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Figure 2 compares typical temperature and pressure-drop
histories from Ref. 4 with those predicted by the models.
Again, the nonequilibrium model gives significantly improved
predictions. Figure 3 compares axial T, distributions at two
different cooldown times with similar results. Steady-state
boiling heat-transfer data® provides another independent
check on the analytical model. Predicted wall temperature
distributions for three tests (Fig. 4) are low, but the general
trends and the magnitudes are in good agreement. This
suggests that the inlet conditions assumed are probably in
error (following Hendricks, it was assumed that the inlet fluid
was 1009, liquid). Axial heat conduction upstream probably
caused some prevaporization of liquid. The higher actual
vapor qualities should lead to lower effective heat-transfer
coefficients and thus higher wall temperatures.

Discussions

It was recognized that the correct measurement of the bulk
fluid temperature depends on the slug frequency (in mist and
slug flows) and on the thermocouple and galvanometer re-
sponse times. An analysis showed that the maximum ther-
mocouple and galvanometer response times for the conditions
studied is approximately 5 msec; hence slug flow with slug
frequencies as high as 100 may be detected.

For the chilldown of the Cu test section, the maximum slug
frequency observed was ~30. In general, the frequency was
on the order of 2.5 or less. The liquid slug residence times
increased with chilldown; the minimum occurring at the
initiation of chilldown was on the order of 10-20 sec. Vapor
slug residence times, on the other hand, remained at a high
level throughout film boiling. Under these conditions, liquid
slugs can be readily detected; and true separated-phase tem-
peratures in the film-boiling regime can be measured with
negligible errors. The transient test approach used in this
study permitted the determination of local heat-transfer data
over a wide range of conditions with a minimum number of
tests.

For the development of a general equation to predict forced
convection film boiling, it was postulated that slug flow
oceurs with discrete slugs of vapor and liquid. Although the
experimental data included transitions from single phase to
.mist flow and then to slug flow, the generally good agreement
between observed and predicted transient and steady-state
properties suggest that the idealized slug flow model is satis-
factory for the general determination of forced convective
film boiling heat flux and for heat-transfer calculations.
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Time-Dependent Solutions of
Nonequilibrium Dissociating Flow
past a Blunt Body

C.P. Li*
Lockheed Electronics Company Inc., Houston, Texas

Introduction

NALYSIS of the chemical nonequilibrium flow past a
blunt body at hypersonic speed has received much atten-
tion in recent years. A number of numerical techniques
have been developed and applied to this problem with con-
siderable success. It appears, however, that some of the
techniques are inherently restricted to a two-dimensional
flowfield calculation due to the algebraic complexities in-
volved or the prohibitive computing time consumed when
flow asymmetries are considered.? The coupling of chem-
ical kinetic equations with the fluid-dynamic equations
apparently tends to worsen the numerical difficulty already
existing in these techniques. This Note describes an alter-
native technique that is simple and fast compared to others
and can be applied to calculate nonequilibrium blunt body
flows at high angles of attack.

The time-dependent technique used in this study is based
largely on the work of Moretti and others? on a three-dimen-
sional ideal gas blunt body flow problem. The bow shock
is treated as a moving discontinuous surface and the computa-
tion of the flowfield is confined within a region bounded by
the shock and body. A set of unsteady governing equations
in nonconservative form is chosen and its asymptotic solution
is considered to be the steady-state flowfield solution being
sought. The continuous shock layer region is calculated
by a second-order explicit finite-difference method, and
boundary conditions at the shock and body are implemented
using a quasi-one-dimensional, unsteady method of char-
acteristics. The straightforward extension of Ref. 3 to ac-
count for the coupled dissociation-recombination processes
is made by using three different equations: 1) an equation
with pressure as the dependent variable, 2) an energy equa-
tion to replace the entropy equation, and 3) a chemical kinetic
equation. For ease of computation and comparison with
published data, an ideal dissociating diatomic gas model was
selected for this paper. Numerical results discussed here in-
clude an oxygen gas flow past a sphere and a nitrogen gas
flow past an ellipsoid at a 20° angle of attack. The results
for oxygen flow past a sphere are compared with results ob-
tained from a method of integral relations.?
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Fig.1 Shock wave and sonic line shapes for a nonequilib-
rium nitrogen flow on the symmetry plane of an ellipsoid
at a 20° angle of attack.

Governing Equations

The set of equations governing the flow of an ideal dissoci-
ating gas in chemical nonequilibrium are

% + 4: % p diva + (1 il a +3°‘)”0">w =0 1)
du/dt + gradp/p = 0 2

de/dt + p diva/p = 0 3)

dajdt + w = 0 “)

p = (1 + a)RpT (5)

e=[3/(1 + a)lp/p + aba (6)

where d/dt = d/dt 4+ u-grad, and the vector operators are to
be defined in a spherical polar coordinate system (r,8,¢).
The rate of change of the mass fraction w is obtained from

w = —CI"[(1 — o) exp(— 04/T) — a’p/pal  (7)

The quantities p,p,T,e,a, and u are, respectively, the pressure,
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Fig. 2 Nonequilibrium nitrogen pressure distribution on
the symmetry plane.

density, temperature, specific internal energy, degree of dis-
sociation, and velocity. The gas constant of the diatomic
species is represented by B. Parameters in Eq. (7) are de-
termined from a procedure suggested by Capiaux and Wash-
ington.* The rate constants for N, and O, were obtained,
respectively, from Matthews® and Hammerling and others.®
A list of these parameters can be found in Ref. 7.

Method of Solution

As discussed in Ref. 3, the shock layer region is transformed
into a parallelepiped and then divided into a number of
even-spaced meshes. The Taylor series expansion truncated
after the third term is used to advance the solution in a time-
iterative procedure. The steady-state solution is reached
when the differences in flow quantities calculated at two
consecutive time steps become negligible. The number of
time steps needed to accomplish a steady-state solution is
principally dependent upon the closeness of the assumed
initial low distributions to the final solution. For example,
when the degree of dissociation « is set equal to zero in the
shock layer region at the beginning of the calculation ¢t = 0
the computing time is longer than if a more realistic « were
chosen.

The time increment between two successive time steps is
determined from two criteria. One is obtained from the
Courant-Friedrichs-Lewy (CFL) analysis, requiring that
the time increment 7, < As/1.5(a; -+ ¢), where As represents
the minimum mesh size, a,; the frozen sonic speed, and ¢ the
flow speed. The other criterion for obtaining a useful time
increment originates from the chemical reaction relaxation
time; it requires 7; < 0.1/]w|, where w is given in Eq. (7).
The use of 7. in the Taylor expansion insures that no nu-
merical instability will occur due to the stiffness of the rate
Eq. (4). The justification of using 7, is based on an argu-
ment similar to that used for 7, in which 7, is made equal to
or less than the physical time necessary for a disturbance to
propagate the distance of one mesh space. Anderson® has

Table 1 Nonequilibrium oxygen flow properties on a sphere®

Shock standoff

0 distance P/Pa: T/Too U/(pau/ﬁ’c\o)ll2 o

deg Ref. 2% Presente Ref. 2% Presente Ref. 20 Presente Ref. 2¥ Presente Ref. 20 Present,

0.00 0.0907 0.0861 133.09 130.0 11.28 i1.6 0.00 0.00 0.114 0.176

7.162 0.0917 0.0875 130.58 127.3 11.21 11.5 0.693 0.815 0.114 0.175
14.324 0.0949 0.0917 123.35 119.4 11.10 11.5 1.37 1.61 0.114 0.172
21.286 0.100 0.0988 111.93 107.6 10.88 11.4 2.06 2.42 0.113 0.171
28.648 0.109 0.109 97.533 93.58 10.57 11.1 2.76 3.27 0.113 0.164
35.810 0.121 0.122 82.335 77.88 10.18 10.9 3.39 3.99 0.112 0.165
42.972 0.139 0.139 67.284 61.14 9.73 10.6 4.00 4.85 0.112 0.158

¢ Mo = 10, po = 21.17 1b/ft2, T = 523° R, poo
b Integral method (p. 131 of Ref. 2). e

¢ Time-dependent method.

Schem

, N

22.62 X 1078 slug/fis.
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used a similar condition to determine the time increment in a
study of time-dependent, nonequilibrium nozzle flows.

The mesh points at the shock and body are computed by a
quasi-one-dimensional method of characteristics technique.
Equation (1) is written in an intrinsic coordinate system
attached to the boundary. Flow variables and their deriva~
tives in the directions other than the normal to the boundary
are considered to be forcing functions. The resulting com-
patibility equation is then integrated along the characteristic
lines.

Results and Discussion

The mesh system used in the sphere flowfield calculation
consists of five mesh spaces in the radial direction and fifteen
mesh spaces in the angular direction. The origin of the
coordinate system was located at the center of the sphere.
The calculation was terminated after 300 time steps, which
consumed 4 min on the UNIVAC 1108. The results for both
the time-dependent technique and the method of integral
relations as obtained from Ref. 2 are listed in Table 1. The
tabulated results indieate that flow quantities other than
o and v are in fair agreement. The differences in « and v
may be attributed to differences in the gas model and rate
constant used in the two analyses. In this calculation 7, was
about an order of magnitude less than 7, and no instabilities
occurred in regions of near equilibrium.

The second case is an ellipsoid that has an axis ratio of
1.5 and an afterbody of a 20° half-angle cone. The computa-
tional mesh was constructed using seven spacings in the radial
direction, 10 in the angular direction, and eight in the azi-
muthal direction. Figure 1 shows shock and sonic line shapes
on the plane of symmetry. The shock configuration pre-
dicted by the nonequilibrium calculation is seen to lie be-
tween the shocks predicted by the same techniques using
ideal gas and equilibrium air models. As shown, the sonic
lines are located on the body surface at nearly the same posi-
tion. A large computation region was used to provide the
information necessary for restarting the calculation in the
supersonic region using the method of characteristics. The
presgure distributions on the body are presented in Fig, 2.
The nonequilibrium caleulation indicates a slightly higher
pressure than that of the other two gas models. Eight
hundred time steps were used for the nonequilibrium solution.

The complete solution required approximately 85 min on
the UNIVAC 1108. The equilibrium air calculation was
obtained with 400 time steps and 57 min of computer time.
The ideal gas calculation used 300 time steps and 26 min of
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computer time. All results were obtained for the same num-
ber of mesh points, and the changes of flow variables at the
last two successive time steps were indiscernible. The free-
stream conditions used in this case were Vo = 12,500 fps,
Po = 3.061b/ft? and p = 3.56 X 1075 slug/ft?,

Conclusion

The nonequilibrium dissociating gas flow has been an-
alyzed using a time-dependent technique for the shock layer
around a blunt body at an angle of attack. It has been
found that the time increment necessary for obtaining a
stable solution must be small enough to satisfy both the
CFL criterion and a chemical relaxation time criterion. The
results predicted by the time-dependent technique were in
reasonable agreement with those of a method of integral rela-
tions. It should be noted that the binary sealing principle
p=l. = const is satisfied because the governing Egs. (1-7)
are written in a nondimensional form and because of the
dissociation-dominated nature of the chemical reaction.
Therefore, the flowfields at different altitudes and for bodies
of different characteristic length can be related to the flow-

field obtained at a given altitude and body characteristic
length.
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