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N e w  e x p e r i m e n t a l  s t u d i e s  o f  p a r a m e t r i c  d e p e n d e n c e s  o f  t h e  f l ame  s p r e a d  v e l o c i t y  
a n d  l im i t s  for  l i qu id  fuel  f i lms on  m e t a l l i c  s u b s t r a t e s  c o n f i r m e d  t h e  m a i n  f e a t u r e s  o f  
t h e  p h y s i c a l  m o d e l  p r o p o s e d  p r e v i o u s l y .  F o r  t h e r m a l l y  t h i n  l a y e r e d  s y s t e m s  " f u e l -  
s u b s t r a t e , "  a s t e a d y - s t a t e  r e g i m e  o f  f l ame  s p r e a d  is pos s ib l e .  I t  is s h o w n  t h a t  t h e  f l ame  
v e l o c i t y  d e p e n d s  o n  t h e  e f fec t ive  t h e r m a l  d i f f u s i v i t y  o f  t h e  l aye r  s y s t e m ,  a n d  i ts  va lue  is 
d e t e r m i n e d  m a i n l y  by  t h e  v o l u m e t r i c  h e a t  c a p a c i t i e s  o f  t h e  c o m p o n e n t s  o f  t h e  s y s t e m  
and~ to  a l e s se r  d e g r e e ,  b y  t h e i r  t h e r m a l  c o n d u c t i v i t i e s .  T h e  m e c h a n i s m  of  f l ame  
s p r e a d  i n c l u d e s  a se r ies  o f  i n t e r r e l a t e d  e l e m e n t a r y  p r o c e s s e s :  h e a t  c o n d u c t i o n  ove r  
t h e  s u b s t r a t e  f r o m  t h e  c o m b u s t i o n  zone  to  t h e  p r e f l a m e  zone ,  h e a t i n g  a n d  e v a p o r a t i o n  
o f  t h e  fuel  b y  t h e  s u b s t r a t e ,  f o r m a t i o n  o f  a c o m b u s t i b l e  m i x t u r e ,  a n d  h e a t i n g  o f  t h e  
m e t a l l i c  s u b s t r a t e  b y  t h e  c o m b u s t i o n  p r o d u c t s .  T h e  f l a m e  e d g e  is l o c a t e d  a t  t h e  
l i qu id  su r f ace ,  w h e r e  t h e  t e m p e r a t u r e  c o r r e s p o n d s  to  t h e  f o r m a t i o n  o f  a s t o i c h i o m e t r i c  
m i x t u r e  u n d e r  e q u i l i b r i u m  c o n d i t i o n s .  T h e  l iqu id  fuel  is c o m p l e t e l y  e v a p o r a t e d  f rom 
t h e  s u b s t r a t a  a t  t e m p e r a t u r e s  b e l o w  t h e  b o i l i n g  po in t .  

Flame spread over the surface of a combustible 
material in an oxidizing atmosphere is one of the most 
often encountered combustion processes. A flame is 
capable of spreading over the surface of wood metal- 
lic articles, combustible fluids, fabrics, plastics, and 
other materials. The main applications of studies of 
this phenomenon are related to modeling of flame 
spread over vm-ious structural  members [1, 2]. 

Flame spread over the surface of materials has 
been extensively studied both theoretically and ex- 
perimentally [1, 3-5]. Data  on the determining pa- 
rameters, flame velocity and structure, and spread 
limits have been obtained, and mathematical  mod- 
els have been developed [5-10]. Although the mecha- 
nism of the process is generally clear, many problems 
still remain to be solved. Among them is the role 
of elementary processes in the flame spread mecha- 
nism, and in part icular,  the effects of the thermo- 
physical parameters  of fuels and substrates.  Studies 
of this problem involve difficulties for several reasons: 
the nmlt i -parameter  nature  of the problem, the small 
ranges of the parameters  varied due to the specificity 
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of the objects under investigation, and the complex 
types of physicochemical transformations in flames, 
such as pyrolysis, gasification, melting, and evapora- 
tion of fuel. 

Korzhavin et al. [11] develops a new approach 
that  allows one to eliminate some of the indicated 
limitations. This approach uses a thermally thin, bi- 
nary, layered system "a liquid fuel on a metallic sub- 
strate." In the present paper, the range of objects 
of investigation and determining parameters  are ex- 
tended for further development of the physical model. 

EXPERIMENTAL TECHNIQUE 

The system "a liquid fuel on a metallic sub- 
strata" practically has not been studied, although 
it is of interest in many respects. Below, it will be 
shown that  the flame velocities in such systems are 
an order of magnitude higher than the velocities of 
flames spreading over paper, polymer, and wood ma- 
terials. The system allows one to separately study 
the effects of the properties of the fuel and substrate  
on the flame velocity, structure, and other charac- 
teristics. This system is easy to analyze because of 
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the well-determined physicochemical and thermody- 
namic properties of the gas phase, liquid fuel, and 
substrate. 

In the present paper, as the fuel we used films 
of ethanol, isopropanol (thickness h I = 8 #m), n- 
butanol (hf = 8 #m), and n-undecane (hf = 7 #m), 
and the substrates were steel, brass, niobium, molyb- 
denum, alunfinum, and copper foils with thickness 
h~ = 7-120 #m. 

In a thermally thin system, tile effective thermo- 
physical parameters and the parameters of the com- 
ponents of the system play a leading role because of 
the fast heat exchange between the layers. Thus, the 
thermal diffusivity of the system is defined [6] by 

)vh f  + ),~h~ 
~ ,  = " ' ( 1 )  

cfpfhf  + c~p.~h~" 

where ~ is the thermal conductivity, c is the specific 
heat, and p is the density: the subscripts "f" and 
"s" refer to the liquid fuel and the solid substrate, 
respectively. 

In a thermally thin system, the heat-transfer 
rate across the fuel-layer thickness and the thick- 
ness of the substrate should be higher than the heat- 
transfer rate along the substrate. In the examined 
system, the characteristic times for heat transfer 
along the substrate and thermal relaxation in the 
fuel layer and in the solid substrate are in the ratio 
(10-1-10 -2) : 10 -a : (10 -4 10 -~) see [11]. Hence, 
the chosen system is truly thermally thin. 

In the preparation of the samples, the thickness 
of the fuel film on the substrate was checked by the 
gravimetrie method, which ensured an accuracy of 
2%. The change in the fihn thickness with time due 
to gravity was evaluated by weighing the upper and 
lower parts of the foil (after cutting it into two parts) 
at a time interval equal to the characteristic time of 
the experiment (180 see). In the case of n-undecane, 
film flow leads to a change of 20% in tile fihn thick- 
ness. Measurements of the loss of mass due to evap- 
oration show that evaporation has a significant effect 
on the alcohol film thickness even at room tempera- 
ture. Therefore, studies with these substances were 
performed over a period of time during which the 
film thickness changed only slightly, or at lower ini- 
tial temperatures. 

A diagram of the experiment is shown in Fig. 1. 
A metal foil strip more than 5 mm wide and 0.2 2 m 
long was fixed vertically. In this case, the velocity 
does not depend on the width, and a 40-mm foil 
was mainly used. A thermocouple junction (copper- 
Constantan) was located against the horizontal slot 
of the photomultiplier. The copper element of the 
thermocouple was the foil strip itself. The reliability 
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Fig. 1. Diagram of experiment. 

of the junction was provided for by spring contrac- 
tion. This setup allowed one to refer the edge of the 
flame front to the temperature profile of the foil with 
an accuracy of 0.8 mm. 

Besides the flame luminosity and the substrate 
temperature, we measured the velocity of flame 
spread over the fihn surface by direct photorecord- 
ing and schlieren visualization. Optical observations 
were performed in a direction perpendicular to the 
plane and along the surface of the sample. In some 
experiments, a fuel film was placed on both sides of 
the foil and a two-sided flmne was studied. 

E X P E R I M E N T A L  R E S U L T S  

F l a m e  S t r u c t u r e .  The experiments showed 
that for all examined samples with flame spreading 
downward, a certain unsteady period is followed by 
a steady-state regime. The flame velocity is constant 
(with an accuracy of up 2%) on samples as long as 
2 in. Tiffs means that the combustion-wave structure 
is a time-invariable aggregation of phase, tempera- 
ture, concentration, and other profiles. It is possible 
to distinguish the following characteristic elements of 
the flame (Fig. 2): a flame front with an edge, a roller 
of the liquid fuel ahead of the flame edge, a wedge- 
shaped liquid area, and fuel "fingers" ahead of the 
liquid roller. The flame edge is an even straight line 
perpendicular to the lateral edges of the substrate. 
Ahead of the edge there is a certain thickening of the 
liquid fihn - -  the roller 10-15 mm long. Ahead of 
the roller, the flow zone is located with an uneven 
leading edge in the form of fingers ~50 mm long 
and ~5 7 mm wide. Under the glow zone behind 
the flame edge there is the wedge-shaped liquid area 
1 10 mm long. 
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Fig. 2. Qualitative structure of the combustion wave: 
side view (a) and frontal view (b); 1) flame front; 
2) front edge; 3) fuel wedge; 4) roller; 5) fuel "fingers;" 
6) fuel film; 7) metallic substrate. 

Figure 3 gives the distributions of the tempera- 
ture and luminous intensity of the flame front along 
the substrate, and the external boundary of the re- 
gion of optical nonuniformity. Flame glow occurs at 
the moment when the temperature of the substrate 
reaches 65~ which is close to the lower tempera- 
ture limit for n-undecane (62~ Side by side, at a 
distance of 2 mm, the teinperature of the substrate 
reaches the value at which the fuel-vapor pressure 
corresponds to the stoichiometrie concentration. The 
temperature dependence and the position of the ex- 
ternal boundary of optical nonuniformity indicates 
the presence of a rather extended (~2 cm) heating 
zone ahead of the flame edge. 

P a r a m e t r i c  D e p e n d e n c e s .  Figure 4 shows 
dependences of the flame velocity on the thickness 
of the substrate for one-sided and two-sided flames. 
It is evident that in both cases, the flame velocity de- 
creases with increase in the thickness of the substrate. 
This result is in agreement with the data of [5]. At 
h,~ > 120 #m, combustion becomes impossible. It was 
assumed that if the heat losses from the rear side of 
the substrate to the ambient medium do not affect 
the flame velocity, the flame velocity for one-sided 
combustion (ul) should be the same as the that for 
two-sided combustion (u2) with doubled thickness of 
the substrate: u2(2h,~) = ul(h~). Figure 4 supports 
this assumption. 

Figure 5 gives dependences of the flame velocity 
on the initial temperature. It is evident that in the 
range To = ( -35) - (+30)~  the dependences are ap- 
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Fig. 3. Combustion-wave structure: 1) substrate tem- 
perature; 2) luminous intensity of the flame front (rel- 
ative units); 3) external boundary of optical nonuni- 
formity; n-undecane-copper system, h~ = 45 pro, and 
u = 1.8 cm/sec; one-sided flame. 

proximated by straight lines. With increase in T0, the 
fame velocity increases. With decrease in T, for n- 
undecane, conditions are attained under which com- 
bustion is impossible, and a limit on To is observed. 

The dependence of the flame velocity on the 
thermophysical properties of the substrate and the 
system as a whole is of great interest. Figure 6 gives 
dependences of the flame velocity on the thermal dif- 
fusivity of the substrate ~ = A~/c,p,~ for various val- 
ues of h.~ and c~p~h~ + cfpfhf  = const. For thin sub- 
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Fig. 4. Curves of u(h~) for two-sided flame (curve 1) 
and one-sided flame (curve 2); filled points are test data 
and open points are data calculated under the assump- 
tion of u2(2h,) = ul (h~); n-butanol aluminum system. 
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F ig .  5. Curves of u(To): 1) n-undecan~copper,  h~ = 
45 #m, and two-sided flame; 2) n-undecane-aluminum, 
h, = 25 #m, and two-sided flame; 3) ethanol copper, 
h, = 45 pro, and two-sided flame, 4) ethanol copper, 
h, = 45 #m, and one-sided flame; points * denote flame- 
spread limit. 
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Fig.  6. Curves of u(z.~) for h, = 25 (1), 50 (2), 64 (3), 
and 100 #m (4); curve 5 refers to c~p,h~ + c f p f h f  = 
const; system: n-butanol on various materials. 

s t ra tes  (25 and 50 #m),  the velocity decreases some- 
what  with increase in K~. For thick substra tes  (64 
and 100 #m),  the  velocity increases with increase in 
x ,  and then begins to decrease. This  effect was ob- 
served for ethanol,  n-butanol,  and isopropanol.  The  
ambiguous and nonmonotonic  na tu re  of the depen- 
dence u(x~) is apparent ly  due to the  fact tha t  in the 
thermal ly  thin system studied, the  flmne characteris-  
tics are de termined not  only by the parameters  of the  
components  of the  system but also by some integral 
parameters .  
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Fig. 7. Curves of u (z . )  for substrates: Nb with ~ = 
0.')35 cm2/sec (1), Mo with z~ = 0.73 cm2/sec (2), 
A1 with z~ = 0.86 cm2/sec (3), and Cu with z~ = 
1.12 cm2/sec (4); the fuel is n-butanol; two-sided flame. 

Figure  7 shows dependences  of the flame veloc- 
ity on the thermal  diffusivity of the system z . ,  which 
is determined by Eq. (1) with variat ion in the thick- 
ness of the substra te  h~. For one fuel and different 
substrates,  the  s t raight  lines are shifted with respect 
to each other  depending  on the value of ~ .  The  
larger the value of ~ (for ~ .  = const),  the  higher the 
straight line is located. For substrates  of a part icu- 
lar metal ,  the  flame velocity decreases with increase 
in ~ . .  

D I S C U S S I O N  O F  R E S U L T S  

In systems "a liquid fuel on a metall ic sub- 
s trate,"  tile proper t ies  of both  the fuel (latent heat  
of evaporat ion,  boiling point,  and reactivity) and the 
substra te  can vary widely. For example,  for steel 
and copper  substrates,  ~ m 0.2 and ~_1 cm2/sec,  
respectively, while for paper  and polymer  samples,  
~,  _~ 10 -a  em2/sec.  Therefore,  systems with metal-  
lic substra tes  can have broad heat ing zones. Indeed, 
for the  examined samples, numerical  calculat ions give 
values x . / u  ~- 0.1-0.5 cm, which is in agreement  with 
the exper iment .  For heat  conduct ion over the gas 
and liquid phases at u = 2 8 era/see,  similar cal- 
culations of the  possible heat ing zones give values 
~ . / u  ~- 10 -1 10 .2  and 10 -4 era, respectively. 
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These and other da ta  on the thermal-wave struc- 
ture suggest that  the main channel of heat trans- 
fer and, hence, the reaction propagation mechanism 
is heat conduction through the condensed phase. 
Therefore, one might expect that  under s teady-state 
wave conditions, the temperature  distribution in the 
heating zone obeys the equation 

T - To = (7", - To) e x p ( u x / x , ) ,  (2) 

where T, is the temperature at the point x = 0. In- 
deed, for various fuels, the dependence in the coordi- 
nates log (T-T0) ,  x is linear up to the point T,, above 
which the linearity is violated because of the change 
in the nature of thermal conditions. Data process- 
ing gives the following values of 7",: 72~ (71.4 and 
195.8~ for n-undecane, 43~ (45 and 117~ for 
n-butanol, and 42~ (22.1 and 78.5~ for ethanol. 
The temperature  at which a stoichiometric mixture 
of fuel vapors with air (T,~t) forms under equilibrium 
conditions at atmospheric pressure and the boiling 
point are given in brackets. These da ta  (except for 
ethanol) also indicate that  the edge of the flame front 
is above the coordinate of the substrate where the 
temperature  is close to T.~t. 

Considering the longitudinal heat transfer in the 
direction of flame propagation, it is necessary to note 
that  the thermal conductivity of the foil is much 
higher than the thermal conductivity of the fuel, and 
the heat transfer is generally determined by the metal 
foil. The fuel fihn makes an additional contribution 
to the integral heat capacity of the system. Calcula- 
tions show tha t  Afh.f  << X~hs but  cSpj:h I and c~p~h~ 
are of the same order. 

Another aspect of the role of the liquid is its con- 
vective motion. There is a motion due to the com- 
bustion process itself: an increase in the flame-zone 
temperature  leads to a decrease in the surface ten- 
sion and viscosity of the liquid fuel. These factors 
give rise to a liquid flow ahead of the flame front 
in the direction of temperature  gradient (Marangoni 
effect). As a result, a liquid roller (see Fig. 2) paral- 
lel to the flame edge is formed. For the flame mov- 
ing downward, the directions of the gravitational and 
thermocapil lary flows coincide, and for a flame mov- 
ing upward, they are opposite. The flow in the roller 
is apparent ly  vortex and unsteady. The unsteadiness 
is manifested in the "finger-shaped" stream flow (see 
Fig. 2). The liquid flow contributes to longitudinal 
heat transfer over the system. However, this contri- 
bution can obviously be neglected since the values 
of x ,  evaluated from experimental  da ta  by Eq. (2) 
are close to those calculated by Eq. (1). 

As regards the dependences u ( ~ )  and u (x , ) ,  at- 
tention is drawn to two circumstances. First,  the 
parameter  ~ is not representative for the two-layer 
thermally thin system considered. Second, both ~ ,  
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Fig.  8. Curves of u(fl) for steel (points /k), Nb (points 
rq), Mo (points o), A] (A), and Cu ((~); point * refers 
to flame spread limit; the fuel is ~>butanol. 

and x .  allow for two processes: heating or cooling 
of the condensed phase and its capacity to trans- 
fer heat from point to point. II is difficult to vary 
the parameters of these processes separately. Fig- 
ure 7 illustrates one of such at tempts:  the depen- 
dences u (x . )  are obtained by changing only h~ for 
various values of x~. An increase in h~ increases 
the contribution of the thermal capacity of the sub- 
s trate  to the thermal capacity of the layered system: 
3 = c~p.~h~/(c~p~h~ + c f p f h f ) .  Naturally, the flame 
velocity decreases in this case. Since ,~h~ >> /~fhf ,  
we can write 

csPshs 4- c f p f h f  
Figure 8 gives dependences of u(3) for n-butanol 

and various substrates. It is evident that  all da ta  
are well generalized by the dependence u = 12.75 - 
11.343 with a regression factor of 0.95. The depen- 
dence is valid in the region .3 = 0.4 0.92. The flame- 
spread limit corresponds to ~ = 0.95. Taking into 
account Eq. (3), we conclude that for 3 = const, the 
flame velocity remains constant with change in x .  
due to change in x, .  In other words, without deny- 
ing the significance of the thermal conductivity of the 
substrate  k.~ in the reaction propagation mechanism 
in the combustion wave, it must be recognized that  
its role is concealed behind a stronger factor I the 
heat capacity of the system. This situation is possi- 
ble if in the two successive processes - -  heat transfer 
from combustion products to the substrate  and heat 
transfer along the substrate to the heating zone and 
evaporation of the liquid - the limiting process is 
interphase heat exchange. 
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CONCLUSIONS 

Thus, new exper imenta l  da t a  suppor t  the phys- 
ical model  of [11] for flame spreading over a liquid 
fuel film on a substrate .  

The  complicat ing factors (Marangoni  effect, vis- 
cosity variat ion in the combust ion  zone, instabil i ty of 
the liquid flow ahead of the flame front, and flame- 
out) require addit ional  investigation.  
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