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It is shown that the physical basis of the dependence of burning rate on pressure, lacking in the relaxation 
theory of propagation of combustion, actually forms part of  the relaxation mechanism itself. The corre- 
sponding formulas of the relaxation theory are refined. 

It is noted in [2] that the cause of the influence exerted by pressure on burning rate should be sought chiefly in the 
pressure dependence of  the temperature Tg at the interface between the condensed and gas phases, but this dependence 
was not given a physical basis. 

In [1] (Fig. 3) the thermal conditions that must prevail in the condensed phase during the combustion process were 
examined. We may supplement the remarks in [1] by noting that to realize the relaxation mechanism of propagation of 
combustion, it is not necessary to have ignition; it is sufficient to have rapid exothermic expansion of  the component, 
designated by circles the figure, when a certain temperature is reached. This temperature will be equivalent to the ig- 
nition point. Exothermic reduction of  this component is also a possibility. 

Since ignition of the next elementary layer occurs within the condensed phase, high-temperature gases are formed 
in the surface layer of  the substance and create a rapidly rising pressure. On reaching a certain pressure, they force open 
the surface layer, suddenly expand to the pressure of  the externat medium, whereupon their temperature drops to Tg. 
The higher the external pressure, the less the degree of expansion of  the gases, and the higher the temperature Tg, 1, e . ,  
Tg must depend on the pressure. Thus, the physical basis for the pressure dependence of  the burning rate forms part of  
the relaxation mechanism itself and does not require additional assumptions. 

Obviously, when the gases force open the surface layer, they must reduce the latter to fine particles and eject 
them into the gas phase, forming a gas-smoke mixture. Therefore, a necessary feature of  the relaxation mechanism of 
combustion propagation must be a smoke-gas mixture in the gaseous phase. All the components o f  the initial materials 
may occur as solid particles in the smoke-gas mixture, including partially unburnt particles of fuel and some products of 
the primary reactions. On the surface of  the condensed phase there must form a region of  primary reaction products with 
a relatively low temperature T~, in which there is still little or no heat release ("dark zone"), while beyond the limits 
of this zone secondary, essentiaUy exothermic reactions must take place in the smoke-gas mixture - further combustion 
of fuel particles and products of  incomplete oxidation. The thermal effect of  the secondary reactions may be much 
greater than that of  the primary reactions, since only a small part of  the fuel should be consumed before the disruption 
of  the surface layer. The lower the pressure, the longer the "dark zone," not only because of the influence of  pressure on 
the rate of the chemical  reactions, but also because the smoke-gas mixture must be ejected to a greater distance [3-5]. 

Disruption of  the surface layer must occur when the difference between the pressure within the material  and the ex- 
ternal pressure reaches a certain level. This pressure difference will depend on the strength of  the disrupted layer, but 
not on the external pressure, since there is no reason why it should. Therefore, 

pq - -  pg = pp = const .  (1) 

The temperature Tq of the primary reaction products up to disruption of  the material  is determined by the thermal 
effect of these reactions and by the specific heat of their products ( if  we neglect heat transfer during their formation, 
which is valid, as a first approximation, because ignition t ime is so short) and should not depend on the pressure pq, 
i. e . ,  we may assume that Tq = const. 

Assuming that the primary reaction products are a perfect gas and that their expansions are adiabatic, we may 
consider that the temperatures Tg and Tq are related by the Poisson equation. In that case 

Tg = T v (pg/pq)~ = Tq [pg/ (pg -~- pv)] ' ,  (2) 

where v = (Cp - Cv)/C p. For monatomic gases u = 0.38, for diatomic v = 0.29, and for triatomic gases and beyond 
u = 0.25. All values of  v between 0.25 and 0.38 are possible, since the primary reaction products may contain gases of  
different atomic weights in various proportions. 
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Assuming two different pressures pg and corresponding temperatures with subscripts 0 and 1, we obtain 

Tg~ = Tgo (PgjPgo)~ [ (Pg~ PP) ] ~, (3)  
(p~ + pp) 

if temperature is measured in ~ 

If the exhaust gases mee t  appreciable resistance in the exhaust channel, then the pressure pg will be greater than 
the external pressure p by the amount of the pressure drop in the exhaust channel Ap, i . e . ,  

pg = p q. Ap. (4) 

From (3), taking account of (4) and the equation for the rate of propagation of combustion [1], we obtain 

u--~" - -  Po + Apo f i +  ~--~ q. ~-p/ --1 q - B ,  (5) 

C = Teo - -  Ti 4- "~/c q, 4o~/cy d A = Tg o q .273  

Tel - -  Ti q" ~/c q. 4o~/cy d ' Tgo'-O.4Teo--O.6Ti' 
B = T B ~  

Tg0--  0.4Tee - - 0 . 6 T  i 

If the ignition temperature depends only slightly on pressure, which should be true in most cases, or (~/c)  + 
+ (4w/c~d) >> (Te - Ti), then the values of  B and C must be close to unity. Moreover, i n  many cases it may be assumed 
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that  Ap0 and Apl are negligibly small compared with P0 and Pl. Un- 
der these conditions 

"' '1 u- -~=  L\.Po / f i+-Pp / - -  -t-- 1, (6) 

When p_ = 0, Eq. (5) gives ul /u 0 = BC, while Eq. (6) gives UI/U 0 = 1, 
P 

i. e . ,  in the latter case the burning rate does not depend on pressure, 
while in the former case it does, but only very slightly. 

When pp = =% Eqs. (5) and (6) coincide with Eqs. (1) and (2) of  
[2]. For  practical  calculations Eq. (6) is quite satisfactory. 

All possible values of  the function ul /u  0 = f(Pl/P0) with pp vary- 
ing from zero to infinity are included with the limits defined by the 
above formulas. The upper l imit  cannot be reached, since at pp=  0o 
disruption of the surface layer is impossible, which means that com-  
bustion is also impossible. The lower l imit  at pp = 0 can be reached 
in theory, and evidently in practice.  

The value of pp can be roughly estimated from the formula 

$I 
RP ~ ~P S~ (7) 

Apparently, for the materials in question the ultimate strength may not lie outside the range 5 - Op - 49 �9 l0 s 

N/m s . Usually the volume of fuel particles in 4-12% of that of the material. For 4%, SI/S 2 ~ 9, and for 12%, SI/S z 
4. Therefore the pressure pp may lie in the range 19. 6 �9 105 to 44 �9 I0 s N/m s, but in practice it must lie within much 

narrower limits. The figure shows curves computed from Eq. (6). It is clear that if pp is varied by a factor of five, then 

at Pl/P0 = 4000, ul/u 0 varies from I0 to 17, i.e., by a factor of only I. 7. At smaller values of Pl/P0, and also when 
v < 0.3 and A < 8, the variation of u~/u 0 will be less. Thus, an accurate determination of pp is not necessary; an ap- 

proximate value will give only a small error. 

The actual combustion process differs from that assumed in deriving the equations, and one should know to what 

extent this difference affects the fort-hulas obtained. 

In the first place, the process of expansion of the gases is not adiabatic, since, during the ignition time, part of 

the energy liberated must go toward heating the condensed phase and disruption of the surface layer. It is to be expected, 
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however, that the influence of these losses on the temperature  Tg will  be only slight and will  be felt only at low values, 
i. e . ,  at low pressure. 

Moreover, the properties of  the primary react ion products may differ more or less markedly  from those of  a per-  
fect gas. The most important  difference is that in the primary react ion products heat  is transported by solid part icles as 
well  as gases. Calculat ions taking account of the heat  content of  the condensed particles showed that the formuIas de-  
rived above remain  valid,  the only difference being that A must be replaced by a quantity A 1 given by the formula: 

~41 = Cg ~/~g0 -~27g 
Cm T ~ o _ 0 . 4 T e _ _ 0 . 6 T  i . (8) 

When C_ = 0, i.e., in the absence of gases in the primary reaction products, the burning rate will not depend on 

pressure; there are thus two quite different reasons for the burning rate  not depending on pressure. 

Finally,  the primary react ion products give up heat  to the condensed phase and rece ive  i t  from the secondary reac- 
tion zone, and, depending on the ratio of  heat  gain to heat  loss, the temperature  Tg may  be less than, equal to, or 
greater than the ca lcula ted  value.  It may  be less than the ca lcula ted  value at low pressure, when the secondary react ion 
zone moves away from the surface of the condensed phase. At increased pressures, this zone draws nearer to the con- 
densed phase, and at sufficiently high pressures, the temperature  Tg may  exceed the ca lcula ted  value.  With further in-  
crease of pressure the temperature  Tg may  increase more  rapidly than the theore t ica l  value.  However, the change of 
sign at the point of  inflect ion may be due not only to the cause mentioned,  but also to a change in the mechanism of  
propagation of  combustion [1], 

From the foregoing considerations, i t  follows that in the re laxat ion mechanism of  propagation of  combustion, the 
main  reason for pressure dependence of the burning rate  is not an increase in the heat  influx from the gas react ion zone 
with increase of  pressure, as is usually assumed, but an increase in the temperature  Tg resulting from reduced expansion 
of  the gases from the primary reactions.  An increase in this heat  influx may  have some inf luence on the dependence in 
question, but i t  cannot be its cause. The exothermic process in the condensed phase is independent and controlling, 

while the combustion process in the gas phase can exist only to the extent that the former exists, in spite of the greater  
heat  release.  Thus, for example ,  at low pressure, there may  be no heat  release in the secondary react ion zone at al l ,  

but a process of propagation of  combustion will  exist i f  the temperature  difference Tg - T i is sufficient to bring the next 

e lementary  layer to the ignit ion point, which can always be achieved by increasing Tg, as was done in IS]. This easily 
explains the well-known, but l i t t l e  understood fact that there is no defini te  relat ion between the ca lor ic i ty  of a sub- 

stance, its maximum combustion temperature  and the burning rate.  

It may  be seen from the figure that at pressures of the order of a hundred or a thousand atmospheres, the burning 
rate does not depend, or depends only sl ightly on the pressure (curves 1 and 2), and these pressures are lower, the lower 
the mechan ica l  strength of the mater ia l .  This form of dependence of burning rate  on pressure was observed exper imen-  
t a l l y in  [6]. The authors of  [6] consider that as the pressure increases, there is a change in the law of dependence of 
burning rate  on pressure, and they have constructed a curve for this dependence in three sections with different taws. This 
assertion is erroneous; the law remains the same throughout the whole range of pressures and is expressed by the formulas 

obtained in the present paper. Exceptions are possible, however, and their causes have been indica ted  above. 

From our present point of  view, reference [2] contains an incorrect  s tatement.  It is said that v m a y  l ie  in the range 
0 -< v ~ 0.38, whereas, in fact, i t  may only l ie  in the range 0.25 --- v -< 0.38. Moreover, i t  is said that  the burning 
rate can not depend on the pressure when the heat- t ransfer  agents in the primary react ion products are condensed par t i -  
cles. This is tree, but is l inked with the condition u = 0, which is false (in real i ty ,  one must have Cg = 0). Moreover, 
it was not known that the burning rate  m0y not depend on pressure owing to the low mechan ica l  strength of the mater ia l .  

The results obtained here remove the one val id  object ion to the re laxat ion  theory advanced in [7]. The remaining 
objections are incorrect and do not give cause for further ref inement  of  the theory. 

NOTATION 

pq0 pg, and p_ - pressure inside the mater ia l ,  at the in terface  between the condensed and gas phases, and pres- 

sure difference; Te0Pand Tel  -- temperatures at external  pressures P0 and Pl, respect ively.  Op - u l t ima te  strength of  the 
ma te r i a l  when tested to destruction; S 1 and S z - cross-sectional  area of specimen and to ta l  cross-sectional  area of  fuel 

part icles in section $1; Cg - hea t  capac i ty  of gases after expansion; C m and T~0 - average hea t  capac i ty  and average 
temperature  of a l l  primary react ion products; Tg 0 - temperature  of  gases after expansion. 
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