NONSTEADY~STATE HEAT TRANSFER UPON SHOCK WAVE REFLECTION
IN A SHOCK TUBE
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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 [1, 2] the possibility of
analyzing the 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: 1) 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 (~100 usec). Other limitations
are related to the presence of a viscous boundary layer on the side wall: spatial inhomo-
geneity of the 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, 47.

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, 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. The studies performed revealed that consideration of the 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 [10, 11], 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
nonequilibrium 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).

1. Gas Flow Behind the Incident Shock Wave. Let the incident shock wave propagate
in an ideal gas with parameters p;, T,, Xg, = 0.21, x5, = 0.79, xg = xp0 = x5y = 0, k; = 1.4
at constant velocity Ug. Then in a coordinate system fixed 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, vy, R, M, k, By4, 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 (u; = 0); by; and apj 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
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where §¢; is the number of atoms of element ¢ in molecule i. Expressions for the reaction
rates wk(yj, T, p) are presented in [10]. The system of reactions occurring in the five-
component mixture O0,, N,, NO, O, N and the reaction constants used in the present study are
described in [11]. 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
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On the wall we assume u(0, t) = 0. The boundary conditions on the shock wave front are cal-
culated from Rankine—Hugoniot relationships with consideration of the effect of gas relaxation

in the incident shock wave wake and variability of the reflected wave velocity Ugp(x, t). In
this formulation the problem was solved in [7, 8] by the characteristic method. The results
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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; = 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,)* = (pg — P)(1/py — 1/py),

which follows from Egqs. (1.1), (1.2). After determining p, and p; the velocity of the re-
flected wave can be calculated from the continuity equation on the discontinuity

Up = (o315 — pyus)/ (03 — p2)-

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 that 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 Ug for an ideal gas
presented in [14]:

UrlUs =
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The method for calculation of the gas state behind the reflected shock wave is then analo-
gous to that used in Sec. 1.

3. Thermal Boundary Layer near the Shock Tube Face. We will consider formation of
a thermal boundary layer on an infinite plane obstacle for "normal" incidence and subsequent
reflection of a plane shock wave. To a certain degree this will be an applicable model of
the thermal boundary layer at the face of the shock tube. The gas state in the layer is
determined by the system of parameters:

tor Ho» Pos Ug = O/tg, O = (olo/0g)¥2, 1 =Uyly, &= Ho/(Ponto)v
Po = pU+/2,
where 1y, tgs Pos Pgs 6 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 cpy, and the temperature T to U, /(Zcpo) We will consider a multi-
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:
=tV z=eaW 4+ ., u=eW+ .., T=7"4 .., (3.1)
p=p"+ .., p=p"+ .. a=a+.

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

dp | bpu __ o Bp do; Oy o - (3.2)
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We assume that the thermal flux q and diffusion flow j; have the form [15]

q_—;"_+2hk]hy ]1 '—‘—"( leh ax tz"a—m_T).

Here A', hg, ok, Sci, and ciy 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:

Yot = —pu, d/ox = p.

Defining new independent variables
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After transformations we write system (3.2) as
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The boundary conditions at the outer limit of the thermal boundary layer as n »> « have
the form |

T = To(t), 2y = &;aol(t).
Values of T, @je 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 the shock tube (n = 0) we

specify the boundary conditions

v
D=0 (I=1,...,ve—1),

=1

Ji+ Ry =0 (i=ve 0., v—1), 210‘12:1

Here 8¢i is the number of atoms of element % in component i; kyi is the catalytic recombina-
tion rate for component i; vg is the total number of chemical elements in the gas mixture
considered.

We obtain a boundary condition for temperature on the body surface from the union con-
dition (for temperature and thermal flux). Let heat propagation in the body be described
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by the equation ppcpdT/dt = kyp3?T/8y%. We will assume that at the initial moment the body
is at a temperature T,, and that the material temperature at an infinite distance from the
face surface remains constant over time T (», t) = Ty,. Then it is simple to find the tem-
perature distribution in the material: T = c;[erf(B) — 1] + Tqy, B = y/(2/at), a= ky/

k
(ppcp). The union condition takes on the form 7}:=:Tm-—017-9g::——x[£55p where the sub-

scripts b and g refer to the body material and gas phase, respectively. Transforming to
~ aat,  p.c, Uk
boundary layer variables, we have T =T ,— %uq, %y, = S A by

2 ky
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 Ug = 5 km/sec and initial pressure p, = 102, 1 Pa (regimes 1 and
. 2, represented by lines 1 and 2 in Figs. 1-3).

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 ~ 1078 sec) the gas state is close to
frozen [18], while at large distances from the shock wave at large times (t > 10~% sec) for
p: = 102 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 < 107° sec the flow parameters differ little from "frozen."

Figure 2 shows temperature T; and pressure p; on the face wall (in a nonviscous flow)
as functions of time. The calculations revealed that approximately 10 usec 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,. The
subsequent growth in pressure p; 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.
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It was noted above that the dependence T;(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 UR for regimes 1 and 2 is shown in Fig. 3. The general character of
‘the time dependences of T, Ug in both regimes is quite complex. However, as would be expect-
ed, with increase in pressure by two orders of magnitude (regime 1)}, the time required for
attainment of the steady state increases by approximately 100 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 Ug = 5 km/sec, p; =
10? Pa, Fig. 4 shows the distributions of component concentrations for air a; (i = 0,, NO,
0, N) at the outer limit of the layer (dashed lines) and a Pyrex end surface (solid lines),
with an initial temperature T,, = 293 K, as functions of time. The wall material is as-
sumed noncatalytic (ky,o = ky,N = 1 cm/sec). At small times (107% sec < t < 107° sec) the
thermal layer is intensely nonequilibrium.

Time dependences of thermal flux q = 2q'/p,Ug? for various flow regimes and shock tube
face materials are shown in Fig. 5. At p; = 1 and 102 Pa (curves 1 and 4) the thermal flux
values at small (t ~ 10™% sec) and large (t ~ 107° 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 1. At large times the thermal
layer state approaches equilibrium for regime 1, 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 1.* Heating of the face ma-
terial (Pyrex) to a temperature T,, =1000 K (curve 2) or use of another specimen (nickel) at
Tyo = 293 K (curve 3) does not lead to noticeable qualitative changes for t < 0.5 usec. 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 usec.

The anomalous behavior of the q(t) functions for relatively large times (t 2 0.25 usec)
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, ky, N = 130 cm/sec) [10] for regime 2,
qy at t = 107°% sec increases by 207.
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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 p;, 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—mnenviscous 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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