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We present  a theoret ical  analysis  of the problem of the acce lera t ion  of a body of revolution 
by means of a reac t ive  gas jet with energy supplied f rom an external source .  Heating of 
the gases  flowing out through a nozzle in the tail port ion of the body can be accomplished 
with a l a se r  beam. The reac t ive  thrus t  has been calculated in a one-dimensional  approxi-  
mation. 

1. We consider  the problem concerning the motion in a gas or  in a vacuum of a body M of mass  m 0 
for the case in which the motion of M is due to an external energy source  or  to an internal energy source  
with a mass  negligible in compar ison with m 0. For  definiteness we assume that the body has a cyl indr ical  
shape and is bounded at the one end by a flat c i rcu la r  face or  by a cone with a small  spher ical ly  blunt end 
(the head portion), and at the other  end (the tail portion) it is assumed that the body has an indentation in 
the shape of a surface  of revolution. 

Choosing the head port ion of the body to have a flat end shape furnishes an example of a poorly  
s t reamlined body, while the choice of a blunted cone helps to diminish the aerodynamic  res i s t ance  which 
the body encounters in the a i r  at high speeds [1]. A reac t ive  jet  is produced in the tail port ion of the body 
and the shape of the indentation there  must  then accommodate  the l a rge r  thrust  obtained. 

At an initial instant t = 0 let energy E0(t) by supplied to the tail indentation (nozzle). This energy can 
be supplied, for example, by a l a se r  beam, the focussing of an electron beam, radio band electromagnet ic  
waves,  and by other  means.  The resul tant  heating of the gases  entering the nozzle or  the vaporizat ion of 
the nozzle walls gives r i se  to a nonstat ionary flow. The heated gas or  the vaporizat ion products  f rom the 
wal ls  of the tail chamber  expands and flows out into the surrounding space.  The resul t ing react ion force 
then sets  the body into motion. 

2. We consider  approximate methods for calculating the accelerat ion,  thrust ,  and specific impulse 
which a r i se  for two basic models of the p rocesses  occurr ing  in the tail nozzle.  

Model 1. M moves under the action of react ive  forces  ar is ing during the heating and expansion of 
the gases  entering the tail nozzle f rom the forward and middle port ions of the body. 

Model 2. M moves as the resul t  of the react ive  forces  which a r i se  as the vaporizat ion products  
f rom the nozzle walls flow out. 

According to Newton's second law 

dU 
m - -  = F ~ ,  ( 1 )  

dt 

where U is the velocity of the body M, m is its mass  at t ime t, and F e represen t s  the resul tant  external 
forces  acting on the body M. 

Taking the motion of the body ver t ica l ly  upwards with respec t  to the ea r th ' s  surface,  we assume that 
Fe is directed ver t ical ly ,  where 
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G e o m e t r i c  p a r a m e t e r s  of the  t a i l  s e c t i o n  of the  
body .  

F.~ = . . . .  mg - -  FD / F r  (2) 

h e r e  FT  i s  t he  t h r u s t ,  i . e . ,  the  r e a c t i v e  f o r c e  a c t i n g  on IV[; FD is  the  a i r  r e s i s t a n c e ;  and  g i s  the  g r a v i t a -  
t i ona l  a c c e l e r a t i o n .  F r o m  g a s  d y n a m i c s  i t  i s  known (see ,  f o r  e x a m p l e ,  [2, 3]) tha t  i f  v 1 i s  the  g a s  v e l o c i t y ,  
a v e r a g e d  o v e r  the  e x t e r i o r  end s e c t i o n  of t he  noz z l e ,  and  Q i s  t he  m a s s  outf low r a t e  of the  g a s e s ,  then  the  
n o z z l e  t h r u s t  FT  i s  g i v e n  by  the  s i m p l e  e x p r e s s i o n  

F~ = Qv~ -~- _XPA 1, (3) 

where AP is the excess pressure at the exterior section of the nozzle; A I is the cross-sectional area of 

the exterior section. 

Using a quasi-one-dimensional approximation for flow in the nozzle, we can write [2, 3] 

Q = .[ pv,~flA ~ P c,:, t} v {.r, ~'p .4 ix), 
A 

w h e r e  A(x) i s  the  c r o s s - s e c t i o n a l  a r e a  of the  n o z z l e  a t  the  d i s t a n c e  x f r o m  i t s  n a r r o w e s t  s e c t i o n ;  p i s  the  
a v e r a g e  gas  d e n s i t y  at  the  s e c t i o n  A; Vn i s  the  n o r m a l  c o m p o n e n t  (on A) of  the  g a s  v e l o c i t y  ( see  F ig .  1). 
The  s p e c i f i c  i m p u l s e  I s p  can  be  de f i ned  as  fo l lows :  

l~ i  ' = .  F ~  (4)  
Qr 

In what follows we neglect, for simplicity, the influence of gravity and the air resistance force FD. Then 

for Q = const, v I = eonst, AP = 0, we obtain from the relations (1)-(3) 

,~U Qv~ (5) 

dt m 

If  t he  n o z z l e  outf low r a t e  t a k e s  p l a c e  a t  the  e x p e n s e  of  a m a s s  l o s s  in  t he  body M, we can  w r i t e  m = m 0 

- -  Qt, and,  in a c c o r d a n c e  with r e l a t i o n  (5), we have  the  known e x p r e s s i o n  (see ,  fo r  e x a m p l e ,  [4 ] )  

U -= v~ In -~-/"- (6) 

(we have  h e r e  t a k e n  in to  accoun t  the  fac t  tha t  U = 0 fo r  t = 0). 

When  v a r i a t i o n  in t he  m a s s  of  the  body M can  be  n e g l e c t e d ,  we have ,  f r o m  equa t ion  (5), the  r e s u l t  

U :  Qv, t. (7) 
/71 o 

3. F o r  f low in t he  n o z z l e  a c c o r d i n g  to  Model  1 we h a v e  the  fo l lowing  two e a s e s :  

a) A con t inuous  s u p p l y  of g a s  goes  on a t  t he  s e c t i o n  A 0 (for e x a m p ! e ,  wi th  the  a i d  of an a i r  in take)  
and a p r e s s u r e  P0 i s  m a i n t a i n e d  a t  the  e x p e n s e  of e x t e r n a l  h e a t i n g .  

b) At  the  s e c t i o n  A 0, t he  l i n e a r  d i m e n s i o n s  of which a r e  n e g l i g i b l y  s m a l l  in c o m p a r i s o n  with  the  
t r a n s v e r s e  s i z e  of the  body  M, a quan t i t y  of e n e r g y  E 0 i s  i n j e c t e d  i n s t a n t a n e o u s l y  a t  t he  t i m e  t = 0 and the  
n o z z l e  i s  f i I l ed  wi th  a q u i e s c e n t  gas  o r  a g a s  in  s t a t i o n a r y  mo t ion .  
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We consider  the problem of determining the nozzle pa r ame te r s  in the case a) when the p r e s s u r e  P0 
is given, the flow is s ta t ionary,  and P0 is close to the value of the re tardat ion p r e s su re .  For  a flow tube 
we have, in accordance  with Bernoulli  's  equation, 

"" ~--1 (8) 

,1, ,0,['  .0,  ] 
where P0 is the density at the section A0; y is the effective exponent of adiabaticity; and Pl is the p r e s s u r e  
at the outer section of the nozzle.  For  the density Pl, assuming adiabaticity, we have 

' -  (9) 

Relations for averaged flows were given in [2] under more  general  assumptions.  

We can assume the p r e s s u r e  Pl at the outer sect ion of the nozzle to be given. If we assign P0 and 
P0 (or the t empera tu re  at the section A 0, where the speed is small),  then we can determine from the equa- 
tions (8) and (9) the outflow speed v i and the density Pl- For  a s ta t ionary flow the energy flow of gas in the 
nozzle must  be equal to the energy supplied by the l ase r  or  by other means.  F rom the integral  energy 
conservat ion law we have the relat ionship 

. . . . . .  (10 )  
l,.j --  l o p  i" a(") Adx J" q(e' Adx, 

xo x,, 

where 

il 
I, :-- ( e v-" P , 2 P ) pv,,dA: 

A 
a(e) and q(e) are ,  respect ively ,  the specific work of the external forces  and the specific external heat in- 
put; I01 and I00 a re  the total heat content flows at the sections A(x 1) and A0, respect ively .  If, for s impli-  

,t 
city, we neglect I00 and a (e), and if we take .} q(e)Adx proport ional  to the c ross - sec t iona l  a rea  of the beam 

xa 
and the intensity of theincident radiation, then, as an est imate  of the energy supplied, we can write 

[ 
Q [ !1 . . . .  1) Pl ..... ) .... 

Here Sb is the beam c ross - sec t iona l  area;  W is the specific flow of energy absorbed by the gas ,  F rom 
this we obtain 

IV :.:: .o,.v, ~7-- l)"h 2 S~ 

I f  we take T = 1.25, S1/S b = 10, Pl ~ 0.1 �9 10 -3 g / c m  3, Pl = 1 atm, v 1 = 3 �9 1 0  5 c m / s e c  (this cor responds  to 
P0 ~ 20 aim, P0 = 10-3 g/cm3), then f rom Eq. (10) we obtain W ~ 5 .10  .6 W / c m  2. Such energy flow densi-  
t ies a re  attainable with p resen t -day  l a se r s  [8]. Since, with losses  taken into account, these power densi-  
ties must  be increased by roughly an order  of magnitude, there  a r i ses  the problem of avoiding a i r  break-  
down along the l a se r  beam path and also the p re l iminary  ionization of the gas in the tail  chamber  to facil i-  
tate breakdown of the gas in the vicinity of the section A 0 and to inc rease  the coefficient of absorption of 
t h e  energy supplied. These problems will not be discussed here .  If we take A 1 = 3 .100  cm 2, then for  
the pa r ame te r  values indicated above we obtain, f rom the relat ions (3) and (4) with a p  = 0, 

Fr ~ 101~ dyn, I~p ~ 3.10 2 sec. 

From relat ion (1) we find that the escape t ime to cosmic  velocity for a body of mass  10 5 g is around 8 sec.  

Case b). When the p rocess  in the nozzle is nonstat ionary,  we must  solve the following problem. At 
the sect ion A 0, at the initial instant, an input of mass  Q(t) and energy E(t) commences .  We shall consider  
a conical nozzle.  The initial density in the nozzle is assumed to be ei ther  constant or  distr ibuted accord-  
ing to the law Pe = n/R.2 (see [6, 7]). As a resul t  of the energy and mass  input to the gas,  a nonstat ionary 
flow commences .  To determine the pa rame te r s  of this flow we need to solve the nonstat ionary gasdynamic 
equations for a one-dimensional  spher ical ly  symmet r i c  flow. 
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We c o n s i d e r  i t s  so lu t ion  only in  the  l i m i t i n g  c a s e  of neg l ig ib ly  s m a l l  m a s s  and an  i n s t a n t a n e o u s  de-  

p o s i t i o n  of e n e r g y  E o a t  the  s e c t i o n  A 0. Le t  Pe = n/1R~, and le t  the cone angle  be s m a l l  so tha t  x ~ 1~, 
whe re  R is  the  r a d i u s  v e c t o r  f r o m  the  po in t  0 (see F ig .  1). If we ne g l e c t  c o u n t e r p r e s s u r e ,  the  p r o b l e m  

ob ta ined  i s  tha t  of a s t r o n g  explos ion ,  the  so lu t ion  fo r  which is  known [2]. 

The  dens i ty  and ve loc i ty  d i s t r i b u t i o n s  behind  the shock wave that  is f o r m e d  a r e  g iven  by the approx i -  

m a t e  e x p r e s s i o n s  (which a r e  exact  for  ~ = 2, T = 5/3) 

�9 2~ R v + l  f r y  {li) 
v -- 7 -'p 1 t ' P - -  7 - - 1  ")~ r. ] ' 

5 = 2 / 5 - - ' J ;  s = 3 / ( T - - 1 )  f o r ' J  = 0 ;  s = l f o r = ~  = 2 ,  T = 5/3;  r .  = (E0/n)5/2tS; a n d E i s  a quant i ty  p r o -  
p o r t i o n a l  to the  e n e r g y  suppl ied .  The  outflow r a t e  Q through the s e c t i o n  A t = A (xt) of r ad ius  r l  can be de -  

t e r m i n e d  a p p r o x i m a t e l y  as  

Q -= ~r~l. (x,, t) ~,(x,, 0 ,  

t ! :~: ::: .v 7 

(12) 

H e r e  the va lues  of p(xl,  t), v(xl,  t) a r e  t aken  f rom the r e l a t i o n s  (11) for  R = x t. 

Tak ing  into account  the r e l a t i o n s  (12), {11), and (3), we can  d e t e r m i n e  the n o n s t a t i o n a r y  t h r u s t  
ac t ing  on the body M. We p r e s e n t  an a p p r o x i m a t e  f o r m u l a  for  the spec i f i c  i m p u l s e :  

28 ~.~ \ P  

I,~ . . . .  l I t g ~ h v  I 

F o r  F. = 100 J,  with x t = 102 cm, we have  t : 0.2 sec ,  T = 1.2 (t* = 0.1 sec) ,  p = n = 10 -3 g / c m  3, Isp 
0 . 3 s e c  (,z = 0 ) ;  a l s o t = 0 . 1 s e c  (t* = 0 . 0 3 s e c ) ,  T = 5/3,  n = l g / c m  3, Isp ~ 1 . 5 s e c  ('J = 2 ) .  

T h e s e  n u m b e r s  show that  to ob ta in  typ ica l  i m p u l s e s  Isp >> 1, we need to take  x I < 102 em or  to supply  
ene rgy  g r e a t e r  than  100 J (in the n u m e r i c a l  data above the ene rgy  E 0 = E / a ,  where  a < 1 in  the case  of 
s m a l l  cone ang le s ,  but  th is  does not i m p r o v e  s u b s t a n t i a l l y  the e s t i m a t e s  for  Isp).  

The  e s t i m a t e s  p r e s e n t e d  above w e r e  ob ta ined  in a q u a s i - s t a t i o n a r y  a p p r o x i m a t i o n .  An exact  account  
of n o n s t a t i o n a r i t y  in  a f o r m u l a  of the type (3) a l so  changes  the quant i ty  Isp somewha t .  

We note  a l so  that  the t i m e - a v e r a g e d  i m p u l s e  wil l  be  somewha t  h ighe r  than the i n s t a n t a n e o u s  i m p u l s e .  

4. Fo r  the Model 2, le t  us now suppose  that  the g a s e s  flowing out of the ta i l  nozz le  a r e  f o r m e d  as 
a r e s u l t  of v a p o r i z a t i o n  of the fo rward  wall  of the nozz l e  du r ing  hea t ing  by a l a s e r  b e a m  focussed  on the 
a r e a  A 0. Fo r  the ve loc i ty  v 0 of the vapo r s  flowing out we use  the e x p r e s s i o n  [8] 

k IF ~,,, . . . . . . . . . . . . . . . . . . . . . . .  (I ~ k <  15), 
Pc II- --!- C IT~ -- T,~)I 

where W is the absorbed power of the electromagnetic source, L is the specific heat of vaporization of the 

material with density P0; C is the heat capacity of the material; T b is the vaporization temperature; T O 

is the ambient temperature. If we take Tb and p0/k as retardation parameters, then, using the relations 

(8) and (9), we can estimate the thrust and impulse from the scheme indicated above. However, since a 

substantial mass loss of the body M can occur here, we must start from equation (6) in determining the 
velocity of the body M. 

Let Q be the material mass being vaporized per unit time. Taking this mass as the quantity being 

discharged from the nozzle, and knowing vt, we can determine the thrust F T. 

To illustrate, we consider the case in which the nozzle tail surface is covered with lead. Then, 
using known data [8], we find for the case W = 2 �9 107 W/cm 2, A 0 = 10 -3 em 2, v 0 = 3 �9 104 cm/sec,  Q = 30 

g/sec .  Taking the outflow velocity v t equal to 2 �9 105 cm/sec,  we find a thrust F T = 6.10 c dyn ~ 6 kg. 

From Eq. (6) we find that the time taken to attain the velocity U is 
U 

/ =~ '?/0 []__C~ v, I. 
Q 

F r o m  th is ,  with m 0 = 100 g, we find that  the t i m e  t aken  to a t t a in  c o s m i c  ve loc i ty  is a round  3 sec ,  du r ing  
which t i m e  98% of the m a s s  of the body wil l  have  been  spen t .  
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The calculat ions given h e r e  show that,  in pr inciple ,  a body of smal l  m a s s  can be acce l e r a t ed  to 
cosmic  ve loci t ies  with the aid of ex terna l  energy  sou rce s .  The  pr inc ip les  cons idered  for  such a c c e l e r a -  
t ions can be used for  modell ing the motion of me teo r i t e s  in the e a r t h ' s  a t m o s p h e r e  and in the a tmosphe re s  
of other  p lanets .  

We note, in conclusion, that our r e su l t s  cor respond,  in pa r t ,  to the s chemes  for  the acce l e ra t ion  of 
bodies that were  ment ioned in [5] but with no support ing calculat ions.  
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Q 
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is the 
is the 
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is the 
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is the 
is the 
is the 

NOTATION 

body velocity; 
reactive force; 
gas outflow velocity; 
specific mechanical impulse; 
flow-rate; 
absorbed power of laser radiation; 
coordinate along the nozzle axis; 
cross-sectional area. 
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