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P R O B L E M  OF T H E  M E C H A N I S M  O F  G A S L E S S  

V. M. M a s l o ~ ' ,  I .  P .  B o r o v i n s k a y a ,  
a n d  A.  G. M e r z h a n o v  

C O M  BUSTION 

The conditions for  gas l e s s  combust ion with the fo rma t ion  of solid [1-4] and liquid products  [5] a r e  de-  
sc r ibed  in the l i t e ra tu re .  

In this paper ,  the m o r e  genera l  case  with r e s p e c t  to the s ta te  of aggregat ion  is invest igated e x p e r i m e n -  
tal ly.  It includes not only the l imi t ing  ca se s  mentioned above,  but also the t rans i t ion  two-phase  region.  

The n e c e s s a r y  condition for  the expe r imen ta l  invest igat ion is the m e a s u r e m e n t  of the m a x i m u m  t e m p e r a -  
t a r e  developing during combust ion.  The s y s t e m  Ni-A1 of the equiatomie s ta te  f o r m e d  during the combust ion of 
nickel  monoaluminide  NiAl [6, 7] was chosen as the object  of the invest igation.  P r e l i m i n a r y  analys is  showed tha t i t  
is s i m i l a r  to the model  for  the solution of the p r o b l e m  posed.  

E X P E R I M E N T A L  M E T H O D  

In the exper imen t  we used powdered aluminide (ASD-4) with par t i c le  s i zes  of 1-5 p m  and nickel  (e lec t ro-  
lyric) with par t i c le  s i zes  of less  than 45 pro. Mixtures we re  p r e p a r e d  f r o m  the powders  containing 68.5% Ni 
and 31.5% Al by weight (equ[atomic composit ion) and mix tu res  diluted in the f inal  product  (NiA1) up to 46% by 
weight. The par t i c le  s i ze  of the diluent was less  than 90 pm.  The powders  we re  mixed in a porce la in  d rum 
over  6-8 h and then cy l indr ica l  pel le ts  with d i ame te r s  of up to 40 m m  and r e l a t ive  densi ty  of 0.6 w e r e  p r e s s e d  
f r o m  the mixture .  The expe r imen t s  we re  conducted in an argon med ium at 1 abs.  a im.  The ve r t i ca l ly  s tanding 
sample  was ignited with a thin tungsten sp i r a l ,  which was burnt out by a t r ans ien t  e lec t r i c  pulse and ignited a 
powder mix tu re  of the s a m e  composi t ion  poured onto the end of the pellet .  At the lower end of the pel le t ,  an 
opening with a d i am e t e r  of 3-5 m m  and a depth of 10-20 m m  was dr i l led  out anda  thermocouple  was inser ted .  The 
the rmocouple  junction was in contact  with the sample .  The the rmocouple  was welded f r o m  t u n g s t e n - r h e n i n m  
wi res  (VR-5, VR-20) with a d i ame te r  of 100 pro.  Tma 

Fig. 1. Typical  osc i l lo -  
g r a m s  obtained dur ing the 
combust ion of s amp le s  un- 
der  different  conditions.  

1) T m a  x > Trap; 2) T m a x  = 
Trap; 3) Tma  x < Trap. 
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Curve of veloci ty and maximum tempera ture  of combustion versus  initial t empera tu re  (v =0). 

Samples burnt when v =0 and T i is equal to 298~ (1), 530~ (2), and 540~ (3). 
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Fig. 5. Dependence of combust ion  veloci ty  on m a x i m u m  t e m p e r a t u r e .  1) T i =298~ v is var iab le ;  
2) Ti=740~ u is va r i ab le ;  3) Ti is var iable ,  v =  0. 

Fig. 6. St ructure  of the adiabatic  combust ion wave (T c =Trap}. 

Since the main  attention was to be paid to the m a x i m u m  value of the combust ion t e m p e r a t u r e ,  and not the 
t e m p e r a t u r e  prof i le ,  the th ickness  of the the rmocouple  was  of no pa r t i cu l a r  impor tance .  The t e m p e r a t u r e  was 
r e c o r d e d  with an N-107 loop osc i l lograph  with an MOO4-0.3 ga lvanometer .  A the rmocouple  ampl i f i e r  was  in- 
s ta l led  in the t h e r m o c o u p l e - o s c i l l o g r a p h  c i rcui t .  Simultaneously with the t e m p e r a t u r e  m e a s u r e m e n t ,  the c o m -  
bustion veloci ty  was m e a s u r e d  by a photographic r e c o r d i n g  method.  In some  expe r imen t s ,  the sample  was 
hea ted  up p r io r  to combust ion.  A cyl indr ica l  r e s i s t a n c e  fu rnace  was used for  th is ,  with a na r row longitudinal 
s l i t  for  photographic record ing .  The combust ion  products  w e r e  invest igated by means  of x - r a y  phase  analys is .  

In o rde r  to choose the conditions which would produce adiabatic combust ion,  the dependence of the c o m -  
bustion t e m p e r a t u r e  on the d i ame te r  of the s amp le  was  invest igated in the exper iment .  It was found that  at a 
sma l l  dilution (~20% NiA1), the combust ion conditions can be a s sumed  to be adiabatic  if the d i ame te r  is equal 
to 20 m m  and at s t r onge r  dilutions (~ 40% NiA1), if the d i ame te r  is equal to 40 ram.  
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F i g .  7. D e p e n d e n c e  o f  

t h e  c o m b u s t i o n  v e l o c i t y  

on  ~ m p .  1) T i  =740~  

is v a r i a b l e ;  2) T i = 
298~  u is  v a r i a b l e ;  
3) T i i s  v a r i a b l e ,  u = 0 ;  
4) u = a ~ J s  - m .  

T A B L E  1. R e s u l t s  of  

t h e  C a l c u l a t i o n  of  7?rap 

:ri.K I 
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v cml  nmp 
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5,75 8.7 0,48 
8,62 7.2 0,50 

740 t11,5 6,0 0,53 
17.5 4,6 0,59 
21,0 3:6 0.63 
25,0 2,6 0.68 
33.5 1,6 0,81 
35,5 1,5 0,85 
17,5 1,2 0,93 
15,0 1,3 0,90 
I0.0 1.7 0,83 

,0 2,3 0,76 
3,0 0,71 
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0 4,7 0,6 
0 6,2 0,56 
0 72 0,53 
o 8,6 0,5 

T A B L E  2. C a l c u l a t i o n  of  t h e  S p e c i f i c  H e a t  of  NiA1 

Figure Temperature c, (eal /  
No. range, ~ ~. ~ Phase mole '  deg) 

2, b 
2. b 
2, a 
3 

1910--2105 
1710--1910 
1685--19,10 
540--740 

~695 
1904 
1880 

0,77 

Liquid 
Solid 
Solid 
Solid 

16,6 
14,7 
15,0 
12,8 

EXPERIMENTAL RESULTS 

Figure 1 shows typical oseillograms obtained during the combustion of the samples; the origin of the 
time reading was chosen arbitrarily. In Fig. 1, curves 1 and 2, the horizontal parts can be seen, corresponding 
to melting and crystallization of the combustion products. In the case of melting of the samples (T c > Trap) , 
distortions are frequently observed, cutting the thermogram traces; these are due, obviously, to the interaction 
of the molten product with the thermocouple. These distortions are observed, as a rule, after reaching Tma x 
and are completely elhninated by using quartz capillaries. The relation between the combustion velocity u and 
Tmax and the weight concentration of the diluent u are plotted in Figs. 2 and 3 for Ti=T r and Ti=740~ and 
also versus T i when u =0 (Ti is the initial temperature of the sample, and T r is room temperature). 

In order to illustrate melting, photographs of the samples are shown (Fig. 4), obtained under different 
conditions. Complete melting of the product is observed under conditions corresponding to the salient points 1 
in Fig. 2b and Fig. 3. It should be noted that the phase state of the final product is almost unchanged and cor- 
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responds  to the compound NiA1. Only in the case  of s t rong  dilution (v_>30%) and with a smal l  s ample  d i ame te r  
(~ 15 ram) does a sma l l  amount of the Ni2Al 3 phase  appear  (predominantly at the su r face  of the samples ) .  
Analys is  of the expe r imen ta l  data leads to the following conclusions:  

1. the combust ion t e m p e r a t u r e  of an equiatomic mix tu re  of Ni +A1 under no rma l  conditions (v = 0, T i = 
T r) is equal to the mel t ing  t e m p e r a t u r e  of NiA1 (1910~ 

2. ove r  a r ange  of var ia t ion  of v and Ti,  the combust ion t e m p e r a t u r e  is unchanged and r e m a i n s  equal to 
Trap. Curves  of the functions Tc(v)  and T c (Ti) have inflections and cha rac t e r i s t i c  horizontal  sect ions  (with 
Tc =Trap).  At the point 1 (Figs. 2b and 3), the solid phase  d i sappears  and t rans i t ion  to the s ing le -phase  region 

�9 (Ill) with a liquid combust ion  product  is obse rved  (this is conf i rmed also by a change of the ex te r io r  shape of 
the sample) ;  at point 2 (Fig. 2a,  b), the liquid phase  d i sappears  and t rans i t ion  to the s ing le -phase  reg ion  (i) 
with a solid product  is observed;  the in te rmedia te  reg ion  (ID is c h a r a c t e r i z e d  by the p r e sence  of both a solid 
and a liquid product* ;  

3. the nature  of the u(v) and u(T i) dependences is smooth  over  the whole range  of values of v and Ti; 

4. the dependence of u on T c (Fig. 5) bea rs  an approx imate ly  un iversa l  na ture ,  s ince the points for  dif-  
fe ren t  values  of v and T i l ie  on a single cu rve ,  which undergoes a sudden change when T c =Trnp. 

CHARACTERISTICS OF GASLESS COMBUSTION UNDER CONDITIONS 

CONDUCIVE TO THE FORMATION OF SOLID AND LIQUID PRODUCTS 

It will be mos t  in te res t ing  in the r e su l t  of the exper imen t  to explain the region in which the combust ion 
t e m p e r a t u r e  is constant ,  but the combust ion veloci ty  is va ry ing  s t rong ly  (by a fac tor  of s e v e r a l  t imes) .  In the 
theory  of gas less  combust ion ,  this ca se  is not descr ibed .  The exper imenta l  data and quali tat ive cons ide ra t ions  
lead to the following s t r u c t u r e  of the adiabatic  combust ion wave (Fig. 6). Two cha rac t e r i s t i c  zones can be 
dist inguished in it. 

In zone I, s e l f -hea t ing  of the subs tances  up to Trap occurs  and only par t ia l  convers ion  of the subs tance  
takes  place (with m a x i m u m  value of the intensi ty of convers ion  ~?mp). This zone de te rmines  the propagat ion 
veloc[ty of the wave  (in Fig. 6 the w a r m e d - u p  l ayer  is also r e f e r r e d  to it). 

Zone II is c h a r a c t e r i z e d  by constant  t e m p e r a t u r e ,  which is equal to Trap. The chemica l  r eac t ion  in it is 
continued and p roceeds  intensely.  However ,  the whole of the heat r e l e a s e #  is expendedonrne l t ingof theprodue t  
f o rmed  in zone I. The p r o c e s s e s  taking place in this zone have no effect on the combust ion veloci ty  (in the 
s a m e  way,  but of a different  kind, as in the burn-out  zones) [3, 4]~ 

Thus,  the model  of the p roce s s  being cons idered  is r e l a t ed  to a ca t egory  of e l e m e n t a r y  combust ion models 
of the spec ies  II, which c h a r a c t e r i z e  the incomplete  convers ion  of the subs tance  in the leading zone [8]. 

It follows f r o m  [8]: that  for  this model  

T - u2 - k R ~ .  --~/RTs , . 
Qp T R~ ( ~ l ~ ; ,  

where  Ts is the su r face  t e m p e r a t u r e ;  Vs is the convers ion  intensity at the sur face ;  ~ is the coefficient  of 
t h e r m a l  conductivi ty,  c a l / ( c m ,  s e c .  deg); Q is the heat of fo rmat ion  of the product ,  k c a l / m o l e ;  p is the densi ty ,  
g/cm3; E is the energy  of act ivat ion,  k c a l / m o l e ;  and k 0 is the p re -exponent  ( 1 / s ee  for  a r eac t ion  of ze ro  o r -  
der).  The specif ic  f o r m  of ~0 (Vs) depends on the kinetic law of heat r e l e a s e  during the lapse  of the chemica l  
r eac t ion  (for example ,  for  a r eac t ion  of ze ro  o rde r ,  ~0 (~?s) = 2Vs [8]). 

For  the ca se  being cons idered  

T~ ~ Trn P, 

'1~= ']mp=c(Tmp--ri)] (l--v) Q. 

*The change of t e m p e r a t u r e  only s e r v e s  as the main  conf i rmat ion  of this;  the amount of liquid and solid phases  
in the combust ion product  was not de te rmined  exper imenta l ly .  

The exper imen ta l  r e s u l t s  and the quali tat ive analys is  r e f e r  to the case ,  however ,  when the heat l o s ses  to the 
sur rounding  med ium are insignificant. 

634 



A m o r e  accura t e  value of ~?mp should be de te rmined  f r o m  the express ion  

(1--~1 nap) ([ANN, (Trap)--AHN~ (Ti)] q-[AHA~(Vnap)--AH,,(Ti)]}q- 

q- (q mp q-m) [_kH~x~,, (T nap ) --AH~.,I (Ti) ] = Q~]mp (1) 

[m = v / ( 1 - v ) ] ,  taking into account the dependence of the specif ic  heat of the mix tu re  on v and T. Since in Eq. 
(1) the function Cp(T) for  NiA1 is unknown, the use of this express ion  a lso  gives an approx imate  value for  

~mp.  

In finding ~/mp, the data avai lable  in the l i t e r a tu re  on the heat content of the individual e lements  w e r e  
used, and in o rde r  to de te rmine  the enthalpy of fo rmat ion  of nickel  monoaluminide  the express ion  Cp = 11.64 + 
1 .23 .10-3T was used. This re la t ion  was obtained through two p o i n t s - 2 9 3  and 1910~ The specif ic  heat  of 
NiAI has been de te rmined  exper imen ta l ly  and is equal to 11.6 �9 0.3 cal/(g- mole) .  At the mel t ing  point (1910~ 
the specif ic  heat  was a s s u m e d  to be equal to 7n [10], where  n is the number  of a toms in the compound. 

It can be seen  f r o m  Table  1 that values of ~ m p  a r e  c lose  to unity (0.93) at the point of infleetion 2 (see 
Fig. 2a). Using U01mp), the f o r m  of the function ~p (~s) can be de te rmined  exper imenta l ly .  The unambiguous 
dependence of u on 7/s, which is valid for  any values of u and T i occu r r ing  in ~/s, can be used as the c r i t e r ion  
of val idi ty  for  the p roposed  combust ion model.  Table  1 shows the r e su l t s  of the calculat ion of ~s  and Fig. 7 
shows the dependence of u on 71s, which can be a s sumed  and is r e p r e s e n t e d  by the fo rmu la  

- - r t ~  

where  a = 1 and m = 3 .  

We note that  when cons t ruc t ing  this curve ,  the expe r imen ta l  points w e r e  used,  r e l a t i n g  not only to the 
two-phase  (solid + liquid) reg ion ,  but a lso  to the pure ly  l iquid-phase  reg ion  (T i > 540~ u =0),  s ince the model  
cons idered  mus t  be valid also over  a ce r t a in  r ange  when T o > Trap. In this e a se ,  the flow of heat f r o m  the 
combust ion  product  into the s t a r t i ng  mix tu re  is expended en t i re ly  on mel t ing  the solid product  f o rmed  in zone 
I (see Fig. 6) and does not par t i c ipa te  in heat ing up the mix tu re  to Trap , which de t e rmines  the combust ion 
veloci ty.  The  l imit ing conditions for  pure ly  l iquid-phase  combust ion should be expected when T c >>Trap. 

D E T E R M I N A T I O N  C F  C E R T A I N  

T H E R M O D Y N A M I C A L  P A R A M E T E R S  

OF NICKEL MONOALUMINIDE 

FROM THE COMBUSTION EXPERIMENTS 

The direct measurement in the experiments of the combustion temperature and its dependence on v and 
T[ allows certain thermodynamic quantities to be determined, these characterizing the combustion product 
(NiAi). The temperature and the heat of fusion of NiAI can be determined from the experimental data. It has 
been mentioned already that T c =Trap. The value obtained Tmp=1910-1920~ coincides well with the litera- 

ture data (Tmp=1911~ [ii]. 

For the salient points 1 and 2 (see Fig. 2b), we can write 

Trap 
t ~ c ( T ) d T = ( 1 - - v ' ) Q ,  

Trap 

t c (T)dT = (1 - -  v ' )Q- -Lmp,  
§ 

where  u" co r re sponds  to the t rans i t ion  in the reg ion  of the solid phase  (point 2); v '  co r r e sponds  to t rans i t ion  in 
the region of the liquid phase  (point 1); Lmp is the heat of fusfon of the products ;  and Q is the heat of fo rmat ion  
of the product .  Hence,  

Lmp = (vH--v ') Q. 

It follows f r o m  Fig. 2b that  u" = 0.355 and u '  =0.115. Assuming  that  Q =28.2 k c a l / m o l e  [12], we obtain Lmp= 
6.7 k c a l / m o l e .  

The re  a r e  no data in the l i t e r a t u r e  on the heat of fusion of the compound NiAI. However ,  in [11] it is 
shown that  in the case  of Ordered compounds (to which NiA1 also is re la ted) ,  to a f i r s t  approximat ion  Lmp can 

-be a s sumed  to be equal to the sum of the heats  of fusion of the initial components .  For  NiAI, Lmp=6 .7  k c a ! /  
mole ,  which in a c c u r a c y  is equal to the exper imenta l  value.  
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The mean values of the specif ic  heats in the high t empera tu re  region can be determined also f rom the 
exper imenta l  data. 

The basic thermodynamic  re la t ion  for  the combustion t empera tu re  has the f o r m  

Tc 
I c(T)dT-- (1--  v ) Q -  ~Lmp, 
7' i 

where  p is the f rac t ion  of the liquid phase and/~ = 0 ff T c < Trap; p = 1 ff T c > Trap. Differentiat ing this exp re s -  
sion with r e spec t  to v or Ti ,  we can obtain 

r "~  O r c [ C g v l r i = c o n s t  = Q/c(Tc), ~ = Orc/OTilr . . . .  st =c(ri )'c(Tc). 

By determining ~ and/3 f rom the exper iments  and specifying Q or  cgri) on the basis of the l i t e r a t u r e d a t a ,  
c(T c) can be de termined,  i .e . ,  the t empe ra tu r e  dependences of the specific heat in the region of high t e m p e r a -  
t a r e s  can be studied by the combustion method. Taking into account,  however ,  the difficulties of the s t r i c t  de-  
te rmina t ion  of the dependences of ~ and 13 on the  t e m p e r a t u r e  under the actual exper imenta l  conditions,  we 
shall  confine ourse lves  to finding the mean values of the specif ic  heat.  

The resu l t s  of the calculations a re  shown in Table 2. The value Q =28.2 k e a l / m o l e  [12] was used in the 
calculations.  When p rocess ing  Fig. 3, it was assumed that e(T e) =16.6 c a l / ( m o l e ,  deg), and the value of c(T i) 
was determined.  

Data on the specif ic  heat for  nickel monoaluminide could not be found in the l i t e ra tu re  r e f e r e n c e  book. 
However,  the data obtained coincide well  with the theore t ica l  values obtained by the formulas  f r o m  [10]: when 
T = Trap is equal to esol i  d 7n = 14 c a l / ( m o l e -  deg); Cliquid = 8n = 16 c a l / ( m o l e -  deg). According to theory ,  the 
specif ic  heat in the liquid phase is a lmost  independent of the t empera tu re ,  and t h e r e fo r e  the value de termined 
f r o m  exper iment  has the significance of an accura te  value and not an average  quantity. 

Thus,  in this paper  we have cons idered  the prob lem concerning the effect  of mel t ing of the product  on the 
mechanism of gasless  combust ion by the example of an equiatomic mixture  of nickel with aluminum. This has 
permi t ted  a new e lementa ry  model of combustion to be developed and cer ta in  thermophys iea l  constants in the 
h igh- tempera tu re  region  to be determined.  The procedures  proposed in the paper can be extended also to other 
sys t ems ,  for  which the combust ion t empera tu re  is equal to the melt ing point of the product.  
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