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In recent years shock tubes have become widely used to study thermo- and gas-dynamic 
processes in high temperature flows and chemical kinetics. In [i, 2] the possibility of 
analyzing t]ne thermal boundary layer near the shock tube face was studied to determine the 
dependence of thermal conductivity of a high-temperature gas upon its temperature. It is 
also possible, in principle, to use data on flow structure behind a reflected shock wave 
to study processes of heat transfer to a catalytically active surface. 

The basic advantages of the reflected shock-wave method are: i) the temperature behind 
the reflected wave is approximately twice as high as behind the incident wave (according 
to estimates for an ideal gas); 2) the gas behind the reflected wave is practically at rest 
in the laboratory coordinate system. 

Significant limitations of this method are the inhomogeneity of the working gas's ther- 
modynamic state and the brief observation times possible (~i00 Dsec). Other limitations 
are related to the presence of a viscous boundary layer on the side wall: spatial inhomo- 
geneity of tlhe parameters behind the incident shock wave, leading to time dependence of the 
gas parameters ahead of the reflected wave, the complex character of reflected wave interac- 
tion with the boundary layer on the side wall of the shock tube, and curvature of the in- 
cident shock wave. Detailed studies of the effect of the thermal boundary layer formed on 
the end wall upon motion of the reflected shock wave were performed in [3, 4]. 

Before directly considering the flow of the relaxing gas in the thermal boundary layer 
on the catalytic face surface of the shock tube, it is necessary to analyze carefully the 
flow behind the reflected shock wave. The flow field in this region in the presence of oscil- 
latory nonequilibrium in CO 2 was studied in [5, 6]. Quantitative estimates of the effect 
of nonequilibrium chemical reactions in oxygen upon flow structure behind the reflected shock 
wave were presented in [7, 8]. The basic goal of those studies was establishment of the 
interrelationship between hydrodynamics and chemical processes. A simple chemical model 
was used. T]he studies performed revealed that consideration of t~e dissociation process 
makes it necessary to abandon the traditional approach in which pressure behind the reflec- 
ted wave is assumed constant, independent of time. This established fact [7, 8] permitted 
the authors of [9] to obtain experimentally based values of the nitrogen dissociation rate 
constant. 

Knowledge of the nonviscous nonequilibrium flow field behind the reflected shock wave 
permits establishment of external boundary conditions, dependent on time, for the thermal 
boundary layer near the shock tube face. As has already been noted in [i0, ii], the effec- 
tive catalytic activity of the surface may have a significant effect on the thermal flux 
to the tube surface and its temperature. 

The goal of the present study is to consider heat transfer at the shock tube face with 
nonequiiibrium occurrence of physicochemical processes in the thermal boundary layer. Flow 
parameters behind incident and reflected shock waves will be calculated. The divergence 
of the gas state from equilibrium will be evaluated for characteristic ranges of the defin- 
ing parameters (gas pressure and temperature in the shock wave channel, velocity of the in- 
cident shock wave, etc.). A simple model is chosen for the physicochemical processes (dis- 
sociation-recombination and exchange reactions in air). 

I. Gas Flow Behind the Incident Shock Wave. Let the incident shock wave propagate 
in an ideal gas with parameters Pl, Tl, xo 2 = 0.21, XN^ = 0.79, XNO = x O = x N = 0, K~ = 1.4 
at constant velocity U S . Then in a coordinate system ~ixed to the shock wave front, the 
basic equations of the strong discontinuity for the shock wave take on the form 
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Here p, p, T, h, 7i, R, M, K, 8vi, and u are the density, pressure, temperature, enthalpy, 
molar-mass concentration of component i, ideal gas constant, molecular weight, specific heat 
ratio for "frozen" degrees of freedom, characteristic oscillatory temperature [10], gas ve- 
locity in the laboratory coordinate system (ul = 0); bki and aki are stoichiometric coeffi- 
cients for reaction k. 

For air, in place of any two of the relationships of Eq. (1.4) we may use the material 
balance equations 

yiMi = t; ( 1 . 7 )  
i = l  

~[olixi 
~=1 0,21 

= 0,7o' ( 1 . 8 )  
~ 5[x]jzj 

where ~s is the number of atoms of element s in molecule i. Expressions for the reaction 
rates Wk(7. , T, p) are presented in [i0]. The system of reactions occurring in the five- O 
component mixture 02, N2, NO, O, N and the reaction constants used in the present study are 
described in [ii]. We will note that values of the rate constants for reverse chemical re- 
actions have been found to be in good agreement with the results of theoretical and experi- 
mental studies [12]. 

The system of equations presented can be solved at each point of the flow field behind 
the incident shock wave with the indicated boundary conditions, under the assumption that 
dissociation is absent on the shock wave front. For numerical solution of system (1.1)- 
(1.8) a modified Newton's method with optimal choice of iteration step was used [13]. The 
iteration process was structured so that subsystem (1.1), (1.2) was iterated separately, 
followed by the second subsystem (1.3)-(1.8). 

2. Approximate Solution for the Reflected Shock Wave. The system of equations of mo- 
tion of a nonviscous relaxing gas behind the reflected shock wave has the form 

8p Opu Opu 8 
0-7 + ~ x  = 0 '  ~ + ~ ( p u u + p ) = 0 ,  

0"-[ p e +  +ff~'x p e + - ~ - +  p u = 0 ,  e = h  P p '  

o o - 
0-7 (O~i) + ~ (py~u) = wi. 

On t h e  w a i l  we assume u ( 0 ,  t )  = 0. The b o u n d a r y  c o n d i t i o n s  on t h e  shock  wave f r o n t  a r e  c a l -  
c u l a t e d  f rom Rank ine - -Hugonio t  r e l a t i o n s h i p s  w i t h  c o n s i d e r a t i o n  o f  t h e  e f f e c t  o f  gas  r e l a x a t i o n  
i n  t h e  i n c i d e n t  shock  wave wake and v a r i a b i l i t y  o f  t h e  r e f l e c t e d  wave v e l o c i t y  UR(X, t ) .  In  
t h i s  f o r m u l a t i o n  t h e  p r o b l e m  was s o l v e d  in  [7 ,  8] by t h e  c h a r a c t e r i s t i c  method .  The r e s u l t s  
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of the calculations of [8] allowed clarification of a number of characteristic features in 
the flow of the nonviscous relaxing gas behind the reflected shock wave. The most signifi- 
cant of these is the nonsteady-state nature of the flow, which manifests itself as a growth 
in pressure and concentration of atomic components, as well as a drop in temperature to 
their equilibrium values with increasing time. The effect of relatively slow pressure growth 
was used in [9] to study chemical reaction kinetics in nitrogen. 

Since that calculation method (the characteristic method) is on the whole quite cumber- 
some, in the present study we will propose an approximate numerical method which relies on 
the assumption of low gas velocities behind the reflected wave (u 3 = 0). Since the velocity 
of the reflected wave is unknown, while its direction of propagation is opposite to the di- 
rection of the incident wave, it is necessary to use relationships between the values of 
gas velocity, pressure, and density ahead of and behind the compression discontinuity 

(u~ - u~) 2 = (p~ - p~)(llt) 2 - -  t I ~ ) ,  

which follows from Eqs. (i.i), (1.2). After determining P3 and P3 the velocity of the re- 
flected wave can be calculated from the continuity equation on the discontinuity 

As the positive velocity direction we choose here the direction from the denser gas to the 
less dense gas incident on the discontinuity. At the initial moment (after reflection) it 
is assumed t]hat oscillatory degrees of freedom are not excited within the gas, while its 
chemical composition corresponds to the unperturbed gas state in the channel ahead of the 
incident shock wave. We can use the convenient approximate estimate of U R for an ideal gas 
presented in [14]: 

U #Us = l ~ f  y- u~/Us -- 1 .  

The m e t h o d  f o r  c a l c u l a t i o n  o f  t h e  ga s  s t a t e  b e h i n d  t h e  r e f l e c t e d  s h o c k  wave i s  t h e n  a n a l o -  
g o u s  t o  t h a t  u s e d  i n  S e c .  1. 

3. T h e r m a l  B o u n d a r y  L a y e r  n e a r  t h e  Shock  Tube  F a c e .  We w i l l  c o n s i d e r  f o r m a t i o n  o f  
a t h e r m a l  b o u n d a r y  l a y e r  on an  i n f i n i t e  p l a n e  o b s t a c l e  f o r  " n o r m a l "  i n c i d e n c e  a nd  s u b s e q u e n t  
r e f l e c t i o n  o f  a p l a n e  s h o c k  wave .  To a c e r t a i n  d e g r e e  t h i s  w i l l  be  an  a p p l i c a b l e  mode l  o f  
t h e  t h e r m a l  b o u n d a r y  l a y e r  a t  t h e  f a c e  o f  t h e  s h o c k  t u b e .  The g a s  s t a t e  i n  t h e  l a y e r  i s  
d e t e r m i n e d  by t h e  s y s t e m  o f  p a r a m e t e r s :  

to, ~to, Po, Uo = 6/to, 6 = (~oto/Po) 1/2, I = U , to ,  s 2 = 9o/(PoU~to), 

Po = poU~/2, 

where ~0, to, P0, P0, ~ and ~ are the characteristic viscosity, time, density, pressure, 
layer thickness, and length, defined by the characteristic velocity U, (the velocity of the 
incident or reflected wave). Below we will treat all these quantities as dimensionless, 
referenced to their characteristic values. We assume the specific heat at constant pres- 
sure Cp is referred to Cp0, and the temperature T to U,2/(2Cp0). We will consider amulti- 
component system of v components. 

In the near-wall flow region at the shock tube face we can introduce the following 
scales for the independent variables and functions: 

t = t (~), x = e x ( 1 ) +  . . . .  u = eu(1)+ . . . .  T = T(~  . . . ~  ( 3 . 1 )  

p = 9(o)+ . . . .  p = p(O)+ . . . ,  a~ = a~~ . . .  

If we substitute expansion (3.1) in a system of nonsteady-state one-dimensional Navier-Stokes 
equations and transform to the limit E + 0, we obtain the system of equations of the thermal 
boundary layer [omitting indices on the terms of Eq. (3.1) below]: 

op Opu Op ~ , ~ ~]i " ( 3 . 2 )  
o-F + -gT = O, ~x = O, P-~- ~ Pu ~7 o z + w i ,  

PCv'~" + pucP o"-X'x - -  "~  + ]iCPi-f"ix + wih i  = Tx \ Oz]' w~ = M ~ w ~ .  
i=l i=l 
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We assume that the thermal flux q and diffusion flow jl have the form [15] 

) ,  aT v ~t (aai  ~' aah a In Th q 

Here X', hk, ak, Sc k, and Ctk are the thermal conductivity coefficient of the gas mixture, 
enthalpy, mass concentration, effective Schmidt number, and modified thermodiffusion ratio 
for component K. 

We introduce the flow function ~ with the aid of relationships which satisfy the con- 
tinuity equation identically: 

a~ /a t  = - p u ,  a~ /ax  = p. 

D e f i n i n g  new i n d e p e n d e n t  v a r i a b l e s  

t = x, ~1 = ~/(2t)V ~. (3.3) 
we have 

O 0 Ov I 0 0 Or I 0 
a-T = a'-~ + ~ aq ' az = ~z aq' 

# O # p~] 0 o p o 

After transformations we write system (3.2) as 

a ( % N O T  I ^ or aT i dp Or (3.4) 
a7 \ P r an ] = l~=z jkCph ~ - -  CV~I ~ + 2T ~=~ w~hh - -  --p --d~ + Cp ~-s ,, 

O ~i 2"~ " Oal Oczi pRT 
- -  a,-'T = - -  --~- w i  - -  ~]--~ + 2T - ~ ,  p = - $ [ - ,  

where 

cpN aT 
N = 9P, q ' =  Pr a~l ~- hk~, 

h = l  

5~zh O In T~ 

The b o u n d a r y  c o n d i t i o n s  a t  t h e  o u t e r  l i m i t  o f  t h e  t h e r m a l  b o u n d a r y  l a y e r  as  n + " h a v e  
t h e  fo rm 

(3.5) 

r = r . ( t ) ,  a i  = czar(t ) .  

Values of T., a i. were determined by solution of the problem of nonviscous flow of a gas 
behind the reflected shock wave (see Sec. 2). In the same manner the distribution p = p(t) 
can be determined. 

To find the component concentrations on the free surface of theshock tube (~ = 0) we 
specify the boundary conditions 

6 . 1 i = 0  ( l = l  . . . . .  ~,~--1), 

v 

j i + k w ~ g a i = O  ( i=~ ,e  . . . . .  ~ - - t ) ,  ~ a i = l .  
i = 1  

H e r e  6s  i s  t h e  number  o f  a toms  o f  e l e m e n t  s i n  componen t  i ;  kwi i s  t h e  c a t a l y t i c  r e c o m b i n a -  
t i o n  r a t e  f o r  componen t  i ;  v e i s  t h e  t o t a l  number  o f  c h e m i c a l  e l e m e n t s  in  t h e  gas  m i x t u r e  
c o n s i d e r e d .  

We o b t a i n  a b o u n d a r y  c o n d i t i o n  f o r  t e m p e r a t u r e  on t h e  body s u r f a c e  f rom t h e  u n i o n  con -  
d i t i o n  ( f o r  t e m p e r a t u r e  and t h e r m a l  f l u x ) .  L e t  h e a t  p r o p a g a t i o n  in  t h e  body be d e s c r i b e d  
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by the equation PbCbST/St = kb32T/Sy 2. We will assume that at the initial moment the body 
is at a temperature Too and that the material temperature at an infinite distance from the 
face surface remains constant over time T (~, t) = Too. Then it is simple to find the tem- 
perature distribution in the material: T = cl[erf(6) - i] + Too, $ = y/(2~as a = kb/ 

#b 
(PbCb). The union condition takes on the form Tg = Too -- ci,-- ~ -- ~/~77atci, where the sub- 

scripts b and g refer to the body material and gas phase, respectively. Transforming to 
- ~  to . 0 flO%~U*8 

boundary layer variables, we have T = Z00--x~q, xw = z 
k b 

A difference approximation to the system of thermal layer equations (3.1)-(3.7) was 
constructed in analogy to the method of [16] using a matrix variant of Keller's two-point 
"box scheme." The method uses second-order approximation for the spatial and time variables. 
An analysis of stability of the finite difference system for the homogeneous case with con- 
stant coefficients was performed in [16] by the spectral method. A variant of the matrix 
drive method [17] was used to solve the two-point difference equations. 

4. Calculation Results. Flow fields behind the reflected shock wave were calculated 
for incident wave velocity U S = 5 km/sec and initial pressure Pl = 102 , 1 Pa (regimes 1 and 
2, represented by lines 1 and 2 in Figs. i-3). 

Profiles of nonequilibrium flow parameters behind the incident shock wave are shown 
in Fig. 1 as functions of distance from the shock wave. The solution obtained is typical 
of a relaxing dissociated gas. For small times (t ~ 10 -8 sec) the gas state is close to 
frozen [18], while at large distances from the shock wave at large times (t ~ i0 -s sec) for 
Pl = 10z Pa the flow parameters tend to their limiting equilibrium values [18]. With de- 
crease in initial pressure the equilibrium state is reached at significantly larger dis- 
tances, while at t ~ i0 -s sec the flow parameters differ little from "frozen." 

Figure 2 shows temperature T 3 and pressure P3 on the face wall (in a nonviscous flow) 
as functions of time. The calculations revealed that approximately i0 psec after shock wave 
reflection there begins to form near the end wall a region with constant parameters, the 
values of which approach equilibrium ones [2, 7]. Two characteristic time scales can be 
seen. Thus, the parameters which depend upon chemical composition (degree of dissociation, 
temperature, etc.) relax over a time determined by the chemical reaction rate behind the 
reflected shock wave. Meanwhile the gas-dynamic parameters (such as pressure, density) re- 
lax over a time defined by the time required for establishment of a steady state behind the 
incident shock wave. Numerous experimental shock tube studies have confirmed these differ- 
ences [2, 7, 8]. 

The pressure behind the reflected wave initially falls off somewhat over the course 
of a brief time interval for regime 1 and an extended time for regime 2, then increases. 
The initial pressure decrease can be explained by rapid chemical relaxation behind the re- 
flected shock wave [7], which can be seen from the time dependence of temperature T 3. The 
subsequent growth in pressure Pm is a consequence of the slower relaxation behind the inci- 
dent wave. In regime 1 the air flow behind the reflected wave is close to a state of local 
thermodynamic equilibrium, while in regime 2 it is in a significantly nonequilibrium state. 

f,D I ' 

.70-z 700 Z#r :,Oz 
X, n l  ri l 

Fig. 1 

2 F - - - ~ ,  ~ . . . .  ~ 

1 / 2 i i 

-~ -7 -6' -5 l og  t 

Fig. 2 

725 



! , i 
-7 -G -5 log t 

Fig. 3 

log cq O~ i '! __2--~--! 

J I "'I-, 
-TI F i , , \ j 

-9 -8 -7 -c? log  t 

Fig. 4 

J 

log q 

2 

-% 
2 J 4  

o 
-9 -8  -7 

\ 

- 4  / 
2 / i  

/ 
-8 -8 log t -7 log t 

Fig. 5 Fig. 6 

It was noted above that the dependence Ta(t) determines the relaxation process behind 
the reflected shock wave. Another quantity, more convenient for experimental verification 
yet correlating with the temperature dependence, is the velocity of the reflected shock wave. 
The time dependence of U R for regimes i and 2 is shown in Fig. 3. The general character of 
the time dependences of T, U R in both regimes is quite complex. However, as would be expect- 
ed, with increase in pressure by two orders of magnitude (regime i), the time required for 
attainmentof the steady state increases by approximately i00 times. 

The results presented confirm the possibility of using pressure on the end wall and velocity 
of the reflected shock wave as parameters to be measured in experiments on chemical kinetics. 

We will now turn to analysis Of the thermal layer structure. For U S = 5 km/sec, Pl = 
102 Pa, Fig. 4 shows the distributions of component concentrations for air ~i (i = 02, NO, 
O, N) at the outer limit of the layer (dashed lines) and a Pyrex end surface (solid lines), 
with an initial temperature Too = 293 K, as functions of time. The wall material is as- 
sumed noncatalytic (kw, 0 = kw, N = I cm/sec). At small times (10-s sec ~ t ~ 10 -6 sec) the 
thermal layer is intensely nonequilibrium. 

Time dependences of thermal flux q = 2q'/P0Us 2 for various flow regimes and shock tube 
face materials are shown in Fig. 5. At Px = 1 and 102 Pa (curves i and 4) the thermal flux 
values at small (t ~ I0 -s sec) and large (t ~ 10 -6 sec) may differ by an order of magnitude. 
Meanwhile, since for regime 2 at t ~ 107 sec the thermal layer is in close to a frozen state, 
the values of q significantly exceed the data for regime i. At large times the thermal 
layer state approaches equilibrium for regime i, while for regime 2 processes within the 
thermal layer are of a strongly nonequilibrium character near the noncatalytic tube face, 
as manifests itself in the high thermal flux values for regime i.* Heating of the face ma- 
terial (Pyrex) to a temperature Too =i000 K (curve 2) or use of another specimen (nickel) at 
Too = 293 K (curve 3) does not lead to noticeable qualitative changes for t ~ 0.5 ~sec. For large 
times the thermal flux values differ by a factor of 2-2.5 times. Significant difficulties 
arise in obtaining a solution at t > 2.5 Dsec. 

Theanomalous behavior of the q(t) functions for relatively large times (t ~ 0.25 ~sec) 
is related to the "inhibition" effect of the thermal layer. Figure 6 shows the time develop- 

*For a catalytic face material (kw, O = 2200 cm/sec, kw, N = 130 cm/sec) [i0] for regime 2, 
qw at t = 10 -5 sec increases by 20%. 
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ment of thermal layer thickness 6 (notation as in Fig. 5). In the cases considered there 
exist well-defined moments in time at which the layer thickness reaches a maximum. This 
state, dependent essentially upon the pressure level behind the reflected shock wave and 
characterized by the value Pl, is produced as a result of abrupt pressure increase behind 
the reflected shock wave (see Fig. 2). Such a mechanism is possible only in an intensely 
nonequilibrium gas, where a mechanism acts, which can maintain a positive pressure gradient 
dp/dt [7]. With increasing t an abrupt reduction occurs in layer thickness, leading to its 
"inhibition." Unfortunately, within the framework of the present approximate approach it 
is not possible to establish the complete picture of "viscous-nonviscous interaction." 

Thus, the features of the dependence of thermal flux pressure at the shock tube face 
and reflected shock wave velocity upon time provide valuable information on the character- 
istics of the thermal viscous layer near the face. 
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