciprocal  i s  not t rue,  as seen from the r ise f o r  the 
expansion nozzle. It being understood that the compression nozzle 
functions only from an i n i t i a l  s t a t e  Mi of the stream a t  speed other 
than zero and only up t o  the pressure fo r  which t h i s  i n i t i a l  k ine t ic  
energy i s  canceled, t h a t  is ,  up t o  a 

LTf Cdt 

1 

Star t ing  from a s t a t e  without speed, 
by the expansion. 

f i n a l  temperature Tf such that 

(15) 
- -  V12 
- 2  

the flow i s  thus simply readied 

The foregoing r e s u l t s  a r i s e  pr incipal ly  from the assumed existence 
of the f i c t i t i o u s  retarding act ion 7 or  the w a l l  f r i c t i o n .  

When t h i s  f r i c t i o n  disappears, the transformation of the f l u i d  is  
adiabatic and reversible ,  hence defined by 

dP TdS = CdT - RT - = 0 
P 

and represented by the v e r t i c a l  i n  point 
sion w i l l  therefore be rigorously synonyms of acceleration and 
deceleration of the flow. 

6. Nonadiabatic nozzles. 

M1. Fkpansion and compres- 

In  the foregoing, the exchange of heat across the sections of the 
flow (d ' g i  = 0) as well as between the nozzles and the outside 
atmosphere 0 had been assumed zero. 

These assumptions a re  generally admitted and appear adequate f o r  
the majority of problems on gas nozzles with su f f i c i en t ly  high speed. 

Nevertheless, there  itre problems f o r  which these assumptions must 
be modified, such as when the nozzle i s  systematically subjected t o  
cooling or  heating from the outside. 

In cases of that kind it i s  expedient, while conserving, i f  
necessary, the assumption- a'& = 0, t o  put 
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d'C& 
outside . 

represents  t he  quantity of heat  supplied t o  the  nozzle from the  

The equations of flow then read: 

4 2  CdT - adp = D V dx + d'Qe 

the  energy l o s s  becomes 

UY = mu 

PO = RT 

O < T, if d 'B,  - i s  negative and vice versa. 

The expansion nozzles a re  again c l a s s i f i ed  as heated nozzles and 
cooled nozzles. The term d 'ae  i s  readi ly  allowed f o r  when representing 
on the  M o l l i e r  diagram the  quant i t ies  AW and I1 which compensate the  
var ia t ion  A(A - OS) i n  the energy balance of the  flow. 

7. A frequently u t i l i z e d  approximation. 

The complete approximate theory of  nozzles requires  the  knowledge 
of the  f i c t i t i o u s  re ta rd ing  action, t h a t  is, the  coef f ic ien t  7 which 
characterizes it as function of  the  cha rac t e r i s t i c s  of the  f i c t i t i o u s  
stream (p, u, T, V, cu) and of t h e  state of the  wall i n  that par t icu lar  
sect  ion. 

For compressible f l u i d s  o r  gases, the  theory i s  s t i l l  incomplete 
on t h i s  point.  

A t  times t h i s  d i f f i c u l t y  can be avoided by assuming a p r i o r i  a 
cer ta in  l a w  for t he  transformation experienced by the  f lu id ,  a l a w  
ca l led  the polytropic l a w  and of the form 

with n >  1 pun = $e 
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This r e l a t i o n  forms the  supplementary r e l a t ion .  Together with 
the  equations of motion, continuity,  and state, it supplies t he  system 

VdV = 

cuv = 

pa = 

pan = 

of four equations where 
no longer intervene. 

-CdT (equation of motion) 

ma (equation of cont inui ty)  

RT (equation of s t a t e )  

Cte (supplementary r e l a t i o n )  

t he  abscissa x of t h e  pa r t i cu la r  section does 

With p taken as variable,  the  four  unhown functions cr, T, w 
and V of p, can then be determined from the  foregoing system. 

O f  course, t h i s  does not mean the  exact shape of the  nozzle, ( t h a t  
i s ,  t he  area w of each sect ion as function. of abscissa x); the  cor- 
r ec t  length must be defined by experiment. L e t  us examine the  value 
which involves the phenomena of v i scos i ty  and f r i c t i o n  of the r e a l  flow 
f o r  the  exponent n of the  polytropic l a w  of the f i c t i t i o u s  f l u i d  when 
the  nozzle i s  assumed adiabat ic  with respect t o  the  outside medium. 

I f  the  f i c t i t i o u s  flow w a s  revers ible ,  t he  supplementary r e l a t i o n  
becomes 

7 i s  the  r a t i o  of t he  spec i f ic  heat C/c a t  constant pressure and 
constant volume. 

In f a c t ,  the  f i c t i t i o u s  flow i s  i r r eve r s ib l e  and it has been shown 
elsewhere t h a t  dS i s  then invariably posi t ive,  which can be expressed 
by the  condition 

Hence the following conclusions: 

(a) Expansion nozzles.-  The flow i s  continuously accelerated, since,  
by v i r tue  of the  equations (IV) and the exponent 
greater  than unity,  dp and dT are  consis tent ly  negatiYe. 

n being e s sen t i a l ly  
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Moreover, n <  y of necessity and therefore  

l < n < 7  
.. - 

Hence, f o r  a given r a t i o  '* - of expansion, t he  increase i n  k i n e t i c  

energy and t h e  drop i n  temperature are less than i f  the expansion w e r e  P1 
reversible . 

Furthermore 

T2 

1 
- 

n -1 - 

(b)  Compression nozzles.- For these nozzles the flow is consis tent ly  
decelerated and 

p2 

P1 
which causes, f o r  a given r a t i o  of compression -, t he  decrease i n  

k ine t i c  energy and the increase i n  temperature t o  be much greater  than 
if  the expansion w e r e  revers ible .  The formulas (17) are s t i l l  
applicable, but the exponent 7 has then a value grea te r . than  y .  
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APPENDIX I11 

The !Theory of Thrust Augmenters, and Par t icu lar ly  

of G a s  Augmenters 

1. Definit ion of t h rus t  augmenters. 

A t h rus t  augmenter is  a j e t  apparatus consisting of f ixed elements 
i n  form of nozzles and i n  which a primary f l u i d  entrains  another f l u i d  
by t ransfer r ing  par t  of i t s  e f fec t ive  energy t o  it. 

This transmission of energy may have f o r  pr incipal  object t o  
increase e i the r  the pressure of the entrained f l u i d  or i t s  k ine t ic  
energy. The Giffard steam in jec tor  is  an example of a th rus t  aug- 
rnenter of the f i r s t  category, whereas the rocket with thrus t  augmenta- 
t i o n  belongs t o  the second category. 

The s ingle  thrus t  augmenter tube corresponds t o  the diagrammatic 
sketch of f igure 52. The driving f l u i d  m, launched by nozzle A, 
entrains  the f l u i d  m', conveyed by nozzle 3, i n  the par t  of the 
nozzle C ca l led  "mixe r" ,  then i n  the d i f fuser  D (generally divergent).  

The nozzles c8z1 have any desired sect ional  shape. Generally of 
c i rcular  section t o  favor symmetrical flow and f a c i l i t a t e  the machining 
of the walls, they occasionally present a rectangular section giving 
jets i n  waves. 

By multiplying the inflow nozzles of the f lu id ,  as indicated i n  
f igure 53, a multiple th rus t  augmenter i s  obtained. The purpose of 
t h i s  arrangement i s  t o  favor the progressive entrainment of the passive 
f l u i d  by the act ive f l u i d  by increasing the areas of mutual contact of 
the f l u i d  j e t s  actuated a t  d i f fe ren t  speeds. For the same reason, the 
j e t  of the driving f l u i d  is, theoret ical ly ,  cen t r ic  and not outside, 
but it m a y  also be given an annular section i n  cer ta in  applications so 
as  t o  render i t s  external  and in te rna l  surfaces act ive simultaneously. 

2. Approximate theory of augmenters. 

A s  t o  the f l o w  i n  the i n l e t  and discharge nozzles, the oldinary 
concepts of the  nozzle theory developed i n  the preceding appendix can 
be assumed. But it should a l so  be noted t h a t  the l a t t e r  are  not 
applicable t o  the  discharge nozzle or  d i f fuser  i f  the flow i n  l a t t e r  
i s  comparable t o  a homogeneous f l u i d  mixture. 
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To avoid any d i f f i c u l t y  i n  t h i s  respect,  it i s  advisable t o  
r e s t r i c t ,  by def ini t ion,  the pa r t  of the  th rus t  augmenter cal led 
"mixe r" ,  on the upstream side t o  the straight section27, t o  the point 
of incipient  contact of t he  driving f l u i d  w i t h  t he  entrained f l u i d  on 
the downstream side t o  the s t r a igh t  section s t a r t i n g  a t  the point where 
the temperature and the speed can be compared t o  uniform quant i t ies  i n  
every s t r a igh t  section of flow. 

A s  t o  t he  functioning of the thus defined m i x e r ,  two pr inc ipa l  
conceptions can be visualized: 

The driving f l u i d  and the  entrained f l u i d  are regarded as forming 
two d i s t i n c t  flows, t h a t  is, do not m i x ,  and f r i c t ion ,  viscosity,  and 
exchange of heat prevai l  at  the surface of contact or  e l se  the t w o  
f l u ids  are  considered as intermingling, with f r i c t ion ,  viscosi ty  
( in te rna l  by contact 'and diffusion) ,  and exchange of heat introduced 
i n  such a way as to. produce a homogeneous m i x t u r e  act ing a s  a single 
f l u i d  downstream from the mixer. 

The f i r s t  concept, t h a t  is ,  t h a t  of augmenters with individual 
flows can be developed i n  a theory, but it is  not applicable t o  devices 
with rapid and turbulent j e t s  where the mixture of the j e t s  i s  manifest, 
experimentally. 
from +\e a rb i t ra ry  assumption t h a t  the speed and temperature i n  a cer- 
t a i n  sL,:tion which limits, by def ini t ion,  the mixer downstream are  
simultaneously equal i n  the two flows. Lastly, even i f  t h i s  objection 
did not ex is t ,  the flow i n  the diffuser  would not be formed, a p r io r i ,  
i n  the same manner f o r  the contiguous flows and w i l l  give r i s e  t o  con- 
t a c t  e f f ec t s  similar t o  those produced i n  the mixer. 

Moreover, it ra i se s  cer ta in  d i f f i c u l t i e s  resu l t ing  

The second concept, t h a t  is, that of t h rus t  augmenters with flows 
ef fec t ive ly  mixed i n  the mixer i t s e l f ,  responds much be t t e r  t o  r e a l i t y .  
It has been u t i l i zed ,  par t icu lar ly  by Rateau (Theory of Augmenters by 
the author, published i n  the Revue de Mecanique, 1900, Paris; see also:  
Cours de Machines, taught a t  the.Ecole Nationale Superieure des Mines 
by E.  Jouguet) i n  h i s  c l a s s i ca l  study, and which i s  adopted i n  the 
present study, r e s t r i c t ed  t o  the single thrus t  augmenter. 

3. Assumptions on the functioning of the  mixer: 

According t o  the  concept t o  be adopted, t he  motions of the  r e a l  
f l u i d s  cannot be reduced t o  those of f i c t i t i o u s  f lu ids  devoid of 

27The single nozzle i s  involved here ,  For multiple nozzles, the 
sections of incipient  contact of flows serve as entrance sections i n  
the mixer un i t .  
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viscos i ty  because in t e rna l  and contact v i scos i ty  play an essen t i a l  p a r t  
i n  making t h e  ve loc i t i e s  uniform i n  the  m i x e r .  

The ef fec ted  s implif icat ion i s  l imi ted  t o  the  real functioning, f o r  
t he  formulation of the approximate theory i n  mind. 

It i s  assumed t h a t :  

(a) The v i scos i ty  exe r t s  no appreciable e f f ec t  i n  the  inlet and 
discharge sect ions of t he  mixer. 

(b )  Speed and temperature are uniform i n  t h e  two sections of en t ry  
and i n  the common discharge section. 

( c )  The f l u i d  mixture leaving the  mixer i s  homogeneous. 

(d) The regime of functioning i s  steady. 

( e )  The mixer i s  adiabat ic ,  t h a t  i s ,  t r ans fe r s  no heat t o  the  
out side.  

( f )  The revers ib le  pressure t h a t  e x i s t s  a t  every point of the  
f l u i d s  contained i n  t h e  mixer i s  constant. 

The las t  assumption meri ts  some comment- 

On the  one hand, it i s  evidently approximative and en t i r e ly  
j u s t i f i e d  by the  s implif icat ions which it e f f e c t s  on the theory. 

It affords,  a t  least, a summary and simple study of the  functioning. 

On the  other  hand, t h i s  pressure i n  the  mixer i s  i den t i ca l  with 
the  ac tua l  pressure ex i s t ing  according t o  (a)  at  the i n l e t  and ou t l e t  
of the  mixer. A t  t he  lateral  surface of the  mixer, t h a t  is, against  
the  w a l l ,  it represents  t h e  normal force exerted by the f l u i d  against  
the  sa id  w a l l .  But, as concerns the tangent ia l  force along t h i s  w a l l ,  
it cannot be supposed t h a t  it i s  everywhere zero, since f r i c t i o n  and 
contact v i scos i ty  of t he  f l u i d  which give r i s e  t o  tangent ia l  forces  a re  
not, a p r i o r i ,  negl igible  and it i s  not ce r t a in  t h a t  the  speed of the  
f l u i d  along the  w a l l  i s  everywhere negligible,  hence, t h a t  the  boundary 
layer  adheres . 

It should be noted t h a t  the previously enumerated assumptions are 
de f in i t e ly  not incompatible. 

That the  v iscos i ty  may have an ind i f fe ren t  e f f ec t  i n  the extreme 
sections i s  a common assumption f o r  regular flows t o  which those 
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entering and leaving the m i x e r  a re  compared. That the f i n a l  mixture 
i s  homogeneous, t h a t  is, the elements of the f l u i d  mixtures are d i s -  
t r ibu ted  a t  each point with the same temperature f o r  two contiguous 
elements and under uniform pressure with respect t o  ident ical  masses 
and volumes, i s  a physically plausible assumption. 

That the ve loc i t ies  and temperatures are uniform i n  the two i n l e t  
sections and i n  the common ou t l e t  section i s  a simplified representa- 
t i o n  of the r e a l  problem. which simply consists i n  defining these 
ve loc i t ies  and temperatures by t h e i r  mean values f o r  the corresponding 
volumes and assuming t h a t  the  mean difference i n  velocity with respect 
t o  the above mentioned average i s  small or,  i n  other words, t ha t  the 
veloci ty  i s  sensibly uniform i n  the extreme sections so tha t  the average 
of the thus defined ve loc i t ies  can be used t o  express the average 
k ine t ic  energy. 

Lastly, that the (reversible)  pressure of the f l u i d s  contained i n  
the mixer i s  uniform, tha t  is, constant i n  the en t i r e  mass, i s  the sole 
assumption which par t icu lar izes  the  functioning a t  the inside of the 
mixer. Without conceding that it could give r i s e  t o  cer ta in  reserva- 
t ions,  it i s  admitted here f o r  the purpose of simplifying the problem, 
a s  already adopted by various authors, and par t icu lar ly  by Rateau. 

4. Equations of functioning of the mixer. 

The corresponding quant i t ies  of the entrained f l u i d  are  accented 
t o  dis t inguish them from those of the actuating f lu id ,  subscripts 1 
and 2 r e fe r  t o  the sections a t  entry and e x i t .  

The volumes by mass of the actuating and the entrained f l u i d  are  
denoted by m and m ' ,  the corresponding p a r t i a l  i n l e t  and out le t  
sections by 03 and (1)' ( the  extreme t o t a l  sections are  a1 = 9 + q' 
and R 2  = 9 + 9'). 

Considering gas augmenters only, it i s  assumed t h a t  the gases obey 
the l a w s  of perfect  gases i n  the  reversible transportations.  

, 
The sole object of the equations t o  be formulated i s  t o  l i n k  the 

conditions (sections,  volumes, speeds, and s t a t e s  of both f l u i d s )  a t  
the mixer ou t l e t  t o  the corresponding conditions a t  the mixer i n l e t .  

A s  i n  all problems of the mechanics of compressible f lu ids ,  hydro- 
dynamics supplies the equations of motion (reduced t o  only one since 
it concerns, i n  the extreme sections, flows at speeds pa ra l l e l  t o  a 
specified direction, t h a t  of the axis of flow), and the equations of 
continuity f o r  the two f l u i d s  supplemented by the equation of s t a t e  of 
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these f l u i d s  and a supplementary r e l a t i o n  which involves thermodynamics 
and which expresses the nature of t he  transformation undergone by the 
f l u i d s  i n  the  mixer. 

The equations of continuity 

mal = q w 1  

ma2 = 9 w 2  

since, by assumptions, w2' = w2 - 
The equations of  state read 

are expressed by the r e l a t ions  

mlo l '  = cq.'w,-' 

m1u2 '  = 9' w2 

p1u1' = R'Tlf  

pla2' = R'T2 

where R and R '  denote constants, since, by assumption 

To obtain the  over-al l  r e l a t i o n  corresponding t o  the  equations of 
motion, the  momentum theorem which serves t o  e s t ab l i sh  the  equations of 
hydrodynamics can be applied t o  the  f l u i d s  contained i n  the  mixer. 
Projected on the axis of the  mixer and with 
of the  resu l tan t  forces  (opposite t o  the d i rec t ion  of flow), the  
tangent ia l  forces  exerted by the w a l l  of the  mixer on the  adjacent 
f l u i d  are 

F t  as the  absolute value 

(m + m')wg - mwl - pl'wl' = -Ft 

o r  

j denoting a posi t ive number which expresses the e f f ec t  of these tan- 
gent ia l  stresses as w i l l  be explained l a t e r .  

The last  r e l a t ion  i s  obtained by indicat ing tha t  the  functioning 
of the mixer i s  adiabat ic  with respect t o  the  outside.  
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. 

The appl icat ion of the Carnot-Clausius pr inc ip le  i n  un i t  time t o  
t h e  d e r  and t o  the mixing f l u i d s  gives 

the sum C being extended t o  the corresponding volumes m and m '  , 
and ACi denoting the  t o t a l  and e s sen t i a l ly  negative energy of the  
e f f ec t s  of v i scos i ty  and f r i c t i o n ,  i n  u n i t  time in t e rna l  as w e l l  as by 
contact between fluids or with the  w a l l ,  introduced i n  the  m i x e r .  

F,or the gases under consideration 

TdS = CdT - adp 

and, by v i r tue  of the assumption of constancy of pressure i n  the  e n t i r e  
mixer (p p l ) ,  TdS = CdT or with A denoting the  t o t a l  heat,  t h a t  is, 
the  function defined for perfect  gases by dA = d(U + pcr) = CdT 

TdS = dn 

Finally,  the supplementary r e l a t i o n  reads 

r e f e r s  t o  the  same temperature (T2) a s  %. 
The equatiion of motion can be obtained i n  a d i f f e ren t  form than ( 3 )  

by applying the  pr inc ip le  of the conservation of energy t o  the  mixer and 
t o  the f l u i d s  contained i n  it. With the  adiabat ic  capacity i n  respect 
t o  the outside taken in to  consideration 

which, w i t h  (4) allowed for,  gives 

2 
m- W12 + m ' y -  w1'2 (m + m')- w2 = -ACi 2 2 

The term -E-i (ACT = t o t a l  energy of i n t e rna l  e f f e c t s  of f r i c t i o n  
and of v iscos i ty)  being e s sen t i a l ly  posi t ive l i k e  each of the terms of 
t h e  first member of ( 6 ) ,  it i s  apparent t h a t  t h i s  term is ,  a t  best ,  
equal t o  t h e  in i t ia l  t o t a l  energy of the  f l u i d  masses discharged through 
the  m i x e r .  
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(7) 

the  factor  k (which depends on the operational conditions and 
especial ly  on m, m ' ,  w1, and 
a t  the most. 

wit) being posi t ive and equal t o  uni ty  

The convention (7)  i s  used t o  write the equation of motion i n  the  
form 

(m + = (1 - k ) b 1 2  + r n ' w 1 ' q  
L -I 

This form should be equivalent t o  equation (3 )  obtained by 
u t i l i z i n g  the momentum theorem and t h i s  i s  u t i l i z e d  t o  l i n k  the f ac to r  
j of equation (3 )  with the f ac to r  k defined by ( 7 ) .  

Theref ore 

m m ' ( w 1  - w1')2 
1 - j =/(l - k ) E  + (mwl  + m ' w l t )  2 1 ( 9 )  

This r e l a t i o n  shows t h a t  j i s  r e l a t e d  t o  k by a r a the r  complex 
expression and indicates  the e f f e c t  of the Carnot-Clausius pr inciple  on 
the value of j. 

. 

According t o  t h i s  pr inciple ,  k ranges between zero and uni ty  and 
cancels out only i n  the specif ic  case where the actuating and the 
entrained f l u i d s  a re  iden t i ca l  and enter the mixer a t  the same speed 
and i n  the same s t a t e .  In  t h i s  event, wl' = w 1  and j i s  zero l i k e  k .  

In  the l imit ing case where k = 1, j i s  a lso equal t o  unity.  

Thus j and k introduced i n  the equation of motion i n  form of 
( 3 )  or (8) range between zero and uni ty  and are simultaneously equal t o  
one another within these limits. Moreover, they are connected through 
the equality ( 9 ) .  

This remark o f f e r s  an occasion t o  emphasize t h a t ,  f o r  the assump- 
t i o n s  of t h i s  theory t o  be r e a l l y  compatible as affirmed previously, it 
is  essent ia l  t o  admit the  existence of a resu l tan t  of tangent ia l  
s t r e s ses  other than zero i n  contact with the w a l l  and the f l u i d .  
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I n  the case of incompressible f lu ids ,  t he  equations of state are 
re du ce d t o  

. ~, * . . . . .  u = constant = a l .  

u t  = constant = u1' 

while the equation of motion ( 3 )  i s  s t i l l  applicable. 

Qaantity k can s t i l l  be defined by ( 7 ) ,  since AC_i always 
represects t he  work of the in t e rna l  actions of f r i c t i o n  and viscosi ty  
defined by the usual method of r a t i o n a l  hydrodynamics. 

Equation (9) i s  a l so  s t i l l  applicable. It expresses the equation 
of motion ( 3 )  i n  a d i f f e ren t  form and i s  derived d i r e c t  from the k ine t ic  
energy equation. 

Therefore j and k a re  s t i l l  connected by equation ( 3 ) .  

I n  t h i s  case, it should be noted, equations ( 3 ) ,  ( 8 ) ,  and (9) a re  
independent of any assumption regarding the exchange of heat; the trans- 
formation may be isothermal as well as adiabat ic .  A n  assumption of t h i s  
kind i s  necessary only f o r  determining the temperature changes of the 
f l u i d s  produced i n  the mixer, which may exert  a ce r t a in  influence on the 
value of the coeff ic ient  of viscosi ty  and so, on the energy A c i  t o  
which the factor  k, which f igures  i n  (8) and ( g ) ,  corresponds. 

I t  will be recal led tha t ,  i n  h i s  theory of  t h rus t  augmenters i n  
incompressible f l u i d s ,  Rateau confined himself t o  studying the form ( 3 )  
OP the equation of motion by giving a p r io r i ,  t o  (1 - j )  a c e r t a i i  v._t:.ue 
below unity and considered (m, m ' ,  w1 ,  w l ' )  as nearly independent of the 
conditions of functioning of the mixer, a t  l e a s t  within a cer ta in  range 
of these variables.  

3 .  Energy losses  i n  the mixer. 

The mixer and the f l u i d s  contained i n  it being considered as a 
system i n  monothermal transformation ( i n  contact with the atmosphere 
at temperature o ), the energy l o s s  11, i n  the mixer i n  un i t  t i m e  i s  
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according t o  the  Carnot-Clausius principle,  and with the adiabat ic  
process of t he  system with respect t o  the  outside being allowed for; 
it can be writ ten as 

I I 

The significance of the different  terms i n  t h i s  expression i s  
readi ly  apparent. I n  the  mixer t he  actuating f l u i d  transfers heat 
i r revers ib ly  and a t  constant pressure t o  the entrained f l u i d .  It i s  
cooled between T 1  and T2, while the l a t t e r  i s  heated between T1'  
and T2 and t h i s  transfer and the  heat absorption induce, with respect 
t o  the source 0, a loss  which can be avoided by introducing Carnot 
cycles between the f l u i d s  and the source 
t i o n  of e f fec t ive  energy, the algebraic value of which i s  represented 
by the f i r s t  two terms of (10) and the sum of which i s  always posi t ive.  

0, which afford the  rea l iza-  

Furthermore, the entrained f l u i d  receives, according t o  ( 5 )  and (6) 
and the essent ia l ly  negative sign of Ni, more heat than it t ransfers  
t o  the driving f l u i d ,  the difference representing the decrease i n  t o t a l  
kinet ic  energy, which const i tutes  the second par t ,  likewise always 
posit ive,  of t he  energy loss  represented by the two las t  terms of (10) .  

6. Equations of functioning of the complete th rus t  augnenter. 

It i s  expedient t o  add t o  equations (l), ( 2 ) ,  ( T ) ,  and (8) (o r  i n  
place of ( 8 ) ,  ( 3 )  and ( 9 ) )  established f o r  the mixer, the equations of 
functioning of the inlet  nozzles and of the diffuser .  

The equations of the usual nozzles theory a re  taken i n  t h e i r  over- 
all form corresponding t o  the whole of each nozzle. 
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Subscripts i and f r e fe r  t o  the extreme sections of the com- 
p l e t e  t h rus t  augmenter; the quant i t ies  of t he  entrained f l u i d s  are 
distinguished by accents. 

The inlet  nozzles operate between p i  (or  p i ' )  and p i ,  the  
diffuser  between p2 and pf. 

For simplification, it i s  assumed that the  expansions and compres- 
sions of the f l u i d  i n  the adiabatic nozzles are achieved by a polytropic 
l a w  of the form 

p S  = c te  

the coeff ic ient  n ranging between 1 and 7 C/c f o r  expansion, 
higher than 7 f o r  compression. 

Theoretically, n var ies  in a cer ta in  way with p depending upon 
nozzle and f lu id ,  bu t  t o  simplify matters it i s  assumed t h a t  f o r  a 
nozzle with respect t o  t o t a l  expansion o r  compression, n can be given 
a constant value when the r a t i o  of the extreme pressures i s  modified a 
l i t t l e .  

In these conditions, the equations of functioning f o r  each nozzle, 
between the extreme sections with subscripts q and r, assume the form 

WV 
m = (y)q = /e\ i o  (cont inui ty)  

pquqn = prurn (supplementary r e l a t ion  

and these re la t ions  can be u t i l i z e d  separately f o r  the two i n  
nozzles and f o r  the diffuser .  

e t  

The problem of the thrus t  augmenter i s  put a s  follows: 

Given: 

the volume m and m '  

the i n i t i a l  s t a t e  of the f lu ids :  pi, Ti (and ui) p i ' ,  Ti' 
(and a i ' )  

the i n i t i a l  speeds: W i ,  W i '  



200 NACA TI4 1259 

Find, when pf 
expelled m i x t u r e ,  i t s  speed wf as well as the charac te r i s t ic  sections 
of the  mixer. 

i s  known, the  f i n a l  s t a t e  Tf (and uf, uf') of the  

It i s  e a s i l y  seen that the problem, as put, contains only one 

j 
a rb i t r a ry  quantity, namely, the pressure 
values can be given t o  
or 

p1 
n (exponent of the  polytropic l a w s )  and 

i n  the  mixer, if su i tab le  

k ( e f f ec t s  of v i scos i ty  and f r i c t i o n  i n  the mixer). 

In  the following the equations of the gas augmenters are  repeated 
with p and T expressed a s  variables of the s t a t e  of the f lu id ,  the 
specif ic  volume 
of s t a t e  pa = RT of perfect  gases. 

u being re la ted  t o  these var iables  by the equation 

The equations defining the s t a t e s  and ve loc i t i e s  are 

L I 

nozzles 4 n-1 

I n '  -1 
n '  - T1 ' = ($) 

Ti ' 
\ 

/ I-- 

L 
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Diffuser 
( I N  

E -  
In  these equations nd i s  the  polytropic exponent with respect 

'GO the  transformation experienced by the  homogeneous mixture c i r cu la t ing  
i n  the d i f fuser  f o r  which 

mC + m ' C '  
m + m '  cd = 

and 

L <  n d <  7 a t  expansion d 

y d <  nd at  compression i n  the  d i f fuser  

The equations defining the  spec i f ic  volumes i n  the  extreme sections 
of the d i f f e ren t  p a r t s  of t he  th rus t  augmenter are 
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Lastly,  t h e  equations defining the  p a r t i a l  sect ions 0) o r  the  
t o t a l  sect ions S l  are 

Wf wf = m -  w2 u 2 = m -  
u2 uf 

R 2 = u  + o ) '  2 2  

n = o )  + u '  
f f f  i 

It i s  r ead i ly  seen from these 24 equations containing 23 d i f f e ren t  
quant i t ies  (R, R ' ,  Rd, n, n ' ,  nd, 7, 7', 7d, and 
known) t h a t  a l l  the unknowns can be determined when the  nine quant i t ies  
m, m ' ,  pi, p i ' ,  Ti, Ti ' ,  wi, w i t ,  and pf 
sure p1 i n  the  mixer i s  regarded as an a r b i t r a r y  quant i ty  as function 
of which the unknowns are expressed. 

k being assumed 

are given, and the pres- 

7. Energy ef f ic iency  of the  th rus t  augmenter. 

The energy ef f ic iency  of the  augmenter, s t r i c t l y  speaking, i s  
defined by the  r a t i o  of e f fec t ive  energy of the  mixture delivered a t  
the ou t l e t  t o  the e f f ec t ive  energy o f  the introduced f l u i d s .  The 
difference between these two terms represents the energy l o s s  
(11, + I& + 11,) produced i n  the  three p a r t s  of the th rus t  augmenter 
i n  un i t  time. 
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Considering on ly  compressible f lu ids ,  t h e i r  useful energy must be 
defined, i n  a cer ta in  s t a t e  and per un i t  m a s s ,  by the difference of the  
values of the  function 

i n  the pa r t i cu la r  s t a t e  and i n  a reference s t a t e  f o r  which, by def in i -  
t ion,  the e f fec t ive  energy i s  regarded as zero. 

For an augmenter operating i n  the atmosphere, a f l u i d  must be 
considered as being devoid of useful energy when it i s  at temperature 0 
and atmospheric pressure pa without speed (w = 0).  

Therefore 

a r e l a t ion  which links the a rb i t ra ry  constants i n  the general expres- 
sion of t he  t o t a l  heat A and of the entropy s. 

The ef fec t ive  energy r i s  then 

The energy eff ic iency of the complete thrus t  augmenter i s  

and the energy losses  corresponding t o  the three sections ( a l l  three 
adiabat ic)  a r e  
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The values of t he  temperature, pressure, and entropy can be 
obtained by solving the  equations (I) and (11) of the preceding =ti- 
cle  6. This, i n  turn,  i s  used t o  determine the eff ic iency and the 
energy losses  i n  the  th rus t  augmenter by the formulas (l3), (14), and 
(15) i n  each pa r t i cu la r  case. 

8. Special study of j e t  and gas thrus t  augmenters. 

Only the s t a t e s ,  speeds, efficiency, and losses  of the system are  
considered. 

The j e t  and gas th rus t  augmenter i s  a nozzle i n  which a volume m 
of actuating gas, s t a r t i n g  without speed a t  a s t a t e  (p 
sponding, i n  general, t o  the end of a combustion, i s  u t i l i z e d  t o  induce 
the entrainment of a ee r t a in  volume of air 
phere in  the conditions pa, 0 and with a cer ta in  speed V, and t o  
evacuate the mixture (m + m ' )  a t  pressure pa and temperature 'l?~ 
into the atmosphere with a discharge veloci ty  

Tc)  corre- c ? 
m', taken from the atmos- 

WE. 

This par t icu lar  category of j e t  apparatus i n  compressible f l u i d s  
i s  t i e d  t o  the general theory by 

- I -  - P i  - Pc P i  - Pa Pf - Pa 

T = T  f E  Ti = T Ti '  = 0 
C 

The general equations are  simplified by making the r a t i o s  
nondimensional. 

A l l  the pressures a re  referred t o  pa, all temperatures t o  Tc, 
and all speeds t o  V, and the following table  of notations i s  adopted. 

Not a t  ion : 
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For s implif icat ion C and C' (and hence y and y ' )  are  
regarded as constant quant i t ies  f o r  the  actuat ing and the entrained 
gases i n  question. 

In these.conditions,  the equations of functioning ( c f .  equations 
(I) and (II), a r t i c l e  6) of t he  nozzles, of t he  mixer, and of t he  
diffuser  are ,  after simple reductions 

To simplify, take 

It should be understood tha t ,  in all the  formulas presented i n  
t h i s  study, the quant i t ies  of heat and energy are  assumed t o  be expressed 
with the same u n i t ' o f  energy. The r a t i o  A is, therefore, a pure 
number. 

' 
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Equations (16) t o  ( 2 3 )  a re  used t o  resolve the problem of the  j e t  
th rus t  augmenter such as visualized, t h a t  is, when 

a' - 
a 
- -  0 ;  T~ = e 0 ;  

C Pa; - Pc - AcPa; P1 = LIPa; v 

are  given, and the  coef f ic ien ts  or  exponents A, 7, h, ha, s, s ' ,  Sd, 
the eight equations above are used t o  determine the  eight  .unknown 
quant i t ies  cpl, 'p1', el, el1, cp2, G2, 'pE, and @E which characterize 

the speeds and the  states of the f l u i d s  at the  pr incipal  points  of 
the system. 

The fac tor  k i s  t o  be regarded as an assumedly known function of 
the nature of the f l u i d s  and the  canditions (ql, 'plf ,  el, e,') a t  

mixer entrance. 

9. Energy eff ic iency of the j e t  and gas thrus t  augmenter. 

The def in i t ion  g iven . in  a r t i c l e  7 i s  applied. 

The energy eff ic iency pen of the thrus t  augmenter i s  

This r e l a t ion  permits, when % and 4>E a re  computed by the method 
indicated i n  the preceding a r t i c l e ,  the calculat ion of the  eff ic iency 
of the thrus t  augmenter and the evaluation of the possible e f f ec t  of a 
specified var ia t ion  i n  the operational conditions on t h i s  efficiency. 

The two es sen t i a l  operating charac te r i s t ics  are,  f o r  specified 
f lu ids  and given 8, and Xq, the  r a t i o  p = m'/m of the volumes of 
the driving and the  entrained f lu ids ,  and the pressure i n  
the mixer. It i s  a comparatively simple'matter t o  analyze the influence 
of the operational conditions p and X1 i n  the simple case where the 
two f lu ids  have sensibly constant and equal specif ic  heats.  Such i s  
the case 1.n f i rs t  approximation of a i r  and (burnt)  gases a r i s ing  from 
the combustion of l i qu id  f u e l  with a suff ic ient  excess of air. 

p1 = Alpa 



In that event, r = h = 
considerably simplified. 

= 1 and equations (16) to (24) are 

This simplification was utilized in the present report for the 
summarry study of the operation of rockets with thrust augmenter tubes. 

Translated by J. Vanier 
National Advisory Committee 
for Aeronautics 
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