
H E A T I N G  OF A B L U N T  B O D Y  BY A P L A S M A  

V. L.  S e r g e e v ,  G. M. B e z i a d n o v ,  
a n d  V. D. D y a s h k e v i c h  

J E T  

UDC 533.601.16:533.9 

The resul ts  are  presented on an experimental  study of heat exchange with a high t emper -  
ature gas jet in the region of the stagnation point of a blunt axially symmet r i c  body. A 
generalized dependence for the heat flux is obtained. 

Formulas  for  the intensity of heat exchange with a jet of dissociated and ionized gas of a blunt body 
in the region of the stagnation point were obtained in [1-4] f rom a theoretical  analysis.  

The resul ts  of the calculations are  compared with heat-flux measurements  in shock tubes in a number 
of works [5-10]. The resul ts  of measurements  in shock tubes do not agree  with each other in severa l  
cases  [4, 6]. 

It is interesting to compare the calculated heat-flux values and the experimental  data obtained in 
shock tubes with the resul ts  of measurements  of the intensity of heat exchange in a s tat ionary high t em-  
perature gas jet, a plasma jet, obtained with an electr ic  a rc  heater.  

A descript ion of the e lec t r ic  a rc  gas heater,  its charac te r i s t i cs ,  and the parameters  of the plasma 
jet (nitrogen was heated) a re  presented in [10, 11]. A heater  with cooled copper electrodes 100 mm long 
each, with turbulent compressed  gas discharge was used. The diameter  of the channel in the cathode and 
anode was 15 mm. The fractional  contamination of electrode mater ia l  in the heated gas discharge did not 
exceed 0.17c. Methods used to measure  heat fluxes, the exponential and cooled ca lor imeter  methods, were 
examined in the same art icles .  It follows f rom an analysis  of methodical and instrumental  e r r o r s  that the 
e r r o r  in measur ing heat fluxes by the exponential method is equal to 157c. In using the  cooled ca lor imeter  
method it is 207c. The parameters  of the gas jet (enthalpy and stagnation pressure)  were measured with an 
e r r o r  of 10-12%. An analysis  of the application of the exponential method to the cases  considered was 
given in [12]. In contrast  to [10] Textolite cylinders were used as specimens,  which were 20 mm in d iam-  
eter  with a spherical  blunt end having as the ca lor imet r ic  element a copper cylinder 3 mm in diameter  and 
5 mm long set in a Textolite socket in the area  of the forward cr i t ical  point. Conical specimens with spher i -  
cal blunting were used to study the effect of the fo rm of the body and the radius of curvature.  The cone angle 
varied f rom 0 to 20 ~ and the radius of curvature  f rom 3 to 10 ram. In addition, specimens with fiat faces 
were used. After working on the lathe the surface of the specimens was polished with fine grain emery  
paper. 

The conical specimens were blown on by a gas jet with the following parameters :  the enthaipy was 
(19,600 :~ 2300) k J / k g  (T = 6650~ the jet velocity was 300 m / s e c .  The given parameters  corresponded 
to a power of 70 kW supplied to the discharge chamber  and a nitrogen consumption of 2 g / s e c .  The diam- 
eter  of the cylindrical  nozzle in the anode was 15 mm, 

A graphite nozzle was placed at the outlet f rom the anode to obtain a stagnation p ressu re  higher than 
a tmospher ic  in blowing on cylindrical  specimens 20 mm in diameter  with spherical  blunting. A nozzle with 
a cr i t ical  c ros s - sec t ion  diameter  of 4 mm with a widening section (the output c ro s s - s ec t i on  diameter  was 
10 mm) and cylindrical  elements 4 and 6 mm in diameter  were used. The power consumed in the discharge 
chamber was measured  in these experiments f rom 45 to 180 kW and the gas consumption f rom 1.3 to 6 g 
/ sec, which corresponded to variat ions in enthalpy and stagnation pressure  of 9900-20,200 k J / k g  and 1-4 
bar,  respectively.  Contamination of the jet of heated gas by graphite was found within the limits of 0.15- 
0.5%, No change was noted in the nozzle c ross - sec t iona l  a rea  and the pa ramete r s  in the course  of one 
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Fig. 1. Dependence of heat flux, k W / m  2, 
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Fig. 2 

on radius, m: i) experimental 

r e su l t s  for  spec imens  with spher ica l  blunting; 2) computed f rom Eq. (1); 
3) r e su l t s  of exper iments  on cyl indrical  spec imens  with flat  faces .  

Fig. 2. Dependence of q~R,  k W - m  -3/2, on apex angle of cone, deg. 
Dashed line computed f r o m  Eq. (1). 

experiment. All the specimens were mounted at a distance of 25 mm from the nozzle tip. In addition, in 

formulating the generalized dependence for the heat flux at the stagnation point use was made of the mea- 

surements of one of the above authors [i0] on the heat-flux values in a range of change of the stagnation 

enthalpy of 6000-100,000 kJ/kg and stagnation pressures of 1-1.5 bar, as we[[ as results of measuring heat 

fluxes using shock tubes. 

The stagnation enthalpy was determined from the m~ergetie balance of the heater and with an entkalpy 

pickup, and from the temperature measured by the spectroscopic method in [I0]. The stagnation pressure 

was measured using a pickup with a graphite tip introduced into the jet, in conjunction with a standard 

manometer and an electrical pressure pickup. The equation used for calculating the heat flux in connection 

with the exponential method has the form 

q = 5cvpdT/d'c.  

Since the nozzle diameter chosen for the jet was 4-10 ram, a test was made of the effect of the calori- 

metric element diameter on the results of the heat flux measurements. The diameter of the copper cylinder 

was 1.5, 3, and 5 ram. The average heat-flux values for several experiments, measured under one set of 

operating conditions of the instrument (gas enthalpy within the limits of 15,400-16,300 kJ/kg), were equal to 

1.84, 2.02, and 1.85 k W / c m  2, r espec t ive ly .  The di f ferences  in the values  obtained lie within the l imits  of 
the exper imenta l  e r r o r .  Thus,  a c a l o r i m e t e r  d i ame te r  of 3 m m  could be used for  the hea t - f lux  m e a s u r e -  
ments .  

The tes t  conducted a l so  conf i rmed that with r a t e s  of change with t ime of the c a l o r i m e t e r  t e m p e r a -  
tu re  in the range  of 200-2200 d e g / s e c  the iner t ia  of the t h e r m o c o u p l e - v i b r a t o r  s y s t e m  of the osc i l lograph 
had essen t i a l ly  no effect  on the resu l t s  of the m e a s u r e m e n t s .  The ra t e  of heating of the thermocouple  junc- 
tion in the p lasma  jet was an o rder  of magnitude g r e a t e r  than the max imum heating ra t e  of the specimen.  

The m e a s u r e m e n t s  showed that the magnitude of the heat  flux at the stagnation point d e c r e a s e s  with 
an i nc rea se  in the blunt radius  R (Fig. 1). The r e su l t s  of the m e a s u r e m e n t s  agree  with a calculat ion by the 
equation of Fey  andRidde l l fo r  a d issocia ted  gas jet (Fig. 1, curve  2) 

which, with the calculation of the parameters for this series of experiments given above, takes the fol- 

lowing form: q = 1.38 �9 10a/~R. The heat-flux values measured have a lower scatter in the ease of a flat 

face than for a cylinder with spherical blunting (Fig. i, curve 3). The variation in heat fluxes also dimin- 
ishes with an increase in the radius of curvatm:e. For the flat face R is the radius of the face. 
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Fig. 3. Dependence of value of 
q ~ a / { h  0 - hw), m - 3 / 2  kg. sec -t, 
on stagnation p r e s s u r e ,  N / m  2 [1) 
calculat ion by Eq. (1); 2) ca lcu-  
la t ion by Eq. (2); points) expe r i -  
ment].  
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Fig. 4. Dependence of value of qR~ -~ (P0 - p~)-0.25, 
kW. m -~ �9 N -~ on var ia t ion  in enthalpy (h 0 - hw) , kJ  
/ kg :  1) calculated by Eq. (3); 2) by Eq. (1); 3) gene ra l -  
ized exper imenta l  re la t ion  (Eq. {2)); 4, 5, 6) data f r o m  
[7]; [4) pickup made of a luminum; 5) of Nichrome; 6) of 
gold]; 7) [9]; 8) [5]; 9) [8]; 10) [10]; 11) resu l t s  of p resen t  
work. Dashed lines: deviation of =~20% f r o m  re la t ion  3. 

T e m p e r a t u r e  pulsation in a heated gas jet [14] was studied using a spec ia l ly  developed photoelectron 
adapter  [13] for  a type UM-2 monochromator ,  which we used to study heat t r ans fe r .  

The m e a s u r e m e n t s  showed that the root  mean  square  var ia t ion  in the t e m p e r a t u r e  was found within 
the l imi t s  f r o m  90 to 350~ at different  points along the radius  for  t e m p e r a t u r e s  at  the nozzle tip near  the 
axis f r o m  5800 to 6300~ The range  of f requencies  studied was 0-2 kHz. 

It follows f r o m  the data obtained on heat  t r ans f e r  (Figs. 1 and 4) that the effect  of the given t e m p e r a -  
ture  pulsations on the intensi ty  of heat  t r a n s f e r  does not exceed the e r r o r  in measu r ing  the the rma l  fluxes. 
This resu l t  conf i rms  the conclusions of [15] devoted to a study of the effect  of pulsations of the p a r a m e t e r s  
of an e lec t r i c  a rc  hea te r  on the intensi ty  of heat  t r an s f e r  in the stagnation point region. 

Among the p a r a m e t e r s  de termining the intensi ty  of heat  t r an s f e r  at the stagnation point a r e  the 
stagnation enthalpy and p r e s s u r e .  However,  the p rope r t i e s  of the gas,  which a lso  have an effect  on the 
heat  flux (Eq. (1)), a r e  usual ly de termined uniquely by the enthalpy and p re s su re .  In connection with this 
for the given gas it is sufficient to study the dependence of the heat flux on the s tagnat ion enthalpy and p r e s -  
sure .  

An example  of the dependence of the heat  flux on the p r e s s u r e  is given in Fig. 3. The growth in heat 
flux with increased  stagnation p r e s s u r e  gradual ly  slows. The measu red  r e su l t s  ag ree  with the calculat ion 
accord ing  to Eq. (1). 

The dependence of the m eas u red  values  of the complex,  including the heat flux, on the enthalpy of the 
gas is  presented in Fig. 4. The given dependence is p rac t ica l ly  l inear  over  a wide range of enthalpy v a r i a -  
tion. The sca t t e r  of the measu red  heat - f lux values (points 10 and 11) around the ave rage  curve  3 is mos t ly  
found within the l imi ts  :~20%. The exper imenta l  data is r ep resen ted  with the given e r r o r  by the following 
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relat ion:  

q =~ 4.5.10 -4 R -~ p ~  - -  p~ )O. ,~  ( h  ~ _ h,,~). (2) 

Exper imenta l  r e su l t s  f r o m  [5, 7-9] obtained using shock tubes a r e  a lso  shown in Fig. 4. The stagnation 
p r e s s u r e  in [5] has a range  of var ia t ion  of 1-100 bar  for  a stagnation enthalpy change f r o m  2600 to 32,000 
k J / k g .  At higher values  of the enthalpy (Fig. 4) obtained in shock tubes the stagnation p r e s s u r e  was f rom 
2 to 7 bar  [7]. The resu l t s  of heat - f lux m e a s u r e m e n t s  obtained in shock tubes ag ree  with Eq. (2) found in 
the presen t  work  with an e r r o r  of • 

A compar i son  of the re la t ion  found with the equation of Avduevskii  and Glebov [2] 

q = 0,763R -~ (0,75-.~2,73.10-2Tw) (Pref~)~-o'6(btp)0 ~ i85 (~tp)~315 [2 (P0 - -  P~)/Po]-0'25 (h ~ __ hw), (3) 

obtained for  an ionized gas jet (Fig. 4, curve  1) indicates the good ag reemen t  of the exper imenta l  resu l t s  
with the theore t ica l  calculation. The r e su l t s  of a calculat ion by Eq. (1) for  the d issocia t ion region,  e x t r a -  
polated to the ionization region,  a r e  a lso  given in Fig. 4 (curve 2). Thus, a calculat ion by Eq. (1) gives heat -  
flux values  in a g r e e m e n t  with exper iment  in the ionization region. 

q 

P0, Poo 
h0, h w 
R 
6 

N O T A T I O N  

is the specif ic  heat  flux, kW/m2; 
a r e  the stagnation p r e s s u r e  and p r e s s u r e  fa r  f r o m  the sur face ,  N/m2;  
a r e  the s tagnat ion enthalpy and enthalpy at wall t empera tu re ,  k J / k g ;  
is the radius  of cu rva tu re  of spher ica l  f ront  sur face  of body, m; 
is the thickness of calorimetric element. 
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