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An investigation has been made of heat transfer to a body from a 
gas stream in the region of the stagnation point, as a function of 
enthalpy and stagnation pressure of the gas, and the velocity gradient 
at the stagnation point. The enthaipy of the gas (nitrogen) was 
varied from 6.5 . l0 s to 115 �9 103 kJ/kg, and the pressur e from 10.8 
to 14.7 N/cm 2. The upper enthalpy limit corresponded to an ioniza- 
tion level of XN+= 0.43. The investigation was carried out in a gas 
jet heated by means of an electric arc. 

In the flow of a d i s soc ia ted  and ionized gas over  
a body, the heat  flux f rom the gas to the wall  is 
made up of the heat  flux due to the t e m p e r a t u r e  
grad ien t  at the wall  and the t h e r m a l  conduct ivi ty  of 
the gas,  and addi t ional ly  of the flux due to the con-  
cen t r a t ion  grad ien t  of a toms,  ions,  and e l ec t rons .  
While the diffusion of atoms re la t ive  to molecu les  
in  a d i s soc ia ted  gas i n c r e a s e s  the heat  flux by 
roughly 20% [11, the p r e sence  of e l ec t rons  and ions 
leads to diffusion of i o n - e l e c t r o n  pa i r s  (ambipolar  
diffusion),  the in t ens i ty  of which is g r e a t e r  than the 
diffusion of a toms.  

Depending upon the p a r a m e t e r s  of the inc ident  
gas s t r e a m ,  the boundary  l aye r  may be in a s ta te  
of t he rmodynamic  equ i l ib r ium,  when the r a t e  of 
chemica l  and e l ec t ron ic  r eac t ions  is much g r e a t e r  
than the veloci ty  of motion and diffusion of the gas,  
or  it may be ~'frozenn (the second ex t r eme  case) 
in the i nve r se  ra t io  between the ve loc i t i es .  In the 
second case  the heat  flux may  be i n c r e a s e d  by  the 
heat  of r ecombina t ion  l i be r a t ed  at a cata lyt ic  s u r -  
face. 

Another  spec ia l  fea ture  of heat  t r a n s f e r  in the 
p r e sence  of d i s soc ia t ion  and ioniza t ion  is due to 
the specif ic  na tu re  of the dependence of the phys ica l  
p rope r t i e s  of the gas on t e m p e r a t u r e  and p r e s s u r e  at 
high t e m p e r a t u r e s .  Maxima [2,3] appear  in the 
t e m p e r a t u r e  dependences  of the speci f ic  heat  and 
t h e r m a l  conductivi ty,  a ssoc ia ted  with d i s soc ia t ion  
and ionizat ion.  The dependences  of v i s cos i t y  and 
dens i ty  on t e m p e r a t u r e  a re  a lso quite compl ica ted  
[2,27]. These  cannot the re fore  be approximated  by 
s imple  r e l a t ions ,  and e spec ia l ly  they cannot be 
a s sumed  constant ,  as is done at low t e m p e r a t u r e s .  

The Lewis -Semenov  n u m b e r  at t e m p e r a t u r e s  above 
10 000 ~ K i s 0 . 6  accord ing  to one evaluat ion,  and 1 
accord ing  to another  [1], and even  2 [5], ins tead  of 
the usua l  value of 1.4 up to 8000* K. It should be 
noted that the data of va r ious  authors  on other  
p rope r t i e s  of n i t rogen ,  for  example ,  on t h e r m a l  
conduct ivi ty  [3] at high t e m p e r a t u r e s ,  a lso  di f fer  
apprec iab ly  one f rom another .  

The papers  of Sibulkin  [6], Lees [7], Fay  and 
Riddel l  [1], and others  have deal t  with the t heo re -  
t ica l  inves t iga t ion  of heat  t r a n s f e r  to a body f rom 
a d i s soc ia ted  gas in the reg ion  of the s tagna t ion  
point. In Fay  and Ridde l l ' s  paper  the cases  of equ i l i -  
b r i u m  and Mfrozenn flow were examined ,  as well  
as i n t e rmed ia t e  cases .  F o r  the s tagna t ion  point,  
where the bas i c  p a r a m e t e r s  have a m a x i m u m  and 
a re  a s sumed  independent  of the coordina te  along 
the sur face  (except the veloci ty ,  which may be de-  
t e r m i n e d  by the e x p r e s s i o n  u = fiX, the d i f fe ren t ia l  
equations of the boundary  l a y e r  were solved n u m e r i -  
cal ly,  inc luding al lowance for  the gas be ing  a m i x -  
tu re  of components .  N ume r i c a l  so lu t ions  were  
c a r r i e d  out for  P r  = 0.71, Le f rom 1 to 2, and a 
r ecombina t ion  ra te  p a r a m e t e r  c 1 f rom 0 to ~.  The 
ana lys i s  e m b r a c e d  the s tagna t ion  enthalpy range  
f rom 1550 to 24 100 k J / kg  of a i r  in t he r modynamic  
equ i l ib r ium,  co r r e spond ing  to ve loc i t ies  f rom 1770 

to 7000 m / s e e  at  heights  f rom 7600 to 37 000 m. The 
wall  t e m p e r a t u r e  was va r i ed  f rom 300* to 3000* K. 

The heat  flux in a d i ssoc ia ted  gas at res t ,  as was 
noted above, is d e t e r m i n e d  as follows: 

o r  

q = qr q- qD = ~" grad T q- ha D p grad CA, 

q =  cp ~ gradh[  l q - ( L e - 1 )  hdgradCA]gradh " 

It  follows f rom the l a s t  e x p r e s s i o n  that the fo r -  
m u l a  for  heat  flux m u s t  conta in ' the  enthalpy dif-  
f e rence  ac ros s  the boundary  layer ,  the physica l  
p a r a m e t e r s  of the gas,  and the c o r r e c t i o n  for d i f -  
fusion.  In addition, the heat  flux in a moving  gas 
depends on the ve loc i ty  grad ien t  at the s tagna t ion  
point.  

The dependence of heat  flux on the numerous  
p a r a m e t e r s ,  d e s c r i b i n g  the r e su l t s  of the n u m e r i -  
cal ca lcula t ions  to an accuracy  of 2%, was obtained 
by Fay  and Riddel l  in  the form 

0.1 0.4 q = 0.763 Pr -~  (P~)w "(PtX)~s 1 + 

+ (Le ~ -- 1 ) ~ -  (h,s--h=) (1) 
r 

o r  

1/R--eNU = 0.763PrO.,(p,s~Xest~ / q- (Len - -  1) h~ ] ~  . ( la) 
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The Le number exponent was 0.52 for equi l ibr ium 
flow and 0.63 for  "frozen ~ flow. 

Fo rmu la  (1) differs  from the resu l t s  of Sibulkin 

and Lees b y t h e  fac tor  \( P~-----~/~ [1 + ( L e " - -  1 ) ~ l , . o , s ~ , s  / 

which inc reases  the heat flux by 20%. Rose and 
Stark  [8] measured  the heat flux in a shock tube 
by a c a l o r i m e t e r  method, using platinum film 
gages, and by the change in sur face  t empera tu re ,  
and found that the i r  r esu l t s  agreed  with calculat ions 
according to the Fay  and Riddel l  formula,  if it  was 
assumed that P r  = 0.71 and Le = 1.4. In the i r  in- 
vest igat ion,  Fay  and Riddel l  did not examine the 
influence of ionization of the gas on heat t r ans fe r .  
A number  of papers  [4, 5, 9-16] have been devoted 
to this question. 

According to the calculat ions of Adams [5], the 
the rmal  conductivity of the gas inc reases  by a fac-  
tor  of 5 when ionization sets  in, because of the 
l a rge  mobi l i ty  of the e lec t rons .  The v i scos i ty  is 
also changed. It is assumed that the ion-e lec t ron  
pa i r s  diffuse twice as fast  as the atoms and mole-  
cules.  The Le number is assumed to be 2. Hence 
Adams es t ima ted  the increase  in heat flux due to 
ionization. The calculat ions showed that it did not 
exceed 30~ for values of veloci ty  up to 13 km/sec .  

In [9] five methods of calculating heat t r a n s f e r  
at a stagnation point with reference  to a pa r t i a l ly  
ionized gas a re  compared.  Of these the methods 
of Adams and Cohen were developed to take account 
o f  ionization, while the others  a re  an ex t rapo la -  
tion of the methods of Fay  and Riddell ,  and of 
Scala,  and of the determinant  enthalpy method. It 
was shown in the paper  that the resu l t s  of ca lcula-  
tions by the Fay and Riddell  method and by the 
de terminant  enthalpy method a re  in good agreement  
with resu l t s  obtained by Cohen's method, allowing 
for ionization, and that therefore  the Fay  and Riddell 
method may be applied right up to a veloci ty  of 
12 km/ sec .  It should be noted that, genera l ly  speak-  
ing, the difference between the resu l t s  of ca lcula-  
tions by the var ious  methods reaches  40%. 

A recent  paper which makes a theore t ica l  inves t i -  
gation of heat t r a n s f e r  to a body from a par t i a l ly  
ionized gas in the s tagnat ion-point  region is that of 
Fay  and Kemp [4]. In this paper  the gas is assumed 
to be a two-component one as r ega rds  diffusion. 
One component consis ts  of the molecules ,  the other 
of atoms,  ions, and e lec t rons .  In addition, the concept 
of Wfrozen~ speci f ic  heat and the rmal  conductivity 
is used. As in the previous Fay  and Riddell  paper ,  
an equi l ibr ium and a ' f r ozen  ~ boundary l aye r  is 
examined,  while the a i r  is assumed to consis t  of 
nairW atoms,  molecules ,  and ions. 

The equations were solved numer ica l ly  for  
nitrogen,  and the resu l t s  a re  shown in Fig. 5 (curves 
2 and 3). The authors observed an apprec iab le  dif-  
ference  between heat t r ans f e r  in equi l ibr ium and 
frozen boundary l ayers  when v > 9 km/ sec .  The va l -  
ues of the quantity N u / ( ~  obtained are  close to the 

Pallone and Van Tas se l  calculat ion r e su l t s ,  and 
diverge by a factor  of approximate ly  2 at a veloci ty  
of 12 k m / s e c  f rom the calculat ion of Scala  and 
War ren  [9,4] (Fig. 5, curve 4). The authors a t t r ibute  
this d i sc repancy  to a difference in the values of the 
t r a n s f e r  coefficients used. As was r emarked  in [4], 
according to A da m s ' s  evaluation, the quantity Nu/l/R--e 
is equal to 0.4 for the veloci ty  range 9-14 km/ sec .  
This value is c lose to that calculated by Fay and 
Kemp for a "frozen" boundary layer .  

The theor ies  of Fay  and Kemp, Pallone and Van 
Tasse l ,  and Scala and War ren  have been confirmed 
by measurements  of heat flux in shock tubes [4, 11, 
12]. It is shown in [13] that the divergence of the 
exper imenta l  resu l t s  may poss ib ly  be explained by 
the influence of the e lec t rons  in the boundary layer  
not being in equi l ibr ium,  by the s ta te  of the sur face ,  
and by the kind of senso r  mate r ia l .  

Because of the d i sc repancy  between the different  
theor ies ,  which may be explained by the use of in-  
accurate  the use of a t r anspor t  coefficients of the 
gas at high t empe ra tu r e s ,  by the use of a number  
of s impl i fying assumptions ,  and also by a difference 
in the exper imenta l  resu l t s  obtained using equip- 
ment genera l ly  of one type, it is e spec ia l ly  neces -  
s a r y  to have exper imenta l  ver i f ica t ion  of methods 
of calculat ing heat t r ans fe r  in the p resence  of ioniza-  
tion. 

In the presen t  work measurements  of heat  flux 
were  made in a s t r eam of nitrogen heated in an 
e l e c t r i c - a r c  hea ter  whose fea tures  have been de-  
s c r ibed  e lsewhere  [17,18]. The d ischarge  chamber  
of the e l e c t r i c - a r c  hea te r  developed by the author 
for the invest igat ion of heat  t r a n s f e r  resu l t s  from 
an invest igat ion of d ischarge  chambers  of var ious  
types [17,18], and in compar ison with them it 
pos ses se s  a number of spec ia l  construct ional  fea-  
tures  permi t t ing  stable operat ion in the range of 
var ia t ion  examined- -cur ren t  from 150 to !300 A 
and gas flow rate  from 2 to 10 g / sec .  No apprec iab le  
changes in the e lec t rodes  were observed af te r  10 
min of continuous operat ion of the d ischarge  chamber  
at a cur ren t  of 600 A and a power of 180 kW. 

Trea tment  of the cur ren t -vo l tage  c h a r a c t e r i s t i c s  
of the e l e c t r i c - a r c  hea te r  (Fig. 1 A) by the method 
suggested in [20], yields an analyt ical  re la t ion  for  
the cur ren t -vo l tage  cha rac t e r i s t i c s  in the form 

U = 436G~ - ~  . 

The maximum deviation of the voltage calculated 
from this formula from the mean curves of Fig.  
1A is 10%. 

It may be seen from Fig. 1B, that in the range 
of power invest igated,  70-270 kW, the mean mass  
enthalpy of the gas at  the exit  f rom the anode, de-  
t e rmined  by the heat  balance of the d ischarge  cham- 
ber ,  depended l i nea r ly  on the power, for  the var ious  
gas flow ra tes .  The coefficients enter ing into the 
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Fig. 1. Characteristics of the electric-arc heater: 
A) c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  [1) sou rce  
vol tage;  2 ,3 ,  4, 5, 6} ava i l ab le  vol tage  at  the a r c ,  
with r h e o s t a t  r e s i s t a n c e  0.183, 0.283, 0.379, 
0.575, 0.771 ohm]; B) dependence  of the mean  
m a s s  enthalpy of the gas on the power:  a) mass  
flow ra t e  of gas = 10 g / sec ;  b) 7; c) 6; d) 5; e) 

4; f) 3; g) 2. 
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Fig.  2. Dependence of the enthalpy of the gas  in the c o r e  of 

the s t r e a m  on the mean m a s s  enthalpy:  A) with gas  flow 
ra te  of 7 , 6 , 5 , 3  g / s c c  {points a, b, c, and d, r e s p e c t i v e l y ) ,  
enthalpy s e n s o r  d i a m e t e r  of 5 mm,  and depth of ca thode  
"bowl",  / c a t  = 100 mm; B) with gas flow ra t e  f rom 6 to 10 
g / s e c  and / c a t  = 50 mm; (e) m e a s u r e m e n t s  using an enthalpy 

s enso r ;  (f) s p e c t r o s c o p i c  m e a s u r e m e n t s ) .  
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l i n e a r  dependence  of en tha lpy  on power ,  m a y  be 
e x p r e s s e d  in tu rn  in the f o r m  of equat ions  of s t r a i g h t  
l ines  depending on the gas  flow ra t e .  Thus the e x -  
p r e s s i o n  for  the m e a n  m a s s  en tha lpy  of the  gas ,  
in k J / k g ,  t akes  the f o r m  

= (21.55N - -  0 . 6 7 1 G H  - -  166G + 1730).4.19. 

The dev ia t ion  of va lue s  c a l c u l a t e d  f r o m  th i s  
f o r m u l a  f rom the m e a n  l ines  on F ig .  1B does  not  
exceed  6%. It  m a y  be noted that  by  us ing  th is  ex -  
p r e s s i o n  and a s i m p l e  t r a n s f o r m a t i o n ,  we can obta in  
the dependences  on N and G of the power  going into 
hea t ing  the gas ,  and the e f f i c i ency  of the  d i s c h a r g e  
c h a m b e r .  The e x p r e s s i o n  ob ta ined  s i m i l a r l y  for  the 
m e a n  m a s s  ve loc i ty ,  whose e r r o r  does  not  exceed  
4%, has  the fo rm 

W = (1.2N 4- 0.i7GN + 55.2G + 48)225/d2an. (2) 

Us ing  the B e r n o u l l i  equat ion  and (2), we m a y  c a l -  
cu la te  the s t agna t ion  p r e s s u r e ,  the f o r m u l a  t ak ing  
the fo rm (N/cm 2) 

l -2G~daen W).9.81. (3) P ~ a g = [ 1 § 0.65.10 

The m e a s u r e m e n t s  have shown tha t  the e x p e r i -  
men ta l  va lues  of e x c e s s  p r e s s u r e  in the p r e s s u r e  
r ange  examined  f r o m  10.3 to 14.7 N / c m  2 at  a 
d i s t a n c e  of 25 m m  f rom the ex i t  s ec t i on  of the 
anode do not d i f fe r  by  m o r e  than 12% f rom va lues  
c a l c u l a t e d  f rom (3). 

In the inves t iga t ions  of hea t  t r a n s f e r  to a body 
f r o m  a s t r e a m  of ion ized  gas ,  use  was made  of the 
s p e c i a l  f e a tu r e  of d i s c h a r g e  c h a m b e r s  with eddy 
gas s t a b i l i z a t i o n  [21], th is  be ing  that  in the co re  
of the s t r e a m  the t e m p e r a t u r e  is  roughly  twice  the 
m e a n  m a s s  t e m p e r a t u r e ,  and r e a c h e s  15 000~ 000 ~ 
K [17,18]. 

The entha lpy  of the gas in the je t  co re  was d e t e r -  
mined  u s i n g  a s t agna t ion  en tha lpy  s e n s o r  a c c o r d i n g  
to the method  d e s c r i b e d  in [22], and add i t iona l ly  f rom 
the t e m p e r a t u r e  m e a s u r e d  by  s p e c t r o s c o p i c  methods  
[18,19]. The en tha lpy  m e a s u r e m e n t  r e s u l t s  fo r  two 
d i s c h a r g e  c h a m b e r s  d i f f e r ing  f r o m  one ano ther  in 
cons t ruc t ion ,  a r e  shown in F igs .  2A and B. It fo l -  
lows f r o m  (1) that ,  the hea t  flux is d e t e r m i n e d  in 
addi t ion  to the s t agna t ion  en tha lpy ,  by the v e l o c i t y  
g rad ien t  a t  the s t agna t ion  point .  

In the ca se  when the body nose  is  p a r t  of a s p h e r e  
of r a d i u s  R, the v e l o c i t y  g r ad i en t  is [23] 

= - - ~  2(Ps poo)/ps. (4) 

As was shown in [24], f o r  M < 1, v e l o c i t y  g r a t i e n t s  
d e t e r m i n e d  e x p e r i m e n t a l l y  d i f fe r  f r o m  those  ca l -  
cu la ted  f r o m  (4) by 3-35%.  In the p r e s e n t  work  the 
v e l o c i t y  g r ad i en t s  were  d e t e r m i n e d  us ing  the B e r -  
noul l i  equat ion in a c c o r d a n c e  with m e a s u r e d  p r e s -  
s u r e  d i s t r i bu t i ons  [25]. The p r e s s u r e  d i s t r i b u t i o n  
s e n s o r s  had plane end faces  with a n u m b e r  of 

a p e r t u r e s  pos i t ioned  in d i f f e r en t  ways  on the v a r i o u s  
s e n s o r s ,  and the hea t  f lux s e n s o r s  w e r e  of the  s a m e  
s i z e  and shape .  Both cooled c o p p e r  and uncooled  
g raph i t e  s e n s o r s  were  u sed  in the t e s t s .  The m e a -  
s u r e m e n t s  show (Fig.  3) that  the  quan t i ty  k = 
= [ ( u / ~ ) / r / r p d ) ]  d o e s  not  depend on the gas  flow 
p a r a m e t e r s .  Thus ,  for  dpd = 5 -12  mm,  d u / d r  = 
(1.86 • 0.12) W/dpd, and fo r  dpd = 18--22 m m ,  
d u / d r  = (1.7 • 0.2) ~ / d p d .  This  r e s u l t  a g r e e s  with 
the conc lus ions  of [25]. 

F o r  the  hea t  f lux m e a s u r e m e n t s ,  t h r e e  methods  
[26] w e r e  used:  The cooled  c a l o r i m e t e r  method,  
the exponent ia l  ( c a l o r i m e t r i c )  method ,  and the B r o -  
gan method.  

In the f i r s t  c a se  the  hea t  f lux was d e t e r m i n e d  as  
the r a t i o  of the hea t  going to hea t  a known amount  of 
cool ing  w a t e r  in uni t  t i m e ,  to the a r e a  of the hea ted  
s e n s o r  s u r f a c e .  In the second  ca se  the hea t  flux was 
d e t e r m i n e d  f r o m  the change of hea t  content  of a 
coppe r  c y l i n d e r  

d T  
q = 6p cp 

d~ 

And in the t h i r d  c a s e ,  f r om the t ime  to s t a r t  of 
m e l t i n g  of copper  and a luminum c y l i n d e r s ,  i n su l a t ed  
f rom the s ide  surface" 

i / (5) 
q-- 2 I/ "~J 

The d i a m e t e r s  of the hea t  f lux s e n s o r s  fo r  a l l  
the methods  v a r i e d  f r o m  5 to 20 mm.  The th i ck -  
n e s s e s  of the c y l i n d r i c a l  s p e c i m e n s  in the second  
method  l ay  in the r ange  8 to 0.5 mm,  depending  
on the va lues  of the  hea t  f lux and s e n s o r  d i a m e t e r .  
The length  of the c y l i n d e r s  in the t h i rd  method  was 
200 ram,  which, combined  with the insu la t ion  of the 
s ide  s u r f a c e ,  a l lowed the mode l  to be  the  s e m i - i n -  
f in i te  body fo r  which (5) was wr i t t en .  The hea t  f lux 
s e n s o r s ,  and a l so  the s e n s o r s  ment ioned  above,  
we re  mounted  at  a d i s t ance  of 25 m m  f r o m  the 
ex i t  s e c t i o n  of the d i s c h a r g e  c h a m b e r .  Most  of the 
s e n s o r s  w e r e  p r o t e c t e d  on t h e i r  s ide  s u r f a c e  by  
a cooled  guard  r i ng  in the f o r m  of a t r u n c a t e d  cone 
and a m e t a l  tube.  

The r e s u l t s  of the hea t  f lux m e a s u r e m e n t s  a r e  
shown in F ig .  4 a s  a funct ion of s tagna t ion  en-  
tha lpy  and p r e s s u r e ,  for  hea t  f lux s e n s o r  d i a m e t e r s  
(which d e t e r m i n e  the va lue  of the ve loc i t y  g rad ien t )  
of 5 and 20 mm.  The m a x i m u m  m e a s u r e d  va lue  of 
hea t  f lux was 25 k W / c m  2 fo r  a va lue  of enthaluv 
c o r r e s p o n d i n g  to a t e m p e r a t u r e  of 14 000 ~ K. An 
e s t i m a t e  of the f r ac t i on  of gas radia~lon m m e  nea t  
f lux,  without  mak ing  a l lowance  fo r  a b s o r p t i o n ,  g ives  
a va lue  of 3 %. 

It m a y  be seen  f rom the graphs  that  the m e a -  
s u r e d  va lues  of hea t  f lux a g r e e  with those  c a l c u l a t e d  
ove r  the whole r a n g e  of p a r a m e t e r s  of the gas,  
a s s u m i n g  the fo l lowing va lues  of the quant i t i es :  P r  = 
= 0.71, Le = 1.4, t s t  = 100 ~ C. This  r e s u l t  c o n f i r m s  
the conc lus ion  r e a c h e d  in [8] and based  on c o m p a r -  
i son  with o the r  t h e o r i e s  that  it  is  p o s s i b l e  to apply  
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Fig. 4. Dependence of heat f lux  on parameters of the gas: 
A, B) wi th heat f lux  sensor diameter 5 ram; e) 20 ram; 1, 
2, 3) calculat ion wi th tst  = 100 ~ C, Pr  -- 0.71, Le = 1.4; 
4) calculation with tst = I000" C; a, d, e) experimental 
data obtained by the cooled calorimeter method; b) by 
the exponential method; c) from the time to begin melt- 

ing; f, g, h) data from [25]. The pressure was 9.81-10.81 
N/cm 2 for 1, 4, a, b,c, f; 12.3 ~ 1 for 2, d, g; 14.7 ~ 1 for 

3,e,h. 
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the F a y  and Ridde l l  equat ion to ca l cu l a t i ng  hea t  
t r a n s f e r  in an ion ized  gas.  The ca l cu l a t i ons  made  
in [10] have a l so  shown that  the r e s u l t s  of e x t r a -  
po la t ing  the F a y  and Ridde l l  t h e o r y  d i f fe r  by no 
m o r e  than 15% from the r e s u l t s  of t heo ry  which 
t akes  account  of ioniza t ion .  

F o r  the pu rpose  of c o m p a r i s o n  with the t h e o r i e s  
of Fay  and Kemp and Sca la  and W a r r e n ,  which give 
s u b s t a n t i a l l y  d i f f e r en t  va lues  of the heat  flux, the 
e x p e r i m e n t a l  r e s u l t s  a r e  p r e s e n t e d  in the fo rm of 
the dependence  of the hea t  t r a n s f e r  p a r a m e t e r  
Nu l Re on the s i m u l a t e d  ve loc i t y  v= ]/2gh~ (Fig. 
5). Compar i son  shows that  the mean line drawn 
through the e x p e r i m e n t a l  da ta  a g r e e s  with the r e -  
l a t ion  ca l cu l a t ed  f rom the F a y  and Ridde l l  f o r m u l a -  
for  ve loc i t i e s  up to 8 k m / s e c ,  and does  not d i f f e r  
f rom it by  m o r e  than 5% at  h ighe r  v e l o c i t i e s .  The 
ca l cu la t ions  of F a y  and Kemp for  an ionized  f rozen  
gas d i f fe r  f rom the e x p e r i m e n t a l  r e l a t ion  by no 
m o r e  than 11'~ in the ve loc i ty  range  f rom 10 to 15 
k m / s e c .  

The s c a t t e r  of the e x p e r i m e n t a l  points  was 20%. 
The r e su l t s  of F a y  and K e m p ' s  ca l cu l a t i ons  for  
e q u i l i b r i u m  ni t rogen fa l l  no t i ceab ly  below the e x -  
p e r i m e n t a l  r e l a t ion .  The eva lua t ion  of the s i m u l a t e d  
a l t i tudes  a c c o r d i n g  to da ta  for  a i r  give va lues  in our  
ca se  in the r ange  30 -60  kin, while the a l t i tudes  c o r -  
r e spond ing  to ve loc i t i e s  > 9 k i n / s e e  l ie  in the f r o -  
zen flow reg ion ,  a c c o r d i n g  to F a y ' s  ca l cu la t ions  

[41. 
It should be noted a l so  that  the lower  va lues  of 

the hea t  t r a n s f e r  f ac to r  obta ined in [4] may  be ex -  
p la ined  by the r educed  va lue  of the Le number  (Fig.  
5, cu rve  5), the authors  having a s s u m e d  a value  of 
0.6. Ca lcu la t ions  a c c o r d i n g  to da ta  f rom [9.,3,27], 
a l lowing  only for  a t o m - m o l e c u l e  diffusion,  give Le 
number  of a p p r o x i m a t e l y  0.7 in the t e m p e r a t u r e  
range  9000~ 000 ~ K. The p r e s e n c e  of e l e c t r o n s  
and ions in tens i f i e s  the di f fus ion p r o c e s s  and must  
lead  to an i n c r e a s e  in value of the Le number  by 
twice, as a s s u m e d ,  for  example ,  by the authors  of 
[5,28]. Thus,  a poss ib l e  value of the Le number  in 
th is  t e m p e r a t u r e  region  is 1 -1 .4 .  

The e x p e r i m e n t a l  r e l a t i o n  obta ined  (Fig.5)  in 
the ve loc i ty  range 3 - 1 5  k m / s e c  may be a p p r o x i -  
ma ted  by the s t r a i g h t  l ine 

Xu t l  Re = 0.582 -- 1.46. lO-"~v. 

The dependences  of heat  flux on gas p a r a m e t e r s ,  
shown in Fig.  4, may  be d e s c r i b e d  by a s ing le  equa-  
t ion of the fol lowing type:  

q -(2.  I0-~' | pfl~ + 0.571.10 -:'h~-- 

--  0.84 1~ p-~ - -  0.217)1/! 0.604dhf --0.33. (6) 

mixing chamber), dhf/dan in the range 0.25-0.67 
with dan = 15-20 ram, the stagnation enthalpy is 
determined with the aid of the relations of Fig. 2A and 
B. 

The heat flux values calculated from (6) differ from 
the ordinates of the mean lines drawn through the 
experimental data by no more than 2% (Fig. 4). 

The measurements show that the heat flux de- 
creases exponentially with increase in distance from 
the exit section of the discharge chamber, and that 
in the range of L values from 15 to i00 ram, it is de- 
termined by the expression 

qt = qL. ~ exp (0.55--2.2. IO-~L). (7) 

The va lue  of qL=25 is d e t e r m i n e d  f rom (6). 

Nu 
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Fig. 5. Dependence of the heat transfer factor 
Nu/fff6 on simulated velocity v, k_~n/sec; 1, 5) 
calculation from the Fay and Ridell formula [1], 
with tst = 100' C and Le of i. 4 and 0.7, respec- 
tively; 2, 3) calculation of Fay and Kemp [.I] with 
tst =25" C, Le= 0.6Pstag= 9.81N/cm 2 [2) for 
equilibrium, 3) for frozen nitrogen]; 4) accord- 
ing to the theory of Scalq and Warren [11]; a) 
experimental results of the author; b) experi- 
mental results of John and Bad(, [25] for air 

with Pstag = 10.4-I'2. ~ N/cm 2. 

NOTATION 

hA) d i s soc i a t i on  enerK'v; c A) weight f rac t ion  of 
a toms;  h D = h A CA; Nu = q P r x / p  w x (hes--hw);  Re = 
= PwUesX/#w; Le = 1) p c[)/)q U) vo l tage  o v e r  the 
a rc ;  I) cur ren t ;  N) power;  G) gas flow ra t e  in g / s e e ,  
W= 4G/pmi~r  ) mean mass  veloci ty;  dan ) d i a m e t e r  
of anode exi t  sec t ion;  ~) gas dens i ty ,  d e t e r m i n e d  
f rom the mean mass  t e m p e r a t u r e ;  rpd ) r ad ius  of 
p r e s s u r e - d i s t r i b u t i o n  s e n s o r ;  6) c y l i n d e r  height;  
vt) time to start of melting; tin) melting tempera- 
ture; q) heat flux, kW/cm2", Pstag'- = (Ps + I) • 9.81) 
stagnation pressure, N/cm~'; h s • 4.19)stagnation 
enthalpy, kJ/kg; L) distance from the exit section 
of the discharge chamber to the sensor, ram. 
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