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A method of analysis  of the heat t r ans fe r  in nozzles with a turbulent flow of air  at t e m p e r -  
atures  up to 3800~ is given, together  with experimental  data.  The resul ts  a re  general ized 
in t e rms  of the Nusselt  and Stanton numbers .  It is shown that the hea t - t r ans fe r  coefficients 
a re  lower for  flow in a nozzle than for  flow at a plate.  

In [1] it was shown that in determining the heat fluxes in nozzles,  the resul ts  depend significantly on how 
the hypothesis of turbulent fr ict ion is introduced into the calculation. The calculated heat fluxes may differ by 
more  than a factor  of 3. This complicates  the design of cooling sys tems  and the calculation of nozzle s t rength 
at high gas t empera tu re  and p r e s s u r e  in the p rechamber .  In [2, 3], results  on turbulent fr ict ion were gene r -  
alized for  flow along a plate without a p r e s su re  gradient ,  which does not correspond to the flow conditions in 
a nozzle.  Heat t r ans fe r  in aerodynamic- tube  nozzles was investigated experimentally in [4], which gives r e -  
sults obtained at t empera tu res  much lower than those required in the production of hypersonic aerodynamic 
tubes.  To allow resul ts  to be obtained at high t empera tu re s ,  a method of determining hea t - t r ans fe r  coeffi- 
cients f rom the measured  nonsteady t empera tu re  field at the nozzle wall was developed in an ear l ie r  work [5]; 
the present  work gives resul ts  obtained using this method. 

The copper experimental  nozzle (with a cr i t ica l  cross  section of d iameter  d ,  = 3.12 mm) had an inlet-  
section radius of curvature  of 30 mm,  and a cyl indrical  section of length 10 mm in the region of the cr i t ical  
c ross  section. The supersonic  part  of the nozzle was conical in fo rm,  with a vertex angle of 8~ the nozzle 
outlet d iameter  ~as 45 ram. By means of deep cuts of width Ah = 3 mm extending inward f rom the outer con- 
tour ,  the nozzle was divided into bands. The f i rs t  10 bands, counting f rom the inlet,  were of width 8 mm,  
wMle for the next seven,  h = 16 mm; the outer d iameter  of the bands was 54 mm. The mass ive  copper bands 
collected the heat t ransmi t ted  to the nozzle wall by the flow of hot gas .  The annular cuts served to eliminate 
heat flow along the nozzle contour. In addition, in the region of the thin bridge pieces between the bands, the 
wall t empera tu re  was Mgher than in the region of the bands, which also prevented heat flow from one band to 
another ,  while retaining a smooth nozzle surface  in contact with the gas .  Thus,  each band was regarded as a 
heat- insulated ca lo r ime te r ,  in which the inner sur face  of the annular band formed the hea t - t rans fe r  surface.  

M 

5 

5 

q. 

3 

Z 

1 

k 
[ 
f 

20 

/ "  -! 

,/ 

Fig. 1. Mach-number  distr ibution 
over the experimental  nozzle: 1) p e r -  
fect gas with a specif ic-heat  ra t io  ~t = 
1.4; 2) T o = 1500~ P0 = 3.6.105 Pa,  
taking account of viscosi ty;  3) T o = 
3800~ P0 = 20"105 Pa, without tak-  
ing account of viscosi ty;  4) T o = 3800~ 
P0 = 20.105 Pa, taking account of v i s -  
cosi ty.  
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F i g .  3. D e p e n d e n c e  of d i m e n s i o n l e s s  h e a t - t r a n s f e r  c o -  
e f f i c i en t s  on T /T0 :  1) N u / R e ~  2) S t .  Re~ 3) c a l c u l a -  
t i o n  by  the  me thod  of [21. 

The  change  in  t e m p e r a t u r e  of e a c h  band was d e t e r m i n e d  f r o m  the  r e a d i n g s  of C h r o m e l - - C o p e l  t h e r m o -  
coup le s  p r e s s e d  in to  t h e  m a s s i v e  bands  u s ing  c o p p e r  s l e e v e s ,  p o s i t i o n e d  3-6  m m  f r o m  t h e  i n t e r n a l  n o z z l e  
s u r f a c e .  The  dep th  of  m a t e r i a l  b e l o w  the  t h e r m o c o u p l e  was d e t e r m i n e d  with  an a c c u r a c y  of 0.01 r am.  

The  g a s  was  h e a t e d  by an  e l e c t r i c a l - a r c  h e a t e r  with a p r e c h a m b e r  d i a m e t e r  of 70 m m .  T h e  t i m e  fo r  
t he  h e a t e r  t o  r e a c h  s t e a d y  p r e s s u r e  and t e m p e r a t u r e  cond i t ions  was 3 -5  s e c .  In t he  c o u r s e  of t he  e x p e r i m e r ~ ,  
t he  p r e s s u r e  P0 in t he  p r e c h a m b e r  and the  n o z z l e  wa l l  t e m p e r a t u r e  w e r e  m e a s u r e d  as  a func t ion  of t he  t i m e ,  
us ing  o s c i l l o g r a p h s .  The  a i r  t e m p e r a t u r e  in t he  p r e c h a m b e r  T O was d e t e r m i n e d  f r o m  the  r a t i o  P 0 / P o x  on the  
b a s i s  of t he  da t a  in [6]. In t he  e x p e r i m e n t s  t h e  a i r  t e m p e r a t u r e  v a r i e d  f r o m  1400 to  3840~ and the  p r e s s u r e  
f r o m  5. l 0  s to  72-105 Pa ;  t he  d u r a t i o n  of t he  e x p e r i m e n t s  was in  t he  r a n g e  4-60  s e c .  

T o  f ind  the  h e a t  f lux  and t h e  h e a t - t r a n s f e r  c o e f f i c i e n t s ,  t h e  o n e - d i m e n s i o n a l  h e a t - c o n d u c t i o n  equa t ion  
0 t / ~ r  = a [~2t/er2 + ( l / r )  ~ t / a r ]  was s o l v e d ,  wi th  t he  fo l lowing  cond i t i ons :  when r = R l ,  ~ (Tad - Tw) = - k a b / 8  r; 
when r = R2, Dr/Dr = 0; and when r = 0, t = c o n s t .  The  equa t ion  was s o l v e d  by the  e l e m e n t a r y - b a l a n c e  method  
on a B~_~SM-6 c o m p u t e r .  

F o r  g i v e n  a and T a d ,  t he  c a l o r i m e t e r  t e m p e r a t u r e  a t  the  t h e r m o c o u p l e  s i t e  was c a l c u l a t e d  fo r  r = 1 s e c .  
When  the  c a l c u l a t e d  and m e a s u r e d  t e m p e r a t u r e s  a g r e e d ,  t he  s p e c i f i c  hea t  f lux  qi = a (Tad - -  T w) was  t a k e n  to  
be  equa l  to  t h e  m e a n  s p e c i f i c  hea t  f lux a t  t i m e  r = 1 s e c ,  and the  r e s u l t i n g  t e m p e r a t u r e  d i s t r i b u t i o n  o v e r  t he  
c a l o r i m e t e r  was adop t ed  a s  t he  i n i t i a l  d i s t r i b u t i o n  f o r  t h e  d e t e r m i n a t i o n  of ql a t  r = 2 s e c ,  and so  on. 

If t h e  t e m p e r a t u r e s  d id  not  a g r e e ,  a c o r r e c t i o n  was i n t r o d u c e d  in the  h e a t - t r a n s f e r  c o e f f i c i e n t ,  and  the  
c a l c u l a t i o n  r e p e a t e d .  A g r e e m e n t  of t h e  t e m p e r a t u r e s  with an  a c c u r a c y  of 0.05 ~ r e q u i r e d  c a l c u l a t i o n s  of no 
m o r e  than  fou r  a p p r o x i m a t i o n s ,  which invo lved  about  40 s e c  of m a c h i n e  t i m e .  

S ince  the  c a l o r i m e t r i c  e l e m e n t  had a cut  of  dep th  R 2 - -  R3, a c o r r e c t i o n  was i n t r o d u c e d  in to  the  f ina l  r e -  
su l t  of  t he  c a l c u l a t i o n ,  and the  v a l u e  of q was d e t e r m i n e d  f r o m  the  f o r m u l a  q = q lk ,  w h e r e  k = h /HI1  + (Ah/h) x 
(R~ 2 2 _  - -R1) / (R  2 R~)], H = h + Ah. The  m e a n i n g  of the  c o r r e c t i o n  is  tha t  the  hea t  f lux  e n t e r s  the  c a l o r i m e t e r  
o v e r  a s u r f a c e  p r o p o r t i o n a l  to  H, whi le  t h e  i n c r e a s e  in  t e m p e r a t u r e  is  p r o p o r t i o n a l  to  i t s  m a s s ,  which i s  
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Fig.  4. Dependence of d imens ion less  h e a t - t r a n s -  
f e r  coefficients  on the t e m p e r a t u r e  fac tor :  1) Nuf 
fReT/To)~ 2)St .  Re~176 3) calculat ion 
by the method of [31. 

de te rmined  mainly  by the height h of the band. F o r  the c o l o r i m e t e r  d imensions  chosen,  the second t e r m  in 
b racke t s  is of magnitude 0.03-0.06. 

Fo r  Mach numbers  above 4, the  flow in the  nozzle  is s ignif icantly influenced by the boundary l a y e r ,  the 
d i sp lacement  th ickness  of which depends on the Reynolds number  and wall t e m p e r a t u r e .  The Mach number  in 
the nozzle  may  dif fer  cons iderably  f r o m  the Mach number  de te rmined  f r o m  the g e o m e t r i c  re la t ions  of the 
nozzle .  The d i sp lacement  th ickness  was de te rmined  f r o m  the fo rmula  of [7], reduced  using the data of [8] for  
a turbulent  boundary l aye r  to  the f o r m  

6*Ix = (0.011 -F O.O065 T JTad ) M t's/Re~ 

where  5* is the d i sp lacement  th ickness  of the boundary l aye r  at  a wall  t e m p e r a t u r e  Tw; x is the d is tance  f r o m  
the c r i t i ca l  c r o s s  sec t ion .  In the case  of a l a m i n a r  boundary l aye r  the analogous re la t ion  takes  the f o r m  

6*/x = (0.179 -~ 0.292Tw/Tad) Ml'SRe~ 

When M > 4, the  method of s u c c e s s i v e  approximat ion  was used to de t e rmine  the Mach number  in the  c ross  
sec t ion  including the  the rmocouple  s i t e  on the  bas is  of the above re la t ions  and the known nozzle shape.  

The effect  of the r e a l  p rope r t i e s  of a i r  on the gasdynamic  flow p a r a m e t e r s  in the nozzle  was taken into 
account  according  to the data of [6]. The r e su l t s  a r e  shown in Fig.  1 as a function of x / d , .  The t e m p e r a t u r e  
in the p r e c h a m b e r  and the v i scos i ty  evidently have a s ignif icant  effect  on the Mach-number  distr ibution over  
the nozzle .  

Expe r imen ta l  data  on heat  t r a n s f e r  a r e  analyzed in the f o r m  of curves  of the  Nussel t  number  Nu = qx /  
grad - -  Tw)X and the Stanton number  St = q/ ( Iad - -  Iw)pu on the Reynolds number ,  the t e m p e r a t u r e  f ac to r  T w /  
Tad t and T / T  0. F o r  a pe r fec t  ga s ,  the p a r a m e t e r  T / T  0 is exp re s sed  analyt ical ly  in t e r m s  of the  Mach num- 
be r  in the f o r m  T / T  0 = [1 + (x  --  1)/2M2] - I ,  where  ~ is the spec i f i c -hea t  ra t io .  Fo r  r ea l  gases  the dependence 
of T / T  0 on the Mach number  was tabulated in [6]. 

At a t e m p e r a t u r e  T O > 2500"K, a i r  begins to  d i s soc ia te ,  and its t he rmophys t ca l  p rope r t i e s  depend in a 
complex  manner  on the t e m p e r a t u r e  and p r e s s u r e .  In the expe r imen t s ,  the m a x i m u m  degree  of d i ssoc ia t ion  in 
the p r e c h a m b e r  was 0.166. With expansion of gas  in the nozzle ,  the degree  of d issocia t ion  dec rea sed .  In the 
boundary l aye r  at l a rge  Mach n u m b e r s ,  the s ta t ic  t e m p e r a t u r e  is much less  than the adiabat ic  s tagnat ion t e m -  
p e r a t u r e .  T h e r e f o r e ,  despi te  the  d e c r e a s e  in p r e s s u r e ,  the  deg ree  of d issocia t ion cannot be l a r g e r  in the 
boundary l aye r  than in the p r e c h a m b e r .  According to  [2], the max imum expected effect  of d issocia t ion  on the 
heat t r a n s f e r  should be no m o r e  than 4%. 

Dependences of the following f o r m  were  inves t igated as genera l iza t ions  of the exper imenta l  r e su l t s  

Nu = A R e"  (T/To) m" (TJTad)m', 

St = B Re"' (T/To) n" (ToJTad)n'. 
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The Nusse l t  and Reynolds numbers  may be de te rmined  by var ious  means ,  depending on the conditions under  
which the heat conduction and v i scos i ty  a r e  chosen.  The exper imen ta l  r e su l t s  were  genera l i zed  using the 
heat  conduction and v i scos i ty  de te rmined  f r o m  the m a t e r i a l s  of [9] at the t e m p e r a t u r e  and p r e s s u r e  in the p r e -  
c h a m b e r ,  and in the s ta t ic  p r e s s u r e  and adiabat ic  s tagnat ion t e m p e r a t u r e  Tad of a i r .  The best  genera l iza t ion  
was that  obtained in de te rmin ing  the heat conduction at  Tad f r o m  the cu rve  which is the envelope of the min i -  
mum values of the heat conduction g iven in [9]. These  r e su l t s  a r e  shown In Figs .  2-4 .  

In Fig.  2, the dependence of Nu / f r /T0 )  ~ and S t / f r / T 0 )  ~ on the Reynolds number  is shown. The ex-  
p e r i m e n t a l  r e su l t s  indicate that in the range of Reynolds number s  invest igated heat t r a n s f e r  occu r s  during turbulent  
flow conditions.  The l ines shown in Fig. 2 co r respond  to m I = 0.8 and n t = - 0 . 2 .  

The s c a t t e r  of the exper imen ta l  data  depends mainly on the accu racy  of de termining  and maintaining the 
constant  m e a n - m a s s  t e m p e r a t u r e  of the gas  in the e l e c t r i c - a r c  hea t e r ,  the t i m e  for  the hea te r  to reach  steady 
condit ions,  and the accu racy  of taking and record ing  readings  f rom the osc i l log ram.  

In Fig .  3, Nu/Re  ~ and S t .Re  ~ 2 a r e  shown as a function of T / T  0. Introducing the p a r a m e t e r  T / T  0 
al lows data obtained at dif ferent  Mach numbers  to be genera l i zed .  The lines in Fig.  3 co r respond  to m 2 = n 2 = 
0.8. In de te rmin ing  X f r o m  the local  values  of t e m p e r a t u r e  and p r e s s u r e ,  m 2 = 0.5. Genera l iz ing  the resu l t s  
with r e s p e c t  to !/Lad does not lead to any nar rowing of the sp r ead  of exper imenta l  values of St. Also in Fig. 3, 
the r e su l t s  obtained using the fo rmu la s  of [2] der ived  for  the heat t r a n s f e r  to a plate  in a r ea l  gas  a r e  shown. 
Compar i son  shows that  the calcula ted cu rve  is  in quali tat ive a g r e e m e n t  with the exper imen ta l  data ,  while the 
h e a t - t r a n s f e r  coeff icients  in the nozzle  a r e  l ess  than for  the cor responding  conditions at a plate by a factor  of 
approx ima te ly  1.6-2.0.  

In Fig.  4, the dependence of Nu/(ReT/T0)  ~ 8 and St. Re ~ 2/fr/T0)~ 8 on the t e m p e r a t u r e  factor  T w / T a d  is 
shown, toge ther  with the data of [4] obtained at T o = 673 and 973~ by an independent method.  It is evident that  
the range  of the invest igat ions with r e s pec t  to the t e m p e r a t u r e  fac tor  is  cons iderably  b r o a d e r  than in [4]. On 
the bas is  of the combined r e s u l t s ,  i t  may be a s s e r t e d  that ,  for  an analys is  in the given t e r m s ,  the t e m p e r a t u r e  
f ac to r  has no effect  on the heat t r a n s f e r  in ae rodynamic  nozzles ,  or  that  its effect ,  in turbulent  flow, does not 
exceed the s c a t t e r  of the exper imenta l  r e s u l t s .  This s ignif icant ly improves  the accu racy  of heat calculat ions 
for  a e rodynamic - tube  nozzles  at high gas  t e m p e r a t u r e s .  

Using the Reynolds analogy,  in the f o r m  of the dependence St = p r -2 /3Cf /2 ,  where  Cf is the fr ic t ion co-  
efficient  and P r  is the  Prandt l  number ,  Fig.  4 shows the resu l t s  of the calculat ion in the case  when the local 
coeff icient  of f r ic t ion  is de te rmined  by the method of [3] for  supersonic  flow along a pla te .  The calculated 
curve  of the Stanton number  as a function of the t e m p e r a t u r e  fac tor  is  in quali tat ive ag reemen t  with the expe r i -  
menta l  data and, numer ica l ly ,  is l a r g e r  by a f ac to r  of 1.4-1.8.  

The exper imen ta l  r e su l t s  obtained fo r  the heat t r a n s f e r  in nozzles  with turbulent  flow, at t e m p e r a t u r e s  
T o _<_ 4000~ Reynolds numbers  5" 104-107, and T w / T a d  -- 0 .1-1.0,  a r e  genera l ized  by the following dependences 

Nu = 0.022 Re ~ (T/To) ~ 

St = 0,035 Re -~ (T/To). 

In the calculat ions it should be r e m e m b e r e d  that  the appea rance  of turbulent  flow in ae rodynamic - tube  nozzles  
may  be de fe r r ed  by spec ia l  means  [7] to Reynolds numbers  of (1-1.5). 10 ~. 

N O T A T I O N  

P0 and To, gas  p r e s s u r e  and t e m p e r a t u r e  in p r e c h a m b e r ;  t ,  c a l o r i m e t e r  t e m p e r a t u r e ;  r ,  t ime;  r ,  radius;  
a ,  ~ ,  X, p,  t h e r m a l  diffusivi ty,  h e a t - t r a n s f e r  coeff icient ,  heat  conduction, and v i scos i ty ,  r e spec t ive ly ;  q, 
spec i f ic  heat  flux; Tad and Iad,  t e m p e r a t u r e  and enthalpy of adiabat ical ly  stagnant gas ;  I, Iw, T ,  Tw, enthalpy 
and t e m p e r a t u r e  of gas  in flow core  and at  wall t e m p e r a t u r e ;  M, Nu, St, Re ,  Mach, Nusse l t ,  Stanton, and 
Reynolds n u m b e r s ,  r e spec t ive ly .  
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F L O W  O F  V I S C O U S  I N C O M P R E S S I B L E  L I Q U I D  I N  A 

P L A N E  C H A N N E L  W I T H  A B R U P T  O N E - S I D E D  B R O A D E N I N G  

V .  I .  K o r o b k o ,  ]~. M .  M a l a y a ,  UDC532.516.5 
a n d  V .  K .  S h a s h m i n  

A numer i ca l  solution is obtained fo r  the  Navie r - -S tokes  equations in the  p rob l em of l a m i n a r  
flow of a v iscous  i n c o m p r e s s i b l e  liquid in a plane channel with abrupt  one-s ided  broadening.  
The solution is com pa red  with exper imen t .  

The flow of a v iscous  i n c o m p r e s s i b l e  liquid in a channel with abrupt  broadening is of g r ea t  p rac t i ca l  in-  
t e r e s t .  Such flows a r e  inves t iga ted  on the bas i s  of the comple te  Navie r - -S tokes  equat ions,  s ince  Viscosity 
effects  play a l a r g e  ro l e .  Abrupt  broadening of the channel  is a s soc ia t ed  with b reakaway  of the flow f r o m  the 
wall  and the fo rma t ion  of a reg ion  of r e t u rn  flow. 

The l amina r  flow of v iscous  i n c o m p r e s s i b l e  liquid in channels with abrupt  broadening has been studied 
both numer ica l ly  and exper imen ta l ly .  In [1], numer i ca l  calculat ions were  made of the flow In an abrupt ly  
broadening and abrupt ly  nar rowing  channel ,  with d i sp lacement  of one of i ts  wal ls ,  at  Reynolds numbers  Re _< 
1000, and the dependence of the  b r e a k a w a y - r e g i o n  length on Re was obtained for  a given broadening.  In [2] 
the per iodic  flow in a channel with abrupt  broadening was invest igated numer ica l ly  for  Re ~ 200. The diff i -  
culty in expe r imen ta l  invest igat ions of such flows is  to  m e a s u r e  the veloci t ies  in the r e tu rn - f low region,  which 
a r e  very  s m a l l .  E l e c t r o t h e r m o a n e m o m e t e r s  and l a s e r  a n e m o m e t e r s  a r e  used for  this purpose .  In [3-5], the 
r e su l t s  of l amina r - f l ow-ve l oc i t y  m e a s u r e m e n t s  in channels were  given,  and in [6] the veloci ty field in the r e -  
c i rcu la t ion  region was m e a s u r e d  for  abrupt  broadening of the channel.  In [7] the development  of an unbounded 
flow along a wall  with a s tep  was invest igated;  the  effect  of the bounda ry - l aye r  th ickness  at the s tep on the 
length of the r ec i r cu la t ion  region was found to  be s m a l l  [7]. In [8] the veloci ty  field was measu red  for  a l a m i -  
nar  field of viscous  i ncom pres s i b l e  liquid in a plane channel with one-s ided  broadening (H/h 1 = 1.5; Re = u0hl/v 

�9 = 146, 250, 382, 458). The n u m e r i c a l  r e su l t s  of [9] show that  the rec i rcu la t ion  region is longer than in [8], 
which is a consequence of the f o r m  of the initial  veloci ty  profi le ;  this effect  was not invest igated exper imenta l ly .  
Analogous conclusions were  reached  in [10, 11] in an exper imen ta l  invest igat ion of the development  of a flow 
of viscous  i n c o m p r e s s i b l e  liquid in channels with " r i b s . "  In [12], the motion of an unbounded flow at a s tep 
was inves t igated numer ica l ly  at Re _> 104. Numer ica l  calculat ion of the flow in a channel with a s tep [13] (H/ 
h 1 = 1.1) showed that  the length of the r e tu rn - f low region is independent of Re (25 ___ Re _< 100). In [14], the 
r e su l t s  of a n u m e r i c a l  calculat ion of the flow in a channel with abrupt  broadening (H/h 1 = 8) a r e  given and, 
in p a r t i c u l a r ,  the  dependence of the length of the r e tu rn - f low region on Re (Re _< 120) was obtained. In [15], 
an analogous invest igat ion was made  for  H/h  1 = 1.5 and Re _< 40. Numer ica l  methods of solving Nav ie r - -  
Stokes equations for  use  with the given type  of flow a r e  reviewed in [16-18]. The p re sen t  work gives  the r e -  
sul ts  of a n u m e r i c a l  calculat ion of a l am i na r  flow of viscous i ncompres s ib l e  liquid in a channel with abrupt  
one-s ided  broadening (H/h 1 = 3.2, 5.2, 6.2, 7.4, 8.2). The calculat ion is made on the bas is  of the comple te  
Navier - -Stokes  equations for  Re = 180. 

The s y s t e m  of Navier - -S tokes  equations descr ib ing the flow of viscous i ncompres s ib l e  liquid in a plane 
channel is of the f o r m  [16] 
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