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The cooling of the leading edge of a blunt wedge over  which a hyperson ic  r a r e f i ed  gas  s t r e a m  
flows is  studied.  

When a hypersonic  r a r e f i ed  gas  s t ream,  flows over  a blunt body ae rodynamic  heating develops ,  with 
the l ibera t ion and r em ova l  of t h e h e a t  by  t h e r m a l  conduction, convection,  and radia t ion occur r ing  in t h e  
boundary l aye r .  The t e m p e r a t u r e  of the gas  in the vicini ty of the leading edge, which is the sect ion of 
the highest  t h e r m a l  s t r e s s ,  r e a c h e s  the stagnation t e m p e r a t u r e .  Var ious  methods  of cooling a r e  used to 
p reven t  the local overheat ing which develops .  Among the cooling s y s t e m s  a specia l  place is  occupied by 
those which use  the t e m p e r a t u r e  difference between pa r t s  of a body to cool the leading hot tes t  pa r t  of the 
body which is subject to ae rodynamic  heat ing [I].  C losed-cyc le  sy s t ems ,  in which the heat  obtained in the 
bow section is  drawn off through the c i rcula t ion of the coolant to the coldest  s te rn  section where  it is 
dumped into the surrounding medium,  a r e  usual ly  used for this purpose .  Such s y s t e m s  requi re  the i n s t a l '  
lation of specia l  equipment which compl ica tes  and burdens  the s t ruc tu re .  The use  of heat  pipes to cool the 
leading edge of a blunt body in the flow of a supersonic  gas s t r e a m  r e p r e s e n t s  an in te res t ing  and p romis ing  
method.  This  means  of cooling has  a number  of advantages  over  the other  known methods .  The requ i red  
effect  is provided without l o s ses  in f rontal  r e s i s t ance ,  since the ent i re  s t ruc tu re  of the heat  pipes is placed 
within the ae rodynamic  contour and is dist inguished by compara t ive  s impl ic i ty .  The e s sence  of the cooling 
of the leading edge of a blunt body with heat  pipes cons is t s  in the r emova l  of hea t  f r o m  the hot tes t  section 
adjacent  to the leading edge, the t r a n s f e r  of this heat  to a colder section,  and i ts  dumping into the s u r r o u n d -  
ing space  by convection and radia t ion .  In the p re sen t  work  an exper imen ta l  study was made of the a e r o d y -  
namic  heating of a blunt wedge in a hypersonic  r a r e f i ed  gas  s t r e a m  and the cooling of the leading edge with 
heat  p ipes .  The expe r imen t s  were  p e r f o r m e d  in the supersonic  low-densi ty  wind tunnel [2, 3]. The t e s t  
model  was placed in a r a r e f i e d  gas jet  with a Mach n u m b e r  M=8  and a s ta t ic  p r e s s u r e  p = 5 . 5  �9 10-a-7 .7  �9 
10 -3 t o r t .  The stagnation t e m p e r a t u r e  t 0, m e a s u r e d  in the f o r e c h a m b e r  with a Chromel  - -AlumeL t h e r m o -  
couple, was var ied  f r o m  100 to 500~ A conical nozz l e l  which was designed by the method presen ted  in 
[3, 4], was used to obtain the jet .  The mode l  (Fig. 1) consis ted of a blunt wedge with an ape r tu re  angle 
of 20 ~ and a blunting rad ius  of 8 m m ,  made of polished s ta in less  s teel  0.2 m m  thick.  The width of the 
wedge was 50 m m  and the length of the gene ra t r ix  110 r a m .  Heat  pipes 150 m m  long (Fig. 2) were  soldered 
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~o the inner surface of the wedge with a thin layer  of si lver solder in the bow section of the model.  The 
pipes were filled in with tin to increase  the thermal  contact .  The heat pipes were made of s tainless  steel 
6 mm in d iameter  with a wall thickness of 0.2 mm.  The wick was made of two layers  of b ras s  mesh 0.2 
mm thick having a poros i ty  of 30~ and designed so that the c ross  section of the vapor channel was 2t3 of 
the c ross  section of the pipe. 

In order  to evaluate the effect of cooling of the leading edge with heat pipes, experiments  were pe r -  
formed on blowing over different models:  a wedge with heat pipes not charged with a working liquid and a 
wedge with heat pipes charged with acetone.  The variation in the tempera ture  of the surface of the wedge 
along the axial genera t r ix  was measured  with thermocouples  in the course  of the exper iments .  The cha r -  
ac te r i s t i c  t empera ture  distr ibutions on wedges with working and nonworking heat pipes during the blowing 
by a hypersonic  ra re f ied  gas s t ream are shown in Fig. 3 (curves I and 2). The main resul t ,  of the exper i -  
ments  for the model of a wedge with heat pipes cooled only through radiation f rom the surface are  p re sen -  
ted in Table 1. The resul t s  presented (see curve 2 in Fig.  3) c lear ly  show that the heat pipes equalize the 
t empera tu re  distribution over the surface of the wedge. In thse experiments  the reduction of the t e m p e r a -  
ture of the leading edge of the model is not great  (see Table 1) since the dumping of heat is ex t remely  small,  
in the given case being due essent ia l ly  to radiation to the surrounding space.  The radiant  heat flux (Table 
1) was determined f rom the equation 

= t -55-t ] 

where T c =300~ is the tempera ture  of the chamber wails; Tav = [(tmi n +tmax)/2]  +273 is the average t em-  
pera ture  of the wedge surface in ~ c0=4,9  kca l /m 2 �9 h �9 ~ e is the emit tance,  taken as equal to 0.08 [5]. 

As seen from the resu l t s  (see Table 1), the radiant  heat flux calculated for the average surface t em-  
pera ture  on a wedge with heat pipes charged with acetone and cooled by radiation f rom the surface is higher 
than for a wedge under the same conditions but with uncharged heat pipes.  This is explained by the increase  
in the average wall t empera ture  due to the operation of the heat pipes.  The effect of cooling of the leading 
edge increases  considerably with an increase  in the heat dumping which is due either to an increase  in the 
radiation surface and its special organization or to convective heat remova l .  For  example, according to 
predictions made in [6] the tempera ture  of the leading edge of the body undergoing the blowing can be r e -  
duced from 1300 to 1000OK using heat pipes operating on calcium, due only to the effect of equalization of 
the heat load. In our experiments  additional heat removal  was accomplished by the pumping of coolant 
through the condensers  of the heat pipes. The flow rate  of the coolant and its tempera ture  at the inlet to 
and outlet f rom the condenser were recorded  during the experiment .  The heat removal  at the condenser 
was determined from the equation 

qcool = G cool p coolCp cool Atcool/F. 
(2) 

The resul t s  of these exper iments  are  summarized  in Table 2. 

The charac te r i s t i c  tempera ture  variation of the surface of the wedge in this case is shown in Fig.  3 
(see curve 3). We can see that the additional heat removal ,  exceeding the radiant flux by more  than an 
order  of magnitude, leads to a considerable reduction in the bow tempera ture  of the model, with the t em-  
pera ture  differential At 3 =~max  -- t3min between the extreme points of the profile (T~ble 2) remaining a I -  
most  the same as in the case of the absence of coolant flow (At 2 in Table 1), which is explained by the speci -  
fic nature of the operation of heat pipes of providing a small t empera ture  gradient over the length of the 
heat pipes within the limits of the admissible heat f luxes.  

Thus, on the basis  of the experimental  data obtained one can conclude that the use of heat pipes to 
prevent  the local overheating of bodies over which supersonic  gas s t r eams  blow is very  effective.  

N O T A T I O N  

M, Mach number;  p, static p ressu re  in gas jet; P0, stagnation pressure ;  e, emiss iv i ty  of total n o r -  
mal radiation; c 0, absolute black-body radiation coefficient; qr ,  radiant heat flux removed f rom conden- 
ser ;  T c, t empera ture  of chamber  walls; t 0, stagnation tempera ture  of s t ream; t lmax,  bow tempera tu re  of 
wedge with heat pipes not charged with working fluid; tlmin, tempera ture  of outermost  section of wedge 
surface with uncharged heat pipes; t2max, tempera ture  of leading edge of wedge with charged heat pipes; 
t2min , t empera ture  of outermost  section of wedge surface with charged heat pipes; t~max, t empera tu re  of 
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Fig. 1. Model of blunt wedge with heat pipes: 1) 
heat pipe; 2) surface of wedge of s ta inless  s teel .  

TABLE 2. Exper imenta l  Resul ts  for  a Wedge with AddLttonal Heat 
Removal by a Liquid Coolant 
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Fig. 2. Diagram of heat pipe: i) body of pipe; 2) wick; 3} vapor 
channel; 4) condenser ;  5) thermocouple  for  m easu rem en t  of coolant 
t empera tu re .  

1. 

J 

! 

\ 

o - - /  

x ~ 2  
A ~ 3  

Fig. 3. Tempera tu re  distribution over the 
surface  of a wedge In a hypersonic  r a r e -  
fied gas s t ream with M =8, t0=400~ and 
P0 = 63 t o r t s :  1) for  a wedge with heat pipes 
not charged with the working liquid; 2) with 
heat  pipes charged with acetone; 3) with 
heat  pipes having condensers  with liquid 

c o o l a n t .  
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leading edge of wedge with heat pipes cooled by liquid coolant; t~min, temperature of outermost section of 
wedge surface with heat pipes cooled by liquid coolant; At 1 =ttmax -- tlmin, temperature differential over 
surface of wedge with uncharged heat pipes; At 2 = t2max -- t2min, temperature  differential over surface of 
wedge with charged heat pipes; At 3 =t3max -- t3min, temperature differential over surface of wedge with 
heat pipes cooled by liquid coolant; AtcooI, temperature differential of coolant at inlet to and exit from 
heat pipe condenser; Gcool, coolant flow rate; S = s / l ,  dimensionless coordinate equal to the ratio of the 
a rc  length from the critical point to the length of the generatrix; Cp cool, heat capacity of coolant; Pcool, 
density of coolant; F, area of wedge surface. 
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