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We cons idered  the c h a r a c t e r i s t i c s  of the working s t r e a m  in the t r ack  of a hypersonic  a e r o -  
dynamic tube (s tar t ing f rom the p reeombus t ion  chamber  and finishing with the shock l ayer  
ahead of a blunt model) in the p r e s e n c e  of solid par t i c le  impur i t i e s .  

It is well-known that a lmos t  the ent i re  aerodynamic  tube is  affected by a la rge  or  smal l  dust content 
in the working s t r e a m .  In "cold" aerodynamic  tubes, the level  of dust iness  is usual ly smal l  and is a s s e s s e d  
at hundredths or  even thousandths pa r t s  of a pe rcen t  of the weight of gas .  In hypersonic  aerodynamic  tubes, 
however ,  the dust content r eaches  s eve ra l  pe rcen t  and even tens of pe rcen t  of the weight of the gas  [1, 2]. 
As the dust content can have a cons iderable  effect  on the r e su l t s  of aerodynamic  tes t s  [1, 2], it will be of 
i n t e re s t  to explain the c h a r a c t e r i s t i c s  of a hypersonic  s t r e a m  when contaminated with solid pa r t i c l e s .  

P a r a m e t e r s  and P r e r e q u i s i t e s .  The analys is  to be under taken is applicable to the following flow 
p a r a m e t e r s ,  which a re  ave rage  for  the major i ty  of hypersonic  tubes and faci l i t ies .  P0 = 2000 �9 l0 s N/m2;  
Tg o = 1750~ working gas,  nitrogen,  Mg = 10 and 15; d d = 5, 50 and 500 ~; Pd = 3000 and 8000 k g / m  3, C d 
= 0.8 k J / k g .  ~ We consider  an a r b i t r a r y  layout of a tube consis t ing of a p recombus t ion  chamber  and 
nozzle,  at the outlet of which is  located the model  (blunt). 

The analys is  is c a r r i e d  out with the following p r e m i s e s :  1) the gas  flow is adiabatic,  uniform, s teady-  
state,  without the r em ova l  or  supply of m a s s ;  2) the working gas  is calor i f ic  and the rmal ly  ideal, ~ = 1.4; 
Cp = 1.1 k J / k g  �9 ~ P r  = 0.71 and there  is  no condensation; 3) the coeff icients  of t r an s f e r  and enthalpy of the 
gas  a re  de te rmined  only by the t e m p e r a t u r e  of the gas;  4) the pa r t i c l e s  a re  spher ica l  and no change occurs  
of the p rope r t i e s  or  d imensions  of the pa r t i c l e s ;  5) the volume of the pa r t i c l e s  is much less  than the volume 
of the gas,  so that thei r  effect on the i sen t ropy  index and the specif ic  heat  of the gas  is negligibly smal l ;  6) 
the t he rma l  conductivity of the pa r t i c l e s  is l a rge  and the t e m p e r a t u r e  dis t r ibut ion inside the pa r t i c l e s  is 
uni form;  7) there  is no in terac t ion  of the pa r t i c les  with one another  and with the walls;  8) t he rma l  exchange 
between pa r t i c l e s  and gas  takes  place  only by convection and conduction; rad ia t ive  hea t  exchange can be 
neglected;  9) only aerodynamic  fo rces  f r o m  the di rec t ion of the gas  act  on the pa r t i c l e s ;  and 10) the gas  
p a r a m e t e r s  in the nozzle  a re  de te rmined  re la t ive  to the sur face  a r ea .  

Analysis  of the State of P a r t i c l e s  Burnt  in the P recombus t ion  Chamber .  The s ta te  of the gas  in the 
p recombus t ion  chamber ,  in addition to the d rag  p a r a m e t e r s  mentioned, can be cha rac t e r i zed  by the ex i s -  
tence of an ave rage  veloci ty  (in the d i rec t ion toward the nozzle) and pulsating components  of the veloci ty .  

The ave rage  veloci ty  of motion of the gas,  originat ing in consequence of the flow of the gas  through 
the nozzle,  is desc r ibed  approx imate ly  by the equation 

d 
~'g ~  ~, .,ego. f0 (1) 

and is usual ly  equal to 0.1 to 10 m / s e e .  

The pulsat ing ve loe i ty  components  may originate,  for  example,  when  the p reeombus t ion  chamber  is 
fi t ted in devices  of the pis ton type [3] or  as a resu l t  of the e lec t r ic  d i seharge  in pulsed engines [1], e te .  
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Fig.  1. Change of veloci ty  ( m / s e c )  and t e m p e r a -  
ture  (~ of gas and pa r t i c l e s ,  and c r o s s - s e c -  
tional radius  of nozzle R c (ram) along the length 
of the nozzle  (ram), Mg = 10 (a) and Mg = 15 (b): 
1) radius ;  2) gas  t e m p e r a t u r e ;  3-6) t e m p e r a t u r e  
of pa r t i c l e s  r e spec t ive ly  pp = 2000 k g / m  3, dp 
= 5 #; 2000. and 50; 8000 and 50; 8000 and 500; 
7-10) veloci ty  of pa r t i c l e s  r e spec t ive ly  pp = 8000 
k g / m  3, dp = 500 p; 8000 and 50; 2000 and 50;2000 
and 5; 11) gas  veloci ty .  F igures  in c i r c l e s  give 
the local  Mp number  of s t r eaml ine  flow of pa r t i c l e s  
with the gas  in the cor responding  sect ion of the 
nozzle .  

Due to the complexi ty  of the p r o c e s s e s  causing the pulsat ions ,  it is not poss ib le  to e s t ima te  these compo-  
nents,  although they may  exer t  a dec is ive  influence on the t he rma l  exchange of pa r t i c l e s .  

The ave rage  veloci ty  of motion of the pa r t i c l e s  burnt at the nozzle inlet is equal to or  l ess  than the 
ave r age  ve loc i ty  of the gas,  but it can be a s sumed  that the veloci ty  of the pa r t i c l e s  at the inlet is equal to 
zero ,  as the effect  of this assumpt ion  on the resu l t  of future analys is  is  found to be negligibly smal l .  

For  the s t r i c t  de te rmina t ion  of the intensi ty  of the heat  exchange between the gas  and the pa r t i c l e s ,  
it is  essen t ia l  to know the flow veloci ty  of the pa r t i c l e s  which, for  the r ea sons  s ta ted above, can be e s t ab -  
l ished only with difficulty.  But even if it be a s sumed  that the par t i c le  ve loci ty  in the p recombus t ion  c h a m -  
be r  iS wdo-~  Wgo,then, a cco rd i ng t o t he  e s t ima te  in this case ,  the t e m p e r a t u r e  of the pa r t i c l e s  r eaches  the 
t e m p e r a t u r e  of the gas  a f te r  10 -3 to 10 -2 see,  i .e. ,  throughout a lmos t  the ent i re  exper iment  dust pa r t i c l e s  
a r r i v e  at the nozzle,  having been heated up to the d rag  t e m p e r a t u r e .  This  indicates,  at these d rag  t e m -  
p e r a t u r e s ,  that the s ta te  of the dust in the p recombus t ion  chamber  can v a r y  in compar i son  with the initial 
sta~e: dust of organic  or igin  will be decomposed;  c e r a m i c  dust may be cracked;  and meta l l i c  dust is mel ted .  

Flow of a Dus t -Laden  Gas in a Nozzle.  It follows f r o m  Newton's  Second Law and f r o m  the expres s ion  
for  the d rag  force  that 

d~p = 3 . c~pg(~g--~ ~ 
wp (2) 

dx 4 dpp p 

In the genera l  case ,  Eq. (2) can be in tegra ted  only numer ica l ly  as Wg, pp and e x a re  varying along 
the nozzle in such a way that i t  is a lmos t  imposs ib le  to de sc r ibe  them by any function of x. 

In this p r e s en t  paper ,  the values  of c x used, which take account of the effect  of ra re fac t ion ,  com-  
p re s s ion ,  and iner t ia l  and v iscous  fo r ce s  [4-6] and a re  evidently quite re l iab le  in that they a r e  conf i rmed  
by the r e su l t s  of m e a s u r e m e n t  of the veloci ty  lag of the pa r t i c l e s  in the nozzle [7], were  as follows: 
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Fig.  2. Flow d i ag ram  of g a s - p a r t i c l e s  in a hy-  
pe r son ic  nozzle:  1) outline of nozzle;  2) pa r t i c l e s ;  
3) shock wave; 4) t r ack  of par t i c le ;  5) p r e c o m b u s -  
tion chamber .  

where  

- r , .  p 

cx=Cx - -  (1 @ 0,191NpC~) 

c.~ = 2__4 (1 _0.12Re]~Sra); 0 . 1 < R e p < 5 . 8 ;  
" Rep 

- 24 (l+O.175Re~56G), 5 .8<Rep<500 .  

When calculat ing the acce le ra t ion  of pa r t i c l e s  
with d i ame te r  500/~ and densi ty  8000 k g / m  a, for  
which in the g r e a t e r  pa r t  of the nozzle  Rep > 10 3 and 
Mp > 1, a value of c x = 0.4 and l a te r  c x = 1 was a s -  
sumed in the acce le ra t ing  sect ion.*  

The heating up of the pa r t i c l e s  by heat  t r a n s -  
f e r r e d  f r o m  the gas  through the sur face  of the p a r -  
t icle is  desc r ibed  by the equation 

1 d~gpCd ~dTp Wp= Nupk.g(Tg-- 7p), (3) 

where  the quantity NUp over  the range  0.1 < Rep < 125 and 0.1 < 1V[p < 0.7 is de te rmined  by the re la t ion  [8] 

(2 q- 0.459 Re~~ 55pr0.33 ) 

Nup= [ 1 + 3.42 Mp__ (2 + 0,46 Re;.SsprO.aa)] �9 
Re pPr 

In the case  of supersonic  s t r eaml ine  flows of pa r t i c l e s  with high Mpand  Rep numbers ,  the intensi ty of 
the pa r t i c l e  heat  exchange has  been de te rmined  in accordance  with [9]; the nonuniformity of the heat  ex-  
change through the su r face  of a h e m i s p h e r e  was taken into account by the introduction of a co r r ec t ion  fac -  
tor  0.5, cor responding  to l amina r  conditions of s t r eaml ine  flow of the pa r t i c l e s  (bottom heat exchange was 
neglected).  

In consider ing the resu l t s  of the calculat ions (Fig. 1) attention is drawn f i r s t  of all  to the cons ide r -  
able lag of the pa r t i c l e s  behind the gas,  as a resu l t  of which the flow of the la t te r  in the g r e a t e r  pa r t  of the 
nozzle p roves  to be supersonic  with an Mp-number  of as much as 5-8. It  is a lso in teres t ing that the dy- 
namic  drag  of pa r t i c l e s  with a d i am e t e r  of a few tens of m ic rons  or  more ,  originat ing in the acce le ra t ing  
sect ion of the nozzle in consequence of the low density of the gas,  undergoes a lmos t  no fu r the r  reduct ion.  

A s im i l a r  pa t te rn  is obse rved  also,  and for  the same  reason,  in re la t ion  to the cooling off of co a r s e  
p a r t i c l e s  with a s ize  g r e a t e r  than a few tens of mic rons .  The r e su l t s  obtained, which refute  the wide-  
sp read  assumpt ion  of a lmos t  total balancing of the t e m p e r a t u r e  and veloci t ies  of the gas and pa r t i c l e s  in 
long nozzles  [1, 2], allow ce r ta in  impor tan t  c h a r a c t e r i s t i c s  of such flows to be explained. 

Let  us consider  a s impl i f ied flow pa t te rn  of a g a s - p a r t i c l e  mix ture  in a hypersonic  nozzle  (Fig. 2). 
In the subsonic and sonic sect ions,  and at the s t a r t  of the supersonic  sect ions  of the nozzle,  Mp < 1 and the 
intensi ty of the per tu rba t ions  f r o m  the pa r t i c l e s  is smal l .  La te r  in the supersonic  section,  the s t r eaml ine  
veloci ty  of coa r s e  pa r t i c l e s  i n c r e a s e s  and becomes  supersonic ;  outgoing shock waves a r e  c rea ted  ahead of 
the pa r t i c l e s  and change into Mach l ines and gradually,  at a ce r t a in  dis tance f r o m  the pa r t i c l e s  they de-  
genera te ;  a supersonic  wake extends behind the pa r t i c l e s .  

Beyond each mic roshock  wave the p r e s s u r e  is higher  than the p r e s s u r e  in the surrounding flow: the 
m a x i m u m  p r e s s u r e  is ahead of the pa r t i c l e s  themse lves ;  the p r e s s u r e  fal ls  with dis tance f r o m  the pa r t i c l e s  
and becomes  equal to the p r e s s u r e  of the unper turbed  flow. In view of the var iab i l i ty  of the quantity Mp and 
the veloci ty  of motion of the pa r t i c l e s  re la t ive  to the gas,  the boundar ies  of the pe r tu rbed  region a re  b lu r red  
and the re fo re  it is quite difficult to e s t ima te  the ave rage  intensi ty of the p r e s s u r e  pulsat ions  in the flow 
which or iginate  in consequence of the appearance  of the mic roshock  waves .  

�9 By the acce le ra t ing  sect ion is  meant  that sect ion of the nozzle in which the gas  is acce le ra t ed  to Mg ~ 5; 
in this case  the veloci ty  of the gas a lmos t  at tains the l imit ing veloci ty .  The length of the acce le ra t ing  s ec -  
tion of prof i led nozzles  usual ly amounts  to 3-10% of the nozzle  length. 
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Fig. 3. Shadowgraph of hypersonic  
flow; a model is in the flow (sphere 
on a base support).  

For  the conditions considered the rat io of the wake length 
to the par t ic le  diameter  may reach 103-10~; in this case, the 
d iameter  of the wake, according to [10], exceeds the d iameter  
of the par t ic les  by a factor  of 50-100 and the flow in the wake is 
turbulent. 

Estimates show that even when the dust content of the 
stream is insignificant (0.01 to 0.1% of the weight of gas) the 
latter is found to be completely filled with turbulent tracks 
from the particles and even multiple overlapping of the tracks 
can occur. In consequence of such a process, there should be 
turbulence of the flow which will have a nonuniformity of size of 
order of the thickness of the wake. Mieroshoek waves should 
add to the turbulence of the flow. 

In the investigations of the dustiness of a hypersonic flow, 
shadow photography of the stream by exposure from a spark 
source actually shows the presence of small-scale turbulence 

(Fig. 3) with an average size of the nonuniformity close to the calculated d iameter  of the wake (the rat io of 
the f i rs t  quantity to the second is 0.3 to 0.5), which se rves  quite well as confirmation of the hypothesis put 
forward.  

Flow in a Shock Layer .  In a shock wave, solid par t ic les  are  not re tarded together with the gas be- 
cause of their  inertia,  and therefore  in a shock layer  their velocity is g rea te r  than the velocity of the gas 
and the flow of the par t ic les  may be supersonic with a limiting value of the M-number  close to 2.5 for 
= 1.4. 

In the case of supersonic flow of the par t ic les ,  microshock  waves are  ahead and the wake s t re tches  
behind the par t ic les ;  the "whiskers"  of the mieroshocks  and of the wake are  always directed toward the 
nozzle .  The existence of the microshocks  was f i rs t  noted and recognized by an indirect  method during 
spect roscopic  investigations of the p a r a m e t e r s  of a gas behind an outgoing shock wave. 

The appearance of t racks  and microshocks  leads to turbulence of the shock layer,  relat ive to which 
it may be assumed that in view of the small  size of the shock layer  and the lower Mp-numbers  behind the 
shock wave in compar ison  with Mp in the nozzle, the dust turbulence of the shock layer  is considerably 
less  intense than in the nozzle.  

Retardat ion and heating up of the par t ic les  in a shock layer  are descr ibed by Eqs.  (2) and (3). In 
the general  case for  determining c x and Nup, the relat ions given above can be used. In the case being 
considered,  according to calculations re tardat ion and heating up of the par t ic les  in the shock layer  of 
typical models does not exceed 100-200 m / s e c  and 100-200~ respect ively,  which can be neglected. 

In consequence of the outflow of gas behind the shock wave, drift  of the par t ic les  takes place toward 
the edge of the model.  The calculations ca r r i ed  out on the assumption that the longitudinal velocity of the 
par t ic les  behind the shock wave is unchanged and is equal to the velocity of the oncoming par t ic les  and that 
the radial  component of the gas velocity on the path of the par t ic les  f rom the shock wave up to collision 
with the body is constant show that the radial  displacement  of a par t ic le  in compar ison  with the distance of 
separat ion of the shock wave under the conditions being considered is less  than 1% and it also can be neg- 
lected. 

The resul ts  given, although they are  to a definite degree of a qualitative nature,  explain cer ta in  new 
features  of dust- laden hypersonic  flows and on this basis they permi t  the effect of dustiness on the resul ts  
of an aerodynamic experiment  to be descr ibed more  accurate ly .  

NOTATION 

ag is the velocity of sound in the gas;  
c d is the specific heat of dust par t i c les ;  
Cp is the specific heat of gas with p = const;  
c x is the coefficient of drag of par t ic les ;  
g is the accelera t ion due to gravi ty;  
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G 
dd 
f0 
M d = IWg-wdlag; 
Mg = Wg/ag; 

Nu d = Wdd d/Ttg; 

P0 
Re d = p(Wg-Wd)dd/~g; 
Tg and Tg o 

T d 
w d and Wg 
X 

~d 

Xg 
Pg 
Pd and pg 

is the specific feed of gas through nozzle; 
is the diameter of dust particle; 
is the area of transverse cross section of precombustion chamber; 

is the pressure in precombustion chamber; 

are the static and drag temperatures of gas; 

is the temperature of particles; 
are the velocity of particles and gas; 
is the longitudinal coordinate; 
is the coefficient of heat exchange of dust particles; 
is the isentropy index; 
is the coefficient of thermal conductivity of gas; 
is the coefficient of dynamic viscosity of gas; 
are the densities of dust particles and gas. 
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