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FLOW AND HEAT TRANSFER IN COAXIAL 

AROUND AN OBSTACLE 

I. A. B elov, G. F. Gorshkov, 
and V. S. Terpigor'ev 

J E T  F L O W  

UDC 536.244:532.522 

Resu l t s  a re  p resen ted  of an exper imenta l  investigation of the gasdynamics and heat  t r a n s f e r  in 
the r e v e r s e  flow zone nea r  an obstacle  during coaxial  je t  flow on it along the normal .  

In connection with the possibi l i ty of a d i rec t ional  influence on the nature of the flow and heat  t r a n s f e r  at 
the sur face  of s t reaml ined  bodies,  a considerable  in te res t  has recen t ly  been manifes ted in the problem of in-  
t e rac t ion  between nonuniform flows of the "wake" type and blunt bodies p laced ac ro s s  the s t r e am  [1-5]. It is 
exper imenta l ly  shown in [2, 3] that a stable c i rcula t ion flow with r e v e r s e  cu r ren t s  to the cen t ra l  point of the 
body can be rea l ized  near  the body for  definite values of the ra t io  between the s t r e am  velocity at the c i r c u m -  
f e rence  and the veloci ty in the cent ra l  pa r t  (the coflow p a r a m e t e r  is m = U2/U 1 > 1). 

The authors  posed the problem of studying the effect  of the origin of the re tu rn  cur ren ts  zone for  je t  flow 
around the obstacle  and the possibi l i ty  of its p rac t i ca l  application for  the intensif icat ion of heat t r a n s f e r  in 
the a rea  of je t  in terac t ion  with obstacles .  The investigation,  on the whole,  is exper imenta l  in nature  and is a 
continuation of [2], inwhich a re  p resen ted  p re l imina ry  resu l t s  on the interact ion between a subsonic ax i sym-  
m e t r i c  j e t  with c i r c u m f e r e n t i a l  maximum velocity at the nozzle exit  and a plane obstacle.  

The exper imenta l  invest igat ions were  pe r fo rmed  on an apparatus  [6] consist ing of a wind tunnel to whose 
st i l l ing chamber  an ax i symmet r i c  con t rac to r  r ep resen t ing  a Vitoshinskii  nozzle with wais t ing 9 and exit  
d i a m e te r  d 2 = 100 mm is fas tened,  and a two-s tage  coordinating unit with measur ing  obstacles  thereon.  To 
obtain coaxial  j e t s  in the nozzle ,  an additional cent ra l  con t rac tor  with exit  d iamete r  d t = 25, 50, 75 mm is 
inser ted  along its axis. Varia t ion of the cojet  p a r a m e t e r  m assu red  the mounting of interchangeable grids 
with d i f ferent  clogging coefficients  in the  cent ra l  cont rac tor .  

The flow and heat  t r ans fe r  were  studied in the in teract ion domain by using "dynamic" and " the rmal"  
plane obs tac les  permi t t ing  the measu remen t  of the s ta t ic  p r e s s u r e  and the h e a t - t r a n s f e r  coefficient  a on the 
obstacle  sur face ,  as well as the longitudinal component of the average  velocity in the in teract ion domain near  
the obstacle .  The s ta t ic  p r e s s u r e  on the obstacle was m easu red  by drainage of the "dynamic" obstacle with a 
1 - m m - d i a m e t e r  co l lec tor  hole. The t r ansduce r  DD-6, operat ing in the range to 0.4 bar ,  was used as  p r e s -  
sure  s e n s o r i n  conjunction with the measur ing  apparatus  VI6-5MA and record ing  on anN-117 loop osci l lograph 
during continuous pulling of the obstacle ac ros s  the je t  with the distance t ied to m a r k e r s  in the path. The 
e r r o r  in de te rmining  the p r e s s u r e  did not exceed 2%. 
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Fig. 1. Velocity and stat ic  p r e s s u r e  distributions along the obstacle 
surface (m = 4, U 2 = 20 m/sec ,  D = 0.5): 1) H = 0.5; 2) 1; 3) 2; 4) 3; 
5) single jet (m = 0, H = 1, d 2 = 100 ram). 

Fig. 2. Influence of geometr ic  and gasdynamic flow pa rame te r s  on 
the change in the r eve r se  flow velocity (U*) and on the position of the 
c i rcumferen t ia l  stagnation point {R) on the obstacle (m = 4, U z = 20 
m/see ,  H = 1): 1) D = 0.25; 2) 0.5; 3) 0.75; (D = 0.5, U 2 = 20 m/see ,  
H = 1 ) :  4) m = 2.13; 5) 1.44; (m = 1.44-4):  6) H = 0.5; 7) 1; 8) 2. 

The average  s t r eam velocit ies  in the interact ion domain were  measured  by a cons tan t - tempera ture  
the rmoanemomete r  in which a 5-/~m-diameter,  1 .5 - ram- long  tungsten wire was used as t r ansducer  sensor .  
It should be noted that a nonzero value of the velocity was determined nea r  the central  and c i rcumferent ia l  
stagnation points in measurements  of the average r eve r se  flow veloci t ies  because the t r ansducer  is not r e -  
sponsive to the s t r eam direct ion and was superposed 1 mm above the obstacle surface.  Hence, a correc t ion  
was introduced in the readings to take into account  that the velocity is ze ro  at these points. The e r r o r  in m e a -  
sur ing  the velocity did not exceed 5%. 

The heat t r ans fe r  was investigated on the bas is  of a study of the action of cold jets  f rom a " thermal"  
obstacle heated by an e lec t r i c  cur ren t  by d iscre te  t empera tu re  measuremen t s  on the s ta t ionary mode of a tape 
heating element.  The descr ip t ion of the la t te r ,  as well as the method of determining the hea t - t r ans fe r  coeffi-  
c ients ,  is elucidated I n  [6]. The total  e r r o r  in de termining a did not exceed 6%. 

An optical sys tem permi t t ing  a light beam to be obtained by using cyl indrical  opt ics ,  whose thickness 
did not exceed 2 mm at the jet  boundary,  was used to visual ize the gas flow in the interaction domain. The 
insert ion of smoke par t ic les  in the s t r eam permi t ted  determinat ion of the flow pat tern in the plane of the 
"light knife edge" because of light sca t te r ing  by the solid par t ic les .  

Resul ts  of the investigation a re  presented below for  the following ranges  of var ia t ion of the geometr ic  
and gasdynamic s t r eam and apparatus  p a r a m e t e r s :  m = 1.3-4; U 2 = 5-20 m/sec ;  D = dl/d 2 = 0.25-0.75; H = h/d 2 -- 
0.5-5; Re = d2U2/v = (0.33-1.33). 105. Dependences of the s tat ic  p r e s su re  Ap and velocity distr ibutions over 
the obstacle surface  a re  const ructed in Fig. 1 for  different dis tances to the nozzle exit H. It follows f rom an 
analysis  of the data presented that a c i rcumferent ia l  maximum p r e s s u r e  whose magnitude significantly exceeds 
the p r e s s u r e  at the central  point of  the obstacle is real ized during the flow of the coaxial jets on the obstacle. 
Accord ing  to the data obtained, the c i rcumferen t ia l  s tat ic  p r e s s u r e  maximum Ap occurs  for  m > 1.3. It does 
not exist  for  l e s s e r  m and the distr ibution of Ap  cor responds  to the typical  p r e s su re  distr ibution on an obstacle 
with the maximum at the centra l  point, as in the case of the flow of a singte jet  on an obstacle (curve 5) with a 
uniform velocity profi le  at the nozzle exit. As the cojet p a r a m e t e r  inc reases ,  the magnitude of the static 
p r e s su re  maximum increases .  The grea tes t  value of the p r e s s u r e  drop between the c i rcumferent ia l  and 
central  points,  noted in the exper iment ,  is APmax/APm = 2.4 for  m = 4, D = 0.5 at a distance of H = 1 between 
the nozzle exit and the obstacle.  The rat io Is here  APmax//XP02 = 0.47, where ~P02 is the excess  stagnation 
p r e s s u r e  on the c i rcumferen t ia l  par t  of the jet. Fo r  D = 0.75 the c i rcumferent ia l  maximum Ap  is implicit  
and the quantity APmax/APo2 is negligible. 
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Fig. 3. Distribution of the local heat-transfer coefficients 

over an obstacle surface (m = 4, U2 = 20 m/sec, H = 0.5): 1) D = 

0.25; 2) 0.5~3) 0.75; 4) ( m = 4 ,  U 2 = 2 0 m / s e c ,  D = 0 . 5 ,  H = 4 ) ;  
5) (single jet ,  m = 0, U 2 = 20 m/sec ,  d 2 = 100 mm; H = 0.5), 
a -  10 -2, W/m 2 , deg K. 

Fig. 4. Relat ive hea t - t r ans f e r  efficiency (U 2 = 20 m/sec ,  D = 
0 . 5 ) :  1) m = 4; 2) 2; (U 2 = 20 m/sec) -  3) (D= 0.25 m,  m = 2); 
4) (0.75, 2); 5) (0.25,  4); 6) (0.75, 4). 

The location of the maximum p r e s s u r e  depends on the geometry of the nozzles used D, the distance H, 
and is prac t ica l ly  invariant  with the change in m for  D = const  and H = const. Thus,  for  D = 0.5 and m = ea r  
the posit ion of the coordinate of the maximum Ap depends on H and is in the range 0.45 -< r(APmax)/d 2 = 

r (APma x) -< 0.65. For m =4  and D = v a r ,  ~ (APmax) i s  a function of H and is in the range 0.32 < r(APmax) --< 
0.75. The re fo re ,  the g rea te r  the D the f a r the r  along the radius is the maximum AP displaced f rom the cen-  
ter  of the obstacle for  a constant  distance between the nozzle exit and the obstacle.  

The mentioned nature of the s tat ic  p r e s s u r e  distr ibution is rea l ized for  m > 1.3 at dis tances 0.5 < H -< 2 
between the nozzle exit and the obstacle.  F o r  H > 2 the p r e s s u r e  at the center  of the obstacle is a maximum 
(curve 4 in Fig. 1), and the nature of its distr ibution is analogous to the nature of the p r e s s u r e  change, as in 
the case of interact ion between an obstacJe and a single jet with uniform velocity profile at the nozzle exit. 
The absence of a c i rcumferent ia l  s tat ic  p r e s s u r e  maximum at the ranges H > 2 is caused by the disappearance 
of the c i rcumferent ia l  stagnation p r e s s u r e  maximum AP 0 in the c ross  section of a f ree  coaxial je t  because of 
viscous mixing and degenerat ion of the velocity profile into a typical  profile for  a single turbulent jet  with 
maximum velocity on the axis. 

As a l ready mentioned above, the flow was visual ized in addition to having the gasdynamic pa rame te r s  
measu red  to c lar i fy  the qualitative flow pat tern  dur ing coaxial je t  interaction with an obstacle.  Resul ts  of the 
investigation showed that for  0.5 - H -< 2 a circulat ion zone charac te r i zed  by r eve r s e  flow to the center  of the 
obstacle occu r r ed  in the mode of real iz ing a c i rcumferent ia l  maximum p r e s s u r e  at the cent ra l  area  of the 
obstacle.  In this case ,  in addition to the central  stagnation point, still another c i rcumferent ia l  point R 
separa t ing  the r eve r s e  s t r eam to the center  f rom the radial ly spreading s t r eam on the obstacle is determined 
on the obstacle surface.  In addition to the stagnation points mentioned, the presence  is noted of still  another 
on the obstacle surface on the axis at a distance dependent on m (for D = const ,  H = const). The location of 
the point of separat ion on the axis shifts in the direct ion to the nozzle exit as m increases .  

In o rde r  to determine the extent of the r eve r se  flow zone on the obstacle ,  and the magnitude of the 
velocity there ,  the distr ibution of the velocity averaged over  t ime was measured  in d i rec t  proximity to the 
obstacle (Fig. 1). It follows f rom the data presented that the s t r eam stagnation point R (6 on the p res su re  
profile) is always in f ron t  of the c i rcumferent ia l  maximum stat ic  p ressure .  Its position depends mainly on 
the geometry  of the nozzle D and the distance H (Fig. 2). For  m = va t  and D = const,  H = const the coordi -  
nate R = R/d 2 var ies  negligibly. 

As the p a r a m e t e r  m inc reases ,  the intensity of the r eve r se  flow increases .  The maximum value of the 
r eve r se  flow velocity U* is achieved under the conditions of the exper iment  for  m = 4, D = 0.25 and 0.5, and 
H = 1, and is a quantity on the o rde r  of 0.4U 2 (Fig. 2 ,  curves  1 and 2). Fo r  D = 0.5 the extent of the reverse  
flow zone is hence a maximum along the obstacle.  The posi t ion of the maximum U* depends on the nozzle 
geometry D and the distance H. Thus ,  for  m = 4, H = I ,  and m = e a r ,  the coordinate of maximum U* is with-  
in the l imits  0.25-< r(U*max) -< 0.5. Fo r  D = 0.5, H = l , a n d m =  vat ,  r(U*max) = 0.4, i .e . ,  as the cojet p a r a m -  
e ter  changes while the other  p a r a m e t e r s  remain  unchanged, the posit ion of the maximum U* on the obstacle 
does not change (Fig. 2, curves  2, 4, and 5). 
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As the stagnation point R recedes ,  the gas velocity r i se s  and reaches  the maximum value (see Fig. 1) at 
the distance r ffi 1 - 1 . 1 .  The excess  of the velocity on the obstacle over  the maximum in the coaxial jets U 2 
noted in the exper iment  for  H = 0.5 is apparently associa ted  with the influence of the obstacle on the gas flow 
in the nozzle at shor t  dis tances of the nozzle exit. A p r e s s u r e  redis t r ibut ion at the nozzle exit can hence occur  
for  quantities m insignificantly g rea te r  than one so that the c i rcumferent ia l  maximum AP 0 in the jet  will p r ac t i -  
cally vanish. For  H > 2 there  is no circulat ion flow, and the nature of the velocity distr ibution at the obstacle 
is typical  for  the case  of the flow of a single je t  with a uniform velocity profi le at the nozzle exit over  an ob-  
stacle for  a l inear  velocity distr ibution law in the neighborhood of the s t r eam stagnation point which agrees  
with the cent ra l  point of the obstacle  (Fig. 1, curve 4). 

The resul ts  of an experimental  investigation of the distr ibution of the hea t - t r ans fe r  coefficient a over  the 
obstacle surface  are  represen ted  in Fig. 3. As analysis  of the data obtained shows, a c i rcumferent ia l  maxi -  
mum of the h e a t - t r a n s f e r  coefficient amax,  whose location is fa r ther  downstream than the location of the c i r -  
cumferent ia l  maximum stat ic  p r e s s u r e ,  occurs  in the a distribution. The quantity ama x exceeds the magni-  
tude of the coefficient a m considerably at the centra l  point of the obstacle.  Under the conditions of the exper i -  
ment ,  the c i rcumferent ia l  maximum hea t - t r ans fe r  coefficient is noted for  0.5 - H ~ 2, while for  H > 2 the 
a distr ibution (curve 4) is analogous to the distr ibution of the hea t - t r ans fe r  coefficient in the case of a single 
jet  with a uniform velocity profile at the nozzle exit (curve 5) flowing on the obstacle.  

The location of the maximum coefficient a relat ive to the coordinate r depends on the p a r a m e t e r  D and 
depends slightly on m and H. The magnitude of the maximum a depends on the escape velocity U 2 in the c i r -  
cumferent ial  par t  of the nozzle and on its distance H f rom the obstacle.  As the resul ts  of an investigation for 
m = 2-4 and H = 0.5 show, for  D = var  the coordinate ~(amax) is in the range 0.6 -< ~(ama x) < 1, where the 
g rea te r  the D the fa r the r  is the maximum a displaced f rom the center  of the obstacle. The maximum value of 
the hea t - t r ans fe r  coefficient is determined at a distance of H = 1 for  m = 4 and D = 0.5 (Fig. 3), which c o r r e -  
sponds tothe mos t  developed r eve r s e  flow mode (~e r eve r sed  flow velocity is a maximum). For  this mode the 
rat io is hence amax/am = 1, 2, and the rat io amax/.~m diminishes (curve 4) as H increases .  

The r eve r se  flow to the center  of the obstacle which is fo rmed during the s t r eaming  of coaxial jets will 
resu l t  in a substantial  increase  in the integrated hea t - t r ans fe r  charac te r i s t i c s  (relative to the obstacle surface) 
in addition to a r i se  in the local hea t - t r ans fe r  charac te r i s t i cs .  Let us define the mean integral  hea t - t r ans fe r  

coefficient ~ as 

0 r=O 

The values o f~ ,  found in conformity with (1), and r e f e r r ed  to the mean- in tegra ted  hea t - t r ans fe r  coefficient 
am = 0 for  a single je t  with a uniform velocity profile at the nozzle exit (the same discharge) are  represented  in 
Fig. 4 as a function of the distance H. It follows f rom the graph that ~ increases  substantially as the p a r a m -  
e te r  m g r o w s  and exceeds the quantity a m =0 significantly (up to 1.4 t imes under the conditions of the exl~e_ r i -  
ment). The rat io ~/~-m =0has a maximum for m = 4, D = 0.5 at a distance H = 1. For  H > 4 the value of a 

approaches the quantity ~rn = 0. 

The investigation pe r fo rmed  indicates the efficiency of using coaxial jets  with a c i rcumferent ia l  maxi -  
mum velocity at the nozzle exit to heat  and cool sur faces  because of the organizat ion of a stable ver t ica l  flow 
near the obstacle surface.  The method of shaping the flow with a c i rcumferent ia l  maximum velocity far  f rom 
the obstacle in o rde r  to achieve maximum heat t r ans fe r  f rom the gas to the heated o rcoo led  surface canbe  
used in prac t ice  in the design of a different kind of h e a t - t r a n s f e r  apparatus.  According to exper iment ,  the 
operat ing mode of an apparatus for  which the maximum value of the total heat flux to the obstacle is achieved 
is assured  for  the fo l lowingparamete rs :  m = 4, D = 0.5, 1 -< H -< 2. 

r 

h 

d 

~" = r/d2; H = 

h/d2; R = R/d2; 
D = dt/d 2; 
U 

N O T A T I O N  

is the radial  distance f rom the central  point of the obstacle;  
is the distance between the nozzle exit and the obstacle;  
is the d iameter ;  

is the veloci ty;  
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P 

APo2 = P~- 

Pe; Ap = 

P-Pe; m = 

V 

P 

i s  the pressure ;  

is the kinematic  viscosity;  
is the h e a t - t r a n s f e r  coeff icient ;  
is  the mean h e a t - t r a n s f e r  coefficient;  
is the density.  

S u b s c r i p t s  

1 p a r a m e t e r s  on the nozzle  exit  in the cen t ra l  pa r t  of the jet; 
2 p a r a m e t e r s  of an annular  jet; 
m axis; 
e ex te rna l  pa r ame te r s ;  
o stagnation parameters;  
* r e v e r s e  flow to the cen te r  of the obstacle .  
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E X T E N T  O F  T H E  S U B S O N I C  D O M A I N  IN A 

S U P E R S O N I C  U N D E R E X P A N D E D  J E T  

G .  A .  A k i m o v  a n d  B .  N .  S o b k o l o v  UDC 532.525.621o43o011 

A method is proposed to de te rmine  the extent  of the subsonic domain in a supersonic  under -  
expanded jet. The method is based on r ep resen t ing  the flow p a r a m e t e r s  in the fo rm of se r i e s .  

The quali tat ive flow pat tern  in a supersonic  je t  has been studied sufficiently well.  It is known that a 
c lea r  wave s t ruc tu re ,  conserved within the l imits  of seve ra l  per iods  of the je t ,  is observed  for  n < 5. The 
flow p a r a m e t e r s  in such a je t  a re  computed e i ther  by numer ica l  methods [1] or by using approximate  me th -  
ods [2]. Computation of the s t r e am p a r a m e t e r s  in the subsonic flow domain being fo rmed  during the non-  
regu la r  ref lec t ion  of a "hanging" compress ion  shock f rom the je t  axis (Fig. 1) is of definite difficulty. As 
computations have shown, the curva ture  of the contact surface  being fo rmed  at the point C is sufficiently 
small .  Hence,  two flow schemes  can be achieved which compare  it to the flow of an inviscid gas in a channel 
with slightly cambered  walls. In the f i r s t  scheme,  the contact  surface  forms  a contract ing channel, in whose 
minimal  sect ion the speed of sound is reached.  This  case cor responds  to a negative slope of the veloci ty  vec -  
to r  at the point C. In the second scheme the contact  surface  fo rm s  a channel of var iable  curva ture  in which 
the flow is f i r s t  r e t a rded  s o m e w h a t  and then acce le ra t ed  to r each  the speed of sound at the minimal  sect ion,  
as in the f i r s t  case. This  scheme cor responds  to a posi t ive angle 0~C, cha rac t e r i s t i c  for  an underexpanded jet.  

An approximate  method is proposed  for  the analysis  of the subsonic je t  domain which i s  based on the 
assumption of one-dimensional i ty  of the flow. We shall consider  the flow p a r a m e t e r s  known up to the Mach 
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