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OF H E T E R O G E N E O U S  ( G A S -  F I L M )  D E T O N A T I O N  
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The detonation p rocess  in a tube filled with a gaseous oxidant (oxygen) and which has a "thick" 
layer  of fuel (carbon with a low vapor pressure)  deposited over its entire pe r ime te r  is ex- 
amined; the weight rat io of fuel to oxidant considerably exceeds the s toichiometr ic  ratio.  It 
is assumed that the rate  of heat re lease  is determined by the diffusional (noninstantaneous) 
p rocess  of mixing of the vaporizing fuel and the oxidant. An est imate  is made of the effect on 
the detonation pa rame te r s  of heterogeneity in the composition over  the c ross  section of the 
tube and of fr ict ion and heat losses.  Dependences of the detonation pa ramete r s  (propagation 
velocity, p r e s s u r e  profile in the front, distance to the Chapman-Jouque t  plane) on the the rmo-  
physical  proper t ies  of the fuel and oxidant a re  obtained. 

1. It has been established experimental ly [1, 2] that the propagation of a detonation process  is possible 
in a tube filled with a gaseous oxidant and on the wall of which is deposited a film of fuel (with a low vapor 
p r e s s u r e  under the initial conditions). The front  of a heterogeneous detonation consists  of a shock wave 
and an extended (not less than two to four tube diameters)  combustion zone behind it. A detonation is poss i -  
ble with almost infinitely high rat ios of the weight of the fuel on the walls of the tube to the weight of the 
gaseous oxidant in the volume. 

In [3-5], devoted to theoret ical  considerat ion of the process ,  the instantaneous mixing of the fuel en ter -  
ing the volume of the tube with the oxidant was assumed. In [3] the ra te  of heat re lease  was determined by 
the kinetics of the chemical  react ion of oxidation, and it was concluded that the propagation of the p rocess  
is impossible without a sufficiently intense supply of fuel. In [4, 5] it was assumed that the fuel entering the 
volume of the tube f rom the walls burns instantly, and the Chapman-Jouquet  plane was identified with the 
plane of total vaporizat ion of the fuel film. The velocity defect in the propagation of the p rocess  in compar i -  
son with the velocity of homogeneous detonation of the same composit ion was determined by the heat losses  
and losses to friction. The authors of [4, 5] confined themselves  to an examination of p rocesses  for  "thin" 
fuel layers ,  i.e., for  rat ios of the weight of fuel on the walls of the tube to the weight of gaseous oxidant in 
the volume close to the s toichiomett ic  ratio. 

A schematic  picture of the detonation front obtained on the basis  of experimental  data [5-7] is shown 
in Fig.  1. Here 0 is the shock front, L 1 is the distance f rom the shock front  to the joining of the boundary 
layers ,  and L 2 iS the distance f rom the shock front to the plane of completion of heat re lease .  

The following simplifying assumptions are  made in the derivation of the equations: 

(1) the gas density p, p r e s s u r e  p, t empera tu re  T, and s t r eam velocity relat ive to the shock front u a re  
assumed to be constant over a c ross  section of the tube. 

(2) The specific gas constant R and specific heat capacity Cp of the gas are  assumed to be constant 
over a c ross  section of the tube: 

(3) The rat io of heat capacit ies y is assumed to be constant over  a c ross  section of the tube, indepen- 
dent of the distance to the shock front, and equal to the value of y at the Chapman-Jouquet  plane for homo-  
geneous gas detonation of a s toichiometr ic  mixture of fuel with oxidant [8] 
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y = t . t7 (1.1) 

(4) The ra t e  of the chemical  reac t ion  is a s sumed  to be infinitely high; the heat r e l e a s e  is de te rmined  
by the p r o c e s s e s  of turbulent diffusion of the fuel vapor iz ing into the volume of the tube; the fuel concen t ra -  
t ion is a ssumed  to be var iab le  over  a c r o s s  sect ion of the tube. 

(5) The heat  r e l e a s e  H 0 per  g r a m  of oxidant due to the chemical  reac t ion  is a s sumed  to be  independent 
of the composit ion of the products  and to equal the corresponding value for  homogeneous detonation of a mix -  
ture  of s to ich iomet r ic  composi t ion [9] 

Ho = Dn ~ / 2 (~2 _ t) co' (1.2) 

where  D H and Co ~ a r e  the detonation veloci ty and weight concentrat ion of oxidant in a mix tu re  of s to ichio-  
me t r i c  composit ion.  

(6) The  value of the blowing p a r a m e t e r  B [descr ibed below by Eqs.  (2.1) and (2.2)] is a s sumed  to be  
independent of the dis tance to the shock front .  

In the coordinate  s y s t e m  connected with the shock f ront  the s ta t ionary  equations of continuity, mo men -  
tum, and energy  with al lowance fo r  friction, heat losses ,  m a s s  supply, and heat  r e l e a s e  due to the chemical  
reac t ion  have the f o r m  

x 

Spu = SplD + l i mdx 
0 

x x 

S (pu ~ + p) = S (plD ~ + p,) + D1 f mdx + l f "%dx 
0 O 

x 5c x 

Spu(U-~ + %T)~SplD(D.--~-~ + c,lT1) + ( - -~  + c , T ~ ) l  I mdx + SpxDHoW + Dl f ,wdx - - I  i q~dx 
o 0 o 

(12) 

where  D is the veloci ty  of propagat ion of the shock front,  S and l a r e  the c ro s s - s ec t i ona l  a r ea  and p e r i m -  
e te r  of the tube, x is the distance f rom the shock front,  m is the r a t e  of m a s s  supply of fuel f r o m  a unit of 
surface ,  T w is the shear ing s t r e s s  of fr ict ion,  qw is the heat flux to a unit of su r face  of the fuel film, W is 
the f rac t ion  of oxygen which has  undergone the react ion,  and the index 1 per ta ins  to the initial s ta te  of the 
oxidant. 

The equation of s ta te  and the express ion  for  the square  of the speed of sound have the f o r m  

p = pBT, a 2 = yBT (1.4) 

Let us change to d imens ion less  coordinates  and to the p a r a m e t e r s  

= P / Pl, a = Pl /P ,  M =  u / a, MI -= D / al 

2~ dx ~'~ (1.5) 
~lx = ,-qp1D ' ~h -~ ~ dx, TIs = dx 

0 0 o 

where ~r is the d imensionless  p r e s s u r e ,  a is the d imens ion less  density,  M is the Mach number  of the s t r e a m  
re la t ive  to the shock front,  M 1 is the Mach number  of the shock front,  */~ is the d imens ionless  blowing of 
the flue - the ra t io  of the m a s s  flow of the vaporizing fuel to the flow of oxidant at the c ross  sect ion x of 
the tube, */2 is the d imens ionless  friction, and */3 is the d imens ionless  heat losses .  By el iminating v and 
a f r o m  the equations of motion in d imensionless  f o r m  we obtain an equation of fourth power  re la t ive  to M: 

T2M~ [MS / 2 + t / (T - -  t)] i t -- Z (1.6) 
(TM 2 + t )  3 - ' = T  "~ 2(T 2 - t )  

[(--~)~ 2(T,--W2) %' + + ( t  +~h) + (Tl~ - -  *h)] [l + ~h +'~h]-~-- + }  (1.7) Z = i - -  2 (~'~ - -  t) ~(t + ~h) 
L 

In the express ion  for  Z we neglect values  on the o rde r  of (M1)-2 in compar i son  with unity. 

By subtract ing 1/2 f r o m  both s ides of (1.6) we obtain a quadrat ic  equation re la t ive  to (TM2+I) .  Hence, 

M + = ( T + I  ' .~_)'/, 
t + V~- - (1 .s) 

The plus and minus signs co r respond  to the two branches  of the solution of Eq. (1.6). 
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F o r  ~ and a we obtain 

TM~: (t -{- ~h -]- ~2) TtM12 (t -Jr ~h + ~h), g:t: : - -  
n •  = ~M~_ + t CM~_ + 1 (~ + ~1) ~ 0-.9) 

where V1 is the ratio of heat capacities of the oxidant in the initial 
state. In the absence of blowing (71=0), of fr ict ion (72=0), and of 
heat losses  (73 = 0) Eq. (1.9) is converted into the corresponding equa- 
tion for  homogeneous detonation. 

2. F o r  an analysis  of the flow it is neces sa ry  ei ther  to know 
the concrete  dependence on x of the functions 71, 72, 73, and W or to 
express  all these functions through one of them. Since in the present  
work we are  confined to an examination of the detonation p rocess  for 
"thick" l ayers  of fuel, it is advisable to take the dimensionless blow- 
ing 71 as the pa rame te r  and to express  the other values through it. 

To descr ibe  the p rocess  of m a s s  supply behind the front of the 
traveling shock wave we will use proposit ions developed in the theory 
of the boundary layer with blowing. Following [10], we write the ex- 
press ion  for the ra te  of mass  supply in the fo rm 

m = B p ( D  - -  u )  St (2.1) 

Here  B is the blowing pa rame te r  - the basic charac te r i s t i c  for 
the descript ion of the boundary layer  at a permeable  s u r f a c e -  and 
St is the Stanton number.  Assuming that the heat supplied to the su r -  
face of the fuel film is expended on the heating of the fuel and its sub- 
sequent vaporization, we obtain, following [10], an express ion for  the 
blowing pa rame te r  for  the case of liquid films 

H e - -  Hv, Ho 
B = CL ( T  w __ T1) -~- r ( T w )  ~ c L (Ts -- 7'1) (2.2) 

where He - Hw is the difference in total specific enthalpies at the axis 
j and at the wall of thetube, and CL, r(Tw), and T 2 a re  the specific heat 

_ ~ ~  capacity, heat of vaporization, an.d cr i t ical  t empera tu re  of the fuel. 
y - -  The f i rs t  expression is an exact determination of the blowing p a r a m -  

f e ter  B; the express ion for  the difference in total enthalpies He - Hw 
incorporates  the difference in thermal  enthalpies, a kinetic t e rm al- 
lowing for  viscous dissipation, and the heat of combustion per  g r a m  Y'- -3  

~ V-- I 2 of oxidant. In the approximate express ion for  B, which we will use 
[0 I5 Z0 ,~ hereaf ter ,  only the heat re lease  due to the chemical  react ion is al-  

lowed for. Since for  liquid unsaturated hydrocarbons in a wide range 
Fig. 4 of T w (starting with the boiling t empera tu re  at one a tmosphere  and 

higher) the value CL(Tw-T1)+ r(Tw) var ies  by no more  than 20%, one 
can assume with good accruacy  than Tw= T 2 in (2.2). 

F o r  " f rozen"  fuel fi lms one must  allow, in addition for  the heat of melting and for  warming the solid 
phase to the melting t empera tu re  in the expression for  B (2.2). Since in r ea l  sys tems in which the propaga-  
tion of a heterogeneous detonation is possible the heat of combustion is considerably g rea t e r  than the heat 
of vaporization, we have 

B ~ I (2.3) 

With allowance for  (2.1) the express ion for  71 is converted to the fo rm 

x 

0 

We can wri te  the expression for  the heat flux to the surface  of the fuel film in the fo rm 

qw = P ( D - -  u) St (He --  Hw) ~ p (D --  u) St Ho (2.5) 
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and for  the heat losses  in dimensionless  form we obtain 

~13 ='-D-~- --2"- ~- i  1 - -  St  dx  = ~ 1 -~-  ~h B- (2.6) 
0 

The expression for the shearing s t ress  -r w with allowance for  the Reynolds analogy c f /2  =St, where 
cf  is the local coefficient of friction, takes the fo rm 

Tw = S t  p (D - -  u) 2 (2 .7)  

The expression for the dimensionless  fr ict ion has the form 

/Z - - I  

0 

where < l - -u /D>  is the mean value of 1 -  (u/D) over  the section 0x. 

As seen f rom Eqs. (2.3), (2.6), and (2.8), 72 and 73 are  considerably less  than 71. Since in Eq. (1.7) 
for  Z the values 71, 72, and 73 enter in the f o r m  of l inear combinations, rough est imates  are  sufficient for  
the calculation of 72 and 78- In part icular ,  for  a powerful shock wave one can take 1 -  (u/D) direct ly  for  
< 1 - (U/D) > : 

< l - - u / D >  = 2 / ( 7  + t )  =0 .92  (2.9) 

Let us find the relat ion between the amount of fuel vaporized and the amount of heat released.  On the 
assumption of an infinite chemical  reaction rate  and of the constancy of p and u over  a c ross  section of the 
tube, the heat r e lease  over the section 0x will be determined by the distribution of weight concentrations of 
oxidant Co and fuel c E = 1 -  c o at the c ross  section x 

1 11 7 1 o  d S  = (1 + n~) -~-  I t d S  H o W  = --~( ) (s) 

Hoco, if c o ~ c o' 

H ~--- HECE, if Co ~ Co, (2.1 0) 

Here H, Ho, and H E a re  the heat  re lease  per  g r a m  of mixture, per  g r a m  of oxidant, and per  g r a m  of 
fuel, respectively;  Ho and HE are  related by the equation 

Uoco' = HE (l --  co') (2.11) 

The choice of H in this fo rm takes into account the fact that near  the surface  of the fuel the heat r e -  
lease  due to the chemical  react ion is determined by the oxygen concentration (here the fuel is in excess) 
whereas  near the axis of the tube the heat re lease  is determined by the fuel concentration. 

The value 7 1 is also determined by the distribution of fuel concentrat ions in the c ross  section x: 

~1 i I (2 .12)  1 + ~]a = "2- ,~ cEdS 
(S) 

Thus, the connection between HoW and 71 is determined by the concentrat ion profile.  The distribution 
of concentrat ions over  the tube c ros s  section will be assumed to be analogous to the distribution of concen- 
t ra t ions  in a turbulent boundary layer  with blowing and combustion [11]: 

co/co ~ = [ ( g / 5 )  1/~ §  (g/5)2m] [1 A-B/2]  -1 (2.13) 

Here Co e is the concentration of oxidant at the tube axis, y is the distance f rom the surface of the 
tube, and (5 is the thickness of the diffusional boundary layer.  In the section before the joining of the bound- 
ary  layers (5 < d/2, where d is the tube diameter) the oxidant concentration at the tube axis is constant (c e= 
1). After the joining of the boundary layers  Co e decreases  in proport ion to the distance f romthe  shock front.  

The dependences obtained among 72, 73, HoW, and 71 permi t  the construct ion of dependences of 
and 7r. in the fo rm of functions of the dimensionless blowing 71- The following are  taken as the pa ramete r s :  
the rat io D/D H of the propagation velocity of the shock front to the propagat ionveloci ty of a homogeneous 
detonation of a s toichiometr ic  mixture of the given fuel with the oxidant, the blowing pa rame te r  B, and the 
exponent 1/n in Eq. (2.13) for the distribution of concentrations.  

As shown in [12], the value 1/n corresponds  to the exponent in the velocity distribution for  tubulent 
flow in the absence of blowing. If one neglects the effect on the shock front of disturbances developing at 
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TABLE 1 

Substance studied 

VM-4 vacuum oil 

Axle grease 

Frozen hexadecane 

Hexadecane 

Decane 

9.4 

9.6 

9.8 

10.5 

t2.8 

Dj, m/sec 
B (calc.) 

1897 

t899 

t90t 

t908 

1925 

Dj, m/sec 
(expt.) 

t 500 

t600 

1820 
J950 
1860 

1000 
t710 
t860 

iO00 
t7t0 
1860 

d, cm 

2.6 

0.475 
i.ii 
2.22 

0.475 
t.l i  
2.22 

O. 475 
l . l i  

'2.22 

SOUrCe 
I 
ITheauthors 

W] 

[15] 

[ xs] 

the surface  of the liquid fuel f i lm [13], then n depends weakly on the Reynolds number Re= (D--u)x/v, which 
makes it possible to use rough es t imates  of Re in determining n. Taking as (D-u) and the kinematic v i s -  
cosi ty v the corresponding values immediately behind the shock front we obtain Re=2  �9 106 xp l, where x is 
measured  in cm and Pl in arm. For  normal  initial p r e s s u r e  in tubes with a d iameter  d = l - 1 0  cm the char -  
ac ter i s t ic  Reynolds number  at x= d is Re= 2 �9 10~-2 "107, which corresponds  to n= 7 [14]. Since most  experi-  
mental  resul ts  are  obtained under these conditions, the calculations presented below are  conducted for  n= 7. 

A dependence for  the fract ion W of reacted oxygen in proport ion to the supply of fuel fo r  the case  of 
B=10  and n= 7  is presented in Fig. 2 (solid curve).  As seen f rom Fig. 2, by the t ime all the oxidant has 
reacted  (W= 1), the amount of fuel supplied considerably exceeds that neces sa ry  for  s toichiometry:  H1 (W= 
1) = 0.84, whereas for  a s toichiometr ic  composit ion H1 = (1-  Co')/Co' = 0.29. F o r  the case  of instantaneous 
mixing of fuel and oxidant the fract ion of reacted oxidant is proport ional  to the amount offilel supplied (dashed 
straight  line in Fig.  2). 

The behavior  of the curves of M• and ~r. for  the values B=10 and n - 7  and different D/DH are  p r e s -  
ented in Fig. 3 (curves 1, 2, 3, 4, and 5 cor respond to D/DH=0.7,  0.8, 0.8203, 0.9, and 1.0). Immediately 
behind the shock front the flow must  be subsonic and is descr ibed by the branch with the plus sign. At com-  
parat ively  low values of D (curve 1) the flow has a discontinuous nature: the value of Z is negative in the 
sect ion 0.28 < ~?1 e 1.13. Physically,  this means that the heat re lease  in the section 0.28 < 71 < 1.13 leads to 
the format ion of shock waves propagating toward the shock front and increasing its intensity. Such a p ro -  
cess  cannot be stat ionary.  

At comparat ively  large  values of D (curve 4) the curve of M+ is not discontinuous but it does not reach  
a value equal to unity at any point. The profi le  of p r e s s u r e  7r+ corresponding to this value of D/DH is shown 
in Fig.  3b. F r o m  the dependences for  M+ and ~r+ we find that the flow is related to the conditions in the 
initial section of thetube,  and it can be s tat ionary only at a cer tain compress ion  (by a piston, for example) 
of the combustion products .  

At a single value D=Dj for the given B and n (curve 3) the dependence of M+ is continuous and at the 
point ~/1=7/1" = 0.56 takes on a value equal to unity. The contact of the M+ and M- curves,  as well as of the 
~r+ and ~r_ curves,  occurs  at this point. The flow in some neighborhood behind the plane M = I  can be de-- 
scr ibed ei ther  by the curve of M+ or  of M_. Since in r ea l  p rocesses  a wave of rarefac t ion  follows behind 
the front of the detonationwave, the p r e s s u r e  profi le  in some neighborhood behind the plane M = 1 will be de- 
scr ibed by the curve of ~r_ and the flow by the curve  of M_. 

Fo r  the given B =10 and n= 7 at a propagation velocity of the shock front corresponding to D/DH= 
Dj/D H = 0.8203 the flow has a continuous nature and proves  to be independent of the conditions in the initial 
section of the tube: the disturbances f rom this region, weak waves of rarefact ion,  do not pass  through the - 
section ~/I* in which the Mach number of the s t r eam relat ive to the shock front is equal to unity. The propa-  
gation of the p rocess  is determined by the heat release,  m a s s  supply, friction, and heat losses  in the sec -  
tion 001". Such a p rocess  will be s ta t ionary and the term "Chapman--Jouquet detonation" is fully applicable 
to it. 

Flow which is also descr ibed by the curve of M+ beyond the plane M= 1 could be real ized in principle, 
but such a p rocess  would requi re  a cer ta in  compress ion  of the detonation products:  the p r e s s u r e  must  vary  
along the curve of ~r+. 

359 



Both the re la t ive  veloci ty  Dj /DH of the Chapman- Jouque t  detonation and the value ~l* which cha rac -  
t e r i z e s  the composi t ion of the products  in the C h a p m a n -  Jouquet plane (the plane M =1) can be de te rmined  
s imi l a r ly  for  other values  of B and n. 

3. The dependence Dj (B)/D H for  n= 7 is p resen ted  in Fig.  4 (curve 4). The corresponding dependence 
is also plotted there  fo r  9" =~?l*Co'(1-Co ') (curve 1), where  ~ is the coefficient of fuel excess  which cha r -  
a c t e r i ze s  the overenr ichment  of the composi t ion in the Chapman- Jouque t  plane. 

The resu l t s  of the calculat ions showed the slight dependence of the re la t ive  detonation veloci ty Dj/D H 
and the composi t ion 9"  in the Chapman-Jouque t  plane on a blowing p a r a m e t e r  B >7. This  c i r cums tance  
p e r m i t s  the u s e  of the approx imate  express ion  (2.2) for  the calculat ion of B: the inaccuracy  in the de t e r -  
minat ion of B has l i t t le  effect  on the detonation p a r a m e t e r s .  

F o r  detonation in tubes fi l led with oxygen at an initial t e m p e r a t u r e  T 1 = 293~ (20~ and on the walls  
of which is deposited a f i lm of liquid hydrocarbon  fuel  the blowing p a r a m e t e r  [calculated f rom (2.2)] l ies in 
the range of 8< B<17,  where  all the assumpt ions  and s implif icat ions made above re la t ive  to B a re  valid. 

The composi t ion of products  in the C hapman- Jouque t  plane is considerably  overenr iched  in c o m p a r i -  
son with the s to ich iomet r ic  composi t ion (9* ~ 2, ~l ~ 0.58}, although, as follows f r o m  l~ig. 2, only 93% of the 
oxygen r eac t s  in this case .  

The overenr ichment  of the composi t ion is a consequence of the "noninstantaneous" mixing of the fuel 
and oxidant. Since the r a t e  of heat  r e l e a s e  is  de te rmined  by the p r o c e s s  of turbulent diffusion of fuel vapors ,  
an excess  amount of fuel must  enter  the l aye r  nea r  the wall  as the oxygen at the axis of the tube is consumed. 

In o rde r  to c o m p a r e  the dec r ea s e  in the veloci ty  of the heterogeneous  detonation due to the ove ren-  
r i chment  of the composi t ion in the C h a p m a n -  Jouquet plane with the d e c r e a s e  in veloci ty  due to f r ic t ion  and 
heat l o s se s  it is n e c e s s a r y  to de t e rmine  the connection between Dj/DH and the values  ~71, ~72, ~a, and W in 
the C h a p m a n - J o u q u e t  plane.  As follows f r o m  (1.8) and (1.7), the following equation is v a l i d i n t h e C h a p m a n -  
Jouquet plane: 

~ --. +'+,,, +r,.,+ + ((+-+ (3.1) 
.D a,- + ~  / 

Let us designate  the fac tor  standing in the f i r s t  cur ly  b racke t s  as 0i* and the f ac to r  in the second cur ly  
b r acke t s  as 02*. H e r e  et* is de te rmined  by  the composi t ion in the C h a p m a n - J o u q u e t  plane, while e2* cha r -  
a c t e r i ze s  the effect  of f r ic t ion and heat los ses  on Dj/DH. The dependences 01* (B) and 02* {B) fo r  n= 7 a r e  
p re sen ted  in Fig. 4 (curves 3 and 2). 

The overenr ichment  of the composi t ion is the de termining fac to r  in the drop in the veloci ty  of he te ro -  
geneous detonation compared  with the veloci ty  of homogeneous detonation of a mix tu re  of s to ich iomet r ic  
composit ion.  The veloci ty  defect due to the overenr ichment  of the composit ion,  cha rac t e r i zed  by the value 
1 -  01", r eaches  ,,, 14%. 

The contr ibution of f r ic t ion and heat losses  to the drop in the veloci ty  of heterogeneous  detonation, 
the value 1 -02" ,  is re la t ive ly  sma l l  and does not exceed 6%. 

4. The compar i son  of the r e su l t s  of the one-d imens ional  diffusional model  p roposed  in the p resen t  
r epo r t  with the r e su l t s  of exper imen t s  was conducted for  th ree  p a r a m t e r s :  a) fo r  the detonation veloci t ies ;  
b) fo r  the cha rac t e r i s t i c  dis tances  to the joining of the boundary l aye r s  and to the complet ion of heat r e -  
lease;  c) for  the p r e s s u r e  prof i les  in the f ront  of the detonation wave. 

The calculated and exper imenta l  values  of the propagat ion veloci t ies  of detonation in round tubes fo r  
s e v e r a l  he terogeneous  s y s t e m s  as well  as the values of the blowing p a r a m e t e r  B fo r  these  sys t ems ,  a r e  
p resen ted  in Table  1. The veloci ty of homogeneous detonation DH = 2320 m / s e c  was a s sumed  to be  the s a m e  
fo r  all the hydrocarbons  indicated in the table  and equal to the veloci ty  of homogeneous detonation in a s toi -  
ch iomet r ic  mix tu re  of diethylcyclohexane (C10H20) and oxygen [8]. In the expe r imea t s  B = 9.4-12.8. The cal -  
culated ve loci t ies  of detonation in this range of B were  Dj= 1897-1925 m / s e c .  

The r e su l t s  obtained ag ree  well  with the exper imen ta l  veloci t ies  [15] for  f rozen  hexadecane and for  
liquid decane and hexadecane fo r  d= 2.22 cm. 

In the exper iments  conducted with liquid decane and hexadecane in a tube 1.11 cm in d i a m e t e r  the ve l -  
oci t ies  di f fer  somewhat  f r o m  the calculated veloci t ies ,  while f o r  a tube 0.475 cm in d i ame te r  they dif fer  
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strongly.  At the same time the resul ts  of experiments  conducted with f rozen  hexadecane in these sametubes  
agree  well with the calculation. The disagreement  between the experimental  and calculated values can be 
explained by the s t rong effect of dis turbances in the surface  of the liquid fuel film on the pa rame te r s  of the 
s t r eam at such smal l  d iameters .  

Some of the d isagreement  between the calculated and experimental  velocit ies obtained by the authors 
for viscous fuel WM-4 vacuum oil) can be explained by the unevenness o r  "roughness  ~ of the f i lm surface  
produced when it was deposited on the wall of the tube. 

F o r  the compar ison of the theoret ical  and experimental  data re lat ive to the charac te r i s t i c  distances 
L l and L2,it is necessa ry  to re la te  the "general ized coordinate" ~71 with the current  coordinate x, F r o m  the 
integral  equation (2.4) we obtain 

x I d = 2.6.103 [I / (B~)l'/,pl'l,d'/, (4.1) 

I d~l , 'F -1 = t -t- 0.19 (~o / [.tE)V~B I = "~-~ - -  (I § ~li) 
0 

Here ~I, is the decrease  in the Stanton number  due to the blowing of the fuel [17], #E and #o a re  the 
molecular  weights of the blown in gas (fuel) and the oxidant, d is measured  in cm, and 101 is measured  in 
atm. In the derivation of (4.1) the Stanton number  was taken in the fo rm St =St0,I, , where St0=3.7 .10  -2 Re -~ 
is the Stanton number  behind the traveling shock wave in the absence of blowing [18]. 

]For tubes with d iameter  d= 1-4 cm and normal  initial p r e s s u r e  of the oxidant the length of the section 
up to the joining of the boundary layers  is L 1 = (2.5-3.5)d. The joining of the boundary layers  on the shadow 
photographs presented in [6, 7] takes place at distances L 1 = (2-4)d f rom the shock front  and is in sa t i s fac-  
tory agreement  with the calculation. 

Since during diffusional combustion the f lame front  is located in a region of concentrat ions c lose to 
s toichiometr ic ,  i.e., in the inter ior  of the boundary layers,  the completion of heat re lease  must  take place 
at considerably g rea te r  distances f rom the shock front.  The calculations give the foUowing es t imates  fo r  
the distances f rom the shock front to the plane in which all the oxygen has reacted:  I., z = (16-23)d. 

Since the heat r e lease  due to the chemical  react ion makes the most  important contribution to the heat 
flux to the surface of the tube, its completion leads to a decrease  in the heat flux. The experimental  values 
of the distance star t ing with which the heat flux to the surface  of the tube decreases  are  L2= (13-15)d accord-  
ing to [5] and agree  well with the theoret ical  calculations.  

There  are  no known experimental  data on the determination of the coordinates of the Chapman-  Jouquet 
plane. F o r  the conditions indicated above the calculated value is L* = (5.3-7.5)d. 

It follows f rom a compar ison of L1, L2, and L* that the Chapman-Jouque t  plane is located c loser  to 
the plane in which the joining of the boundary layers  occurs  (recorded on the shadow photographs) than to 
the plane of completion of heat re lease .  

There  is an absence of data in the l i te ra ture  on the measurement  of the p r e s s u r e  in the front of a 
heterogeneous detonation wave propagating in a tube of c i rcu la r  c ross  section. Data a re  presented in [5] 
on the measurement  of p r e s s u r e  in the front of a detonation wave propagating in a tube of square c ross  sec -  
tion with a f u e l  f i lm deposited over the entire per imete r .  In these experiments  the propagation velocity of 
the detonation was 1700 m / s e c ,  andthe p r e s s u r e  exceeded the initial (atmospheric) p r e s s u r e  by 20 t imes 
and remained almost  constant up to the plane of completion of heat re lease .  

A calculated p r e s s u r e  profi le  for  a Chapman-Jouque t  detonation is presented in Fig. 3b (curve 3). 
The dimensionless p r e s s u r e  immediately behind the shock front is ~r =43. The drop in p r e s s u r e  up to the 
Chapman-Jouque t  plane does not exceed 20% of the p r e s s u r e  immediately behind the front. 

Since the increase  in p r e s s u r e  behind the front is proport ional  to the square  of the propagation veloc-  
ity of the detonation, a quantitative dispari ty is observed between the experimental  and calculated profi les.  
However, the qualitative behavior of the curves  - a very  small  drop in p r e s s u r e  with grea ter  distance f rom 
the shock f r o n t -  is about the same.  

The sa t i s fac tory  agreement  of the experimental  and calculated data allows one to conclude that the 
one-dimensional  diffusional model  co r rec t ly  descr ibes  the p rocess  of propagation of a detonation in round 
tubes filled with oxygen and with a thick fi lm of hydrocarbon fuel deposited on the walls. 
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