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We d e s c r i b e  the e x p e r i m e n t a l  inves t iga t ion  of t r a n s i t i on  f rom l a m i n a r  to turbulent  flow in 
the boundary  l a y e r  on a t h e r m a l l y  d i s in t eg ra t i ng  sur face .  

The e x p e r i m e n t s  involved de t e rmina t i on  of the l i nea r  r a t e  of gas i f ica t ion  for  models  of polymethy[ 
m e t h a c r y l a t e  or  epoxy r e s i n  (ED6 + 10% polye thylenepolyamine)  in a h i g h - t e m p e r a t u r e  chemica l ly  neut ra l  
flow of p roduc ts  of combust ion  (average m o l e c u l a r  weight for  the gas,  a pp r ox i m a t e l y  30, T o ~ 1200~ dy -  
namic v i s c o s i t y  # = 5 �9 10 -4 poise) .  Using m i c r o t h e r m o c o u p l e s ,  in a number  of the e x p e r i m e n t s  we m e a -  
sured  the t e m p e r a t u r e  p ro f i l e s  in the boundary  l a y e r  over  a d i s in t eg ra t i ng  sur face .  The t u n g s t e n - r h e n i u m  
the rmocoup le s  were  30 #m in s ize .  The models  were  fo rmed  of shor t  cy l i nd r i ca l  tubes 40 mm in length, 
with channel d i a m e t e r s  of 15 mm and 10 ram. 

Since the t es t  models  a r e  cons ide r ab ly  s h o r t e r  than the t h e r m a l  and hydrodynamic  f low-s t ab i l i za t ion  
segments  in the tube, we can a s s u m e  that  the i nc rea se  in the boundary  l a y e r  along the channel wall  in these 
t e s t s  p roceeds  as on a f lat  ab la t ing  plate ,  while the va r i a t ion  in the  t e m p e r a t u r e  and ve loc i ty  of the main gas 
flow is ins ignif icant  over  the length of the spec imen  because  of the t r a n s f e r  of heat  and m a s s  between the 
flow and the wal l s .  A l a m i n a r  boundary  flow is fo rmed nea r  the tube inlet; the flow in this  l a y e r  l o se s  s t a -  
b i l i ty  at some point downs t r eam and becomes  turbulent .  
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Fig .  1. L i n e a r  gas i f i ca t ion  r a t e  v 0 (m/sec)  for  the models  
as  a function of the dens i ty  (kg/m 2. sec) for  the mass  flow 
in the channel:  1) polymethyl  methacry la t e ,  d o = 15 ram; 2) 
polymethyl  me thac ry l a t e ,  d o = 10 mm; 3) epoxy res in ,  d o 
= 15 ram. 
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in these experiments  we were able to determine the appearance of turbulence in the boundary layer  
both f rom the change in the relaHonship between the ablation rate (i.e., in the intensity of heat t ransfer)  and 
the density of the gas flow in the channel (see Fig. 1, where the measurement  was car r ied  out at the tube 
outlet), and f rom the appearance of turbulent fluctuations in t empera tu re  in the boundary layer.  

We see f rom Fig. 1 that at low flow densit ies or, what is the same, for  low Reynolds numbers,  the 
boundary layer  on the disintegrat ing surface remains  laminar,  and the law governing the t r ans fe r  of heat 
between the gas and the wall is subject to the function Nu ~ Re ~176 Fo r  large Reynolds numbers the bound- 
a ry  layer  is turbulent and the hea t - t r ans fe r  function is of the fo rm Nu ~ He m, where m is a pa rame te r  v a r y -  
ing f rom 0.8 to 1.0 with an increase in Re [1]. In the intervening region of Re values the flow in the bound- 
a ry  layer  changes f rom laminar  to turbulent. 

The steady flow of a viscous heat-conduct ing gas in a laminar  boundary layer  is described by the 
equations 

0 0 
0x (pu) + (pv) = o, (I) 

au Ou 0 ~ (  0_~) Op (2) pu -ff  + pv- y = Ix - 0-D 

[P"-OT oyJ=V  j +Ixt o./ +" 

Having introduced the thicknesses  of the hydrodynamic (5) and thermal  (A) layers ,  and having integrated (2) 
and (3) over the t r ansve r se  coordinate y, we obtain the equations of momentum and energy for  the laminar  
boundary layer  on a dis integrat ing plate [2]: 

a 0 

dx pu (u l -  u) dv + --dx J f (piui - -  pu) d v ~ PoVoUl+ Ix Oy /o (4) 
0 0 

h A h 

ax j dx 
o o 0 

Since we can assume in these experiments  that dT1/dx -- dul/dx = 0 because of the limited length of the 
model and the low velocit ies of product motion, and since we can neglect the compress ib i l i ty  of the gas and 
the heat re lease  resul t ing f rom viscous dissipation, f rom (4) and (5) we easi ly obtain 

5 

d pu (u i -  u) dg = poVoU~ + Ix , (6) 
0 

A dl dx pUCp(T i - T )  dg=povoc p(T t - T o )  + ~, OT . 
�9 0 ~ 
0 

(7) 

The boundary conditions of the problem have the form 

Ou a~u 
u : u  i, - - ~  ~Owhen y =~,  

Og Og ~ 

aT a~T T = T t, 0 when g -~- A, 
Og ,gg ~ 

.( (~ u = O, T = To, 0 ~ o r  ~ = cppoVo , 
ay /o o 

Oy IX -- o when y = 0 

(the two last  conditions have been derived f rom (2) and (3) for  the case of flow without a gradient). For  the 
approximate solution of the original sys tem of equations (6) and (7) we will employ the Pohlhausen method. 
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Fig. 2. t) Soiutton for  Eq. (10); 2) asymptote for 5 (for { >> I_}; 3) soiution for  
(10) in the absence of injection; 4) displaeement thickness.  

Fig.  3. Tempera tu re  profiles - t h e o r e t i c a l  (2) and experimental  (1) - f o r  
= 2.4. 

We will specify the velocity and tempera ture  profiies in the form of a poIy~omiaI of fourth degree,  sa t isfy-  
ing the boundary conditions 

u 6 
- 6 + g (2n + -,~ - -  2r  + 6 ~ ( 6 r  - -  8n ~ + 3r (8) 

U i  

T - - T  O __ 6 (2~--2~ a + ~ )  +---=A- 
r~--ro 6 +~ 6+A (6~ 

3~). (9) 

'rhea, after  substitution of (8) into (6), for the dimensionless  thickness of the hydrodynamic boundary layer  
we will have 

d6- 8885-+ 47662 + 726 a + 4~ ~ 
d~ 432 + 3606+ 120~-I- 1863 +5 ~ 

= 35, (~o} 

where 

p~ (5 A ~9iui 

Figure  2 shows the solution for  (10) in the fo rm of ~- as a function of ~. We see that for small  ~ the bound- 
a ry  layer  increases  exactly as on a solid surface (curve 3), while for ~ >> 1.0 the law governing its increase  
beeomes l inear (eurve 2) Introducing the boundary- layer  displacement thiekness into our consideration,  
Le.,  

! 

6~ C 9 + 2~ 
! g (1--  u/u , )  d'n = 

5 (6+25) 
0 

we find that near the leadh~g edge of the plate (5, = 1o75 (xb~/ptu01/2, while at a distance f rom that edge, where 
the effect of viseosi ty becomes  small  and the formation of the boundary layer  is governed p r imar i ly  by the 
additional influx of re.ass f rom the wall, we have 6, = 3.5 Povox/(&%). The general  function J,(~) is shown in 
Fig 2 (curve 4). Bear ing in mind that the mass  rate P0v0 for the gasification of a thermal ly  disintegrat ing 
body is determined by the magnitudes of the heat flow to the wail and the total heat of phase conversion H, 
it is not diffieult to find that near the edge 

and at a distance f rom the edge, 

' )~ (Tt  - -  To) 1 /  
9oV0 =const H _ ~ /  91ul, (11) xlJ 

f s To) r  (12) 9oVo =const ~/ H 
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We see that in the l amina r  flow r eg i m e  in the boundary l aye r  the m a s s  flow ra te  for  ablation is propor t ional  
to the square  root  of the ra t io  of the densi ty (plul) of the main flow to the dis tance (x) f r o m  the inlet. The 
data in Fig. 1 conf i rm this conclusion, although exper imenta l ly  we find a somewhat  s t ronger  re la t ionship  
between P0V0 and p~u 1. Measurement  of t e m p e r a t u r e  in the boundary l aye r  also conf i rms  the poss ibi l i ty  of 
using the above calculat ion to der ive  quali tat ive re la t ionships .  Thus,  Fig. 3 (for purposes  of compar ison)  
shows the d imens ion less  t e m p e r a t u r e  p rof i l es  in the boundary l aye r  ove r  a d is in tegra t ing  sur face  for  
= 2 �9 40: calculated f rom (7) and (9) for  a Prandt t  number  P r  = 1 (curve 2) and measu red  exper imen ta l ly  
(curve 1). 

Genera l iza t ion  of the data for  the t e m p e r a t u r e  m e a s u r e m e n t s  and the measu red  ab la t ion- ra te  func-  
t ions enables  us to de te rmine  the cr i t ica l  value of the Reynolds number .  It developed that t rans i t ion  to 
turbulent  flow in the boundary l aye r  on an ablat ing sur face  begins with the Reynolds number  for  the local 
d i sp lacement  th ickness  5,, i .e. ,  

Re, - p,u,8, = 1300 -- 1500. 

The resu l t ing  value of the c r i t i ca l  Reynolds number  is somewhat  g r e a t e r  than the value of Re,  for  
the i so the rmal  s t reaml in ing  of a f lat  i m p e r m e a b l e  plate [3]. This  c i r cums tance  can probably  be explained 
by the fact  that  the des tabi l iza t ion  of the boundary l ayer  - because  of the influx of additional m a s s  f r o m  the 
ablat ing walls  - is weaker  than the s tabi l iz ing effect  of gas  cooling within the layer .  

Indeed, for  the g rad i en t - f r ee  flow of a hot gas over  a t h e r m a l l y  d is in tegra t ing  surface ,  f rom the equa-  
tion of motion, at the wall  we find 

Ou 0 
p0v0 ( - ~ y ) o :  -~-y ( ~ - ~ )  ~ . (13) 

Hence, a s suming  the function #/P0 = T/T0 for  the v i scos i ty  of the gas and taking P r  = 1, it is easy  to find 
the expres s ion  for  the slope of the ve loc i ty  profi le ,  whose sign de t e rmines  the s tabi l i ty  of the flow in the 
boundary layer :  

ay ~ Io \ ay J o \ oy / o To \ 

Since cT0/H < 1, it follows f r o m  (14) that the s tabi l iz ing effect  of the t r a n s f e r  of heat  between the gas and 
the wall in the case  of a t he rma l ly  d i s in tegra t ing  sur face  is s t ronge r  than the destabi l iz ing effect  of the ad-  
ditional influx of m a s s  f rom the walls .  

In this connection, exper imen ta l ly  we obse rved  a sl ight cons t r ic t ion  of the t rans i t ion  to turbulence 
in the boundary layer  on the ablat ing plate,  as compa red  with the s t reaml in ing  of a nondisintegrat ing surface .  
An analogous effect  was  observed  in flight t e s t s  of d is in tegra t ing  cones [4]. 

With a change in the nature  of the flow in the boundary l aye r  the re  is a pronounced change in the f o r m  
of the wall  being swept. In the reg ion  of Reynolds numbers  in which the boundary l aye r  r e m a i n s  l aminar ,  
the su r face  of the model a f te r  the t es t  is smooth,  with no apparent  i r r egu la r i t i e s .  After complete  tu rbu l i za -  
lion of the boundary layer ,  v i r tua l ly  the en t i re  su r face  of the channel becomes  i r r egu la r ,  cel lular ,  and pitted 
[1]. A mot ion-p ic tu re  f i lm of the p r o c e s s  involved in the appearance  and development  of the per tu rba t ions  
in the boundary  l aye r  on the ablating sur face  makes  poss ib le  a detai led compar i son  of the pa t te rns  of t r a n s i -  
tion on solid and d is in tegra t ing  su r faces .  Such a mot ion-p ic tu re  f i lming opera t ion  proved to be poss ib le  b e -  
cause  the en t i re  s t ruc tu re  of the flow in the boundary l aye r  is re f lec ted  at the surface  when a t h e r m a l l y  d i s -  
in tegra t ing ma te r i a l  is s t r eaml ined  by a hot gas ( r ega rd le s s  of the pa r t i cu la r  physical  p roces s  that is in- 
volved, i.e.,  ablation, sublimation,  or  combustion).  F o r  this we need only make ce r ta in  that the exposure  
for  the en t i re  vor t ex  s y s t e m  in the l aye r  (the in te rmi t tance  t ime  w0) is sufficient to produce a t he rma l  i m -  
p ress ion .  We know that the c h a r a c t e r i s t i c  re laxa t ion  t ime  for  the heated l aye r  of a body is given by w 1 ~ ~< 
/u  2 and in the t rans i t ion  region, in the s t r eaml in ing  of polymethyl  me thac ry la te ,  it is w 1 ~ 10 -1 sec,  i .e.,  it 
is of the s ame  o rde r  of magnitude as  the in te rmi t tance  t ime  w 0. (According to the m e a s u r e m e n t s  in [5], at 
flow veloci t ies  of 10-25 m / s e c  the f requency of flow in te rmi t tance  in the boundary l aye r  is 10-20 Hz.) This  
makes  c l ea r  the poss ib i l i ty  of studying the t r ans i t ion  f r o m  the roughness  pa t te rn  on the sur face  of a d i s in te -  
gra t ing  body. 
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Fig. 4. Relative average roughness  dimension 
on a s t reamlined surface as a function of the 
Reynolds flow number:  1) polymethy[ meth-  
acrylate;  2) epoxy resin; 3) polymethyl meth-  
acryla te  in swirled flow. 

it developed, as in the s t reamlining of a rigid s u r -  

face [5], that the initial indicators of the instability of the 
laminar  boundary layer  are  found in the fo rm of a ser ies  
of two-dimensional  ax isymmetr ic  perturbat ions such as 
T o l l m i e n -  Sehlichtingwaves.  With the passage of time, 
these waves are  intensified, they become th ree -d imen-  
sional and unstable, and as a consequence a more  or l e s s  
ordered s t ructure  is formed f rom the vor tex cells,  r e -  
miniscent  in shape to the horseshoe  vor t ices  of Theo- 
dorsen.  These vor t ices  subsequently disintegrate,  gen- 
erat ing i r r egu la r  turbulent pulsations. 

The motion-picture  f i lms of the p rocess  revealed 
yet another possible mechanism for the appearance of 
turbulence in the boundary layer.  With the existence of 
inhomogeneities in the mater ia l  of the model (for example, 
gas bubbles) at the beginning of the test ,  pr ior  to the 
formation of a viscous melt f i lm at the surface of the 
specimen, small  hemispher ica l  pits appear. These de-  

pressions function in the same manner as rough spots in the streamlining of a solid plate and promote the 
generation of local turbulent pulsations in the boundary layer. However, such roughness on a disintegrating 
surface, unlike the case with a solid wall, interacting with the microvortices in the boundary layer, itself 
undergoes change, i.e., the cells increase in size to a certain point, forming a chain of irregularities, which 
are oriented in the direction of the flow. Regardless of which of the described mechanisms leads to the 
transition from the laminar to turbulent flow in the boundary layer (usually both of the mechanisms act 
simultaneously), the linear dimension I of the cells completely developed on the specimen is determined 
by the dimensions of the microvortices and is proportional to the thickness of the boundary layer, i.e., 

l = (V  - -  T o )  

x 9~u~ I /  9~u~xH V ~i~ 

Figure  4 shows the experimental  relat ionship between the average relat ive cell dimension l/x and the Re x 
number, found for  the ablation of specimens made of polymethyl methacryla te  and epoxy resin.  

it is interest ing that in studying the decomposit ion of the channel walls of a cylinder in a highly 
swirled flow [1] it is not ax i symmet r ic  perturbat ions that ar ise  initially in the t ransi t ion region, but ra ther  
perturbat ions of the T a y l o r - G o e r t l e r  wave type, oriented along the s t reamlines .  However, the s t ruc ture  
of the cells and their  dimensions,  as before,  are determined by the state of the boundary layer  (see Fig. 4). 

P re l imina ry  investigation of t ransi t ion to turbulent flow at the surfaces  of sublimating mater ia l s  
without a melt film (for example, NH4ClO4) demonstrated that the charac te r i s t i c  dimensions for the cells 
formed at the wall are  determined by an analogous dependence on the Re number, and the mechanism for 
the apperance of turbulent pulsations in the boundary layer  is s imi lar  to the one in the s t reamlining of a 
smooth surface,  if the initial part icle  dimensions for  the compressed  mater ia l  a re  small,  and it is s imi lar  
to the mechanism for t ransi t ion on a rough plate, if the part icle  dimensions are  sufficiently large.  
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VO 
q = plul 
T 
5, A 
X 
H 
Z 

NOTATION 

is the heat capacity of the disintegrating body; 
is the dynamic viscosity of the gas; 
is the density; 
is the axial flow velocity of the gas; 
is the linear gasification rate; 
is the mass density of the flow; 
is the temperature; 
are, respectively, the thicknesses of the hydrodynamic and thermal boundary layers; 
is the thermal conductivity of the gas; 
is the total heat of phase conversion; 
is the linear roughness dimension at the streamlined surface; 
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Nu 
Re 
Subscript 0 
Subscript 1 

is the Nussel t  number;  
is the Reynolds number;  
gives the values  of the p a r a m e t e r s  at the wall; 
identifies the p a r a m e t e r s  in the flow, outside the boundary l aye r .  

1o 
2. 
3. 
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