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Numerical Investigation of Shock/Vortex Interaction

in Hypersonic Thermochemical Nonequilibrium Flow
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A numerical investigation of unsteady hypersonic shock/shock interference flows classified by Edney (Edney,
B. E., “Anomalous Heat Transfer and Pressure Distributions on Blunt Bodies at Hypersonic Speeds in the Presence
of an Impinging Shock,’ Aeronautical Research Inst. of Sweden, FFA Rept. 115, Stockholm, Sweden, Feb. 1968)
considering the thermochemical nonequilibrium effect is presented. The numerical method used is composed of
the fourth-order compact MUSCL total variational diminishing scheme, the maximum second-order lower-upper
symmetric Gauss-Seidel scheme, and the advection upstream splitting method scheme for capturing shocks and
vortices accurately. The two-temperature model based on the Park model (Park, C., “Two-Temperature Interpre-
tation of Dissociation Rate Data for N, and O,,” AIAA Paper 88-0458, Jan. 1988) has taken the thermochemical
nonequilibrium into consideration. The nitrogen flows under several flow conditions are calculated. The obtained
results show that the type of the shock/shock interference is strongly dependent on the location of the impinging
shock as well as the shock standoff distance. Finally, unsteady flow characteristics associated with the thermo-
chemical nonequilibrium effect, especially very complicated flow structures involving shocks, compression waves,

vortices, and their interactions, are investigated and explained.

Nomenclature
C,, = translational specific heat of species s
E = total internal energy per unit volume
E, = vibrational energy per unit volume
F; = flux, whereiis 1, 2
H = vector of source term
h; = enthalpy per unit mass of species s
h® = heat of formation of species s
M, = atomic weight of species s
m = number of diatomic species
n = number of species
D = static pressure
0 = vector of unknown variables
q; = translationalrotational heat conductions, where j is 1, 2
q,j = vibrational heat conductions, where j is 1, 2
R = universal gas constant
S = vector of diffusion term
T = translational-rotational temperature
t = time
U; = contravariantvelocities, where i is 1, 2
u; = physical velocities, where 7 is 1, 2
v;; = diffusion velocities of species s, where j is 1,2
& = general curvilinear coordinates, where i is 1, 2
o = total density
ps = density of species s
7;; = shear stress tensor, where i, j are 1, 2

Introduction

YPERSONIC shock/shock interference flows might be the
most complicated flow problems that appear around the hy-
personic vehicle. Edney! classified them into six types. The most
critical case, type IV, has been already studied experimentally by a
number of researchers>~* In this type, a supersonic jet generated
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from the interference point between an impinging shock and a bow
shock stagnates on the body surface, and the induced small bow
shock, the so-called jet bow shock, causes an extremely significant
stagnationheating. Hains and Keyes? investigatedthe shock heating
experimentally. Wieting and Holden? reported that the flow is very
sensitive to flow conditions, such as the inlet Mach number, the im-
pinging shock angle, and the Reynolds number. Holden and Kolly*
indicated that the supersonic jet is self-oscillatingat a finite degree
of angle. This result suggests that type IV must be an unsteady in-
teraction. However, more detailed investigations, for example, of
unsteady flow characteristics, have not as yet been reported by ex-
perimental studies.

However, recent computational fluid dynamics (CFD) ap-
proaches’~7 have investigated unsteady flow characteristics asso-
ciated with the unsteady supersonic jet. Lind and Lewis® investi-
gated the unsteadiness depending on the impinging shock location.
Zhong® demonstrated that the periodical oscillation of the super-
sonic jet induces unsteady supersonic shear layers along the body
surface. Yamamoto and Kano’ reported that periodical compression
waves are generated from the stagnation point of the jet. The wave
propagatesin the subsonic region behind the bow shock, and a con-
tact discontinuity is produced due to the interaction with the bow
shock. Finally, a number of contact discontinuities further interact
with forthcoming compression waves. Therefore, we believe that
the type IV case involves significant unsteady and complicated flow
characteristics associated with shock/shock interference.

The present study investigates shock/shock interference flows at
the high temperature. In general, the thermochemical nonequilib-
rium effectdue to moleculardissociationsand vibrationsis a relative
decrease of the shock standoff distance. Kortz et al.}> and Hornung
et al.’ reported experimental studies for high-enthalpy shock/shock
interference flow. It was observedin both studies that the decrement
of the shock standoft distance deforms the type of the shock/shock
interference. Those results also suggest that high-enthalpy flows
must be unsteady, too. A few numerical studies have also been
reported.'®~!> Hannemann et al.'® demonstrated the deformation
of the type of shock interference according to the decrease of the
shock standoff distance. However, only a steady-state solution was
obtained. Furumoto et al.!! successfully obtained an unsteady flow
of type IV shock interference using the second-order total varia-
tional diminishing (TVD) scheme and the third-order semi-implicit
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Runge-Kutta scheme. Nagatomo et al. !> proposed an efficient CFD
approachfor investigatingunsteady flow characteristicsof the shock
interferenceassociated with the thermochemicalnonequilibriumef-
fect.

A lot of numerical studies have already been reported with regard
to the numerical method of thermochemcial nonequilibrium flows.
Gnoffo'? developed a CFD code based on the point implicit relax-
ation method. Candler and MacCormack!# calculated thermochem-
ical nonequilibriumflows consideringeach vibrational temperature
for molecular species. Park and Yoon!* employed the fully coupled
implicit method to accelerate the convergence of solution. Park'®!7
proposed thermochemcial nonequilibrium models for the chemi-
cal reaction and the molecular vibration. Those models are widely
used in recent studies. In them, a two-temperature model composed
of a translational-rotational temperature and a vibrational-electron
temperature is defined.

In the present paper, a parametric study for hypersonic shock/
shock interference flows with and without chemical reaction is
presented. The influence of the impinging shock location and the
temperature is investigated using two CFD approaches: the shock/
shock interference flow solver with nonreaction (SSNR)” and the
shock/shock interference flow solver with reaction (SSR).!? Ideal
gas flows without chemical reaction at low temperature are calcu-
lated using the SSNR, and nitrogen flows at high temperature are
calculated using the SSR. The SSR employs the two-temperature
Park model'? for solving thermochemical nonequilibrium flows.
The numerical method used in the SSR is fundamentally similar to
the SSNR. The advection upstream splitting method (AUSM)_DV
scheme'® is newly employed for improving the stability of the cal-
culation. The diagonal point implicit scheme'® is additionally ap-
plied to the maximum second-orderlower-upper symmetric Gauss-
Seidel (LU-SGS) scheme’ for calculating the source terms of the
species continuity equations and the vibrational energy equation.
The transition type of the shock interference due to the changes of
the impinging shock location and the temperature is demonstrated
using the SSNR and the SSR.

The other purpose of the present paper is to understand unsteady
flow characteristics associated with the thermochemical nonequi-
librium eftect. The present study focuses on whether the unsteady
flow characteristics that appear in the nonreaction case, such as
unsteady supersonic shear layers, compression waves, and contact
discontinuities, are also seen in the reaction case.

Finally, the unsteady vortical supersonicjet comprisingshocklets,
compression waves, vortices, and their interactions that is obtained
inthe presentreactioncaseis qualitativelyexplainedas a typical flow
characteristic due to the thermochemical nonequilibriumeffect.

Fundamental Equations

The fundamental equationsin general curvilinear coordinates for
solving the hypersonic two-dimensional shock/shock interference
flow with the thermochemicalnonequilibriumeffect contain species
continuity equations, momentum equations, a total energy equation,
and a vibrational energy equation. Ionization and radiation are ne-
glected. Flows are assumed to be laminar. The equations are written
in vector form as
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Models for chemical reactions and molecular vibrations in the
source term H are mainly quoted from the two-temperature model
by Park.!” The viscosity model and the diffusion velocity model are
based on the work of Blottner et al.>° and Lee.?! The total energy E
and the pressure p are

n 1 n
E = Zp.YCUJT + E/Oujuj + Ev + Z/Oxh?

s=1 s=1

p= imgT

s=1

Numerical Methods

The numerical schemes employed for the SSR are fundamentally
the same as for the SSNR. The SSNR based on the finite difference
method is concisely explained here.

1) The modified AUSM scheme’ is used for the flux splitting. It is
known that the original AUSM scheme?? fails to capture the strong
bow shock. In the modified one, the original AUSM algorithm is
replaced by the Hénel scheme at the bow shock location monitoring
the pressure gradient. The unsteady bow shocks of the type I'V shock
interference were successfully captured in previous work.’

2) The maximum second-order LU-SGS scheme,’ coupled with
the Newton iteration and the Crank-Nicholson method, is used for
the time integration to obtain time-accurate solutions.

3) The fourth-order compact MUSCL TVD (FCMT) scheme?? is
applied to the modified AUSM for the higher-order approximation
of the primitive variables.

The SSR employs the same schemes except for the modified
AUSM scheme. The AUSM_DV scheme'® is newly employed to
improve the stability of the calculationfor thermochemicalnonequi-
librium flows. The diagonal point implicit scheme' is also used for
the calculation of the source term in Eq. (1).

Initial and Boundary Conditions

All cases begin with the calculation of the initial condition for
the unsteady flow calculation. The impinging shock conditions at
the inlet boundary and the uniform flow conditions at inner points
are specified. The impinging shock conditionis calculated from the
Rankin-Hugoniot relation. The molecular dissociation behind the
impinging shock is not considered because it can be assumed as
negligible. None of Newton iterations are executed until the initial
conditionare obtained. When the calculated shock standoffdistance
locates an estimated proper point, a few Newton iterations (usually
three) are started. The outlet boundary condition is treated as the
supersonic outlet flow. Then the inner upstream values are extrapo-
lated. No-slip and adiabatic conditions are specified at the solid wall
boundary. The fully catalytic wall is also used for reaction cases.

Computational Grids
In this paper, the impinging shock location is changed para-
metrically. A computational grid is set up algebraically for each
case. Figure 1 shows one of the grids. Grid refinement may be very
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Fig. 1 Computational grid,
271 X 171 points.

important if unsteady flow characteristics are to be obtained accu-
rately. The grid points are clustered at the shock location in both
the £ and 5 directions for higher resolution. The grid points em-
ployed are determined for capturing compression waves accurately
in thermochemical nonequilibrium flows, as will be shown later.

Results
Nonreaction Cases

The shock/shock interferenceflows withoutchemicalreactionare
calculatedfirst. The flow conditions are almost the same as in Ref. 7
except for the location of the impinging shock. The main flow con-
ditions that are specified are a Mach number of 8.03, temperature
of 111.56 K, and pressure of 985.01 Pa, and the flow direction is
0 deg as the uniform inlet boundary condition. The flow angle be-
hind the impinging shock s fixed at 12.5 deg. The Reynolds number
is 5.15 x 10°. The flow conditions and typical flow characteristics
already known are summarizedin Fig. 2. Parameters 0 and ¢ are de-
fined in Fig. 2. The unsteady flow characteristicsalready obtained’
are summarizedin Fig. 3. Seven differentlocationsof the impinging
shock from 6 = —11 to 15 deg are studied. Before the main calcula-
tion, the accuracy of the modified AUSM scheme is compared with
that of the AUSM_DV scheme in some nonreaction cases. Conclu-
sively, the instantaneous temperature contours obtained with both
schemes were almost the same in the present cases. Therefore, the
modified AUSM scheme is employed for the nonreaction cases to
save the CPU time slightly.

Figures 4a-4c show the calculated instantaneous temperature
contoursford = —11, 0,and 15 deg. Typicaltype IV shock/shockin-
terferenceis seen in the results for & =0 and 15 deg, whereas that of
0 = —11degresultsin type III. Unsteady and complicatedflow char-
acteristics, especially vortical supersonic shear layers, are captured
in all three cases. A similar characteristicof the interactionbetween
compression waves and contact discontinuities shown in Fig. 3 is
found forf =0 and 15 deg. Some complicatedshocklet/vortexinter-
actions in the supersonic shear layer are also found for 6 = 15 deg.

Figure 5 shows the time-averagedmaximum pressure ratios at the
stagnation point of the supersonic jet for the case of six impinging
shock locations at 8 = —11, =7, =5, 0, 7, and 15 deg, as well as
the experimental data.®> The error bars indicate the time-averaged
maximum and minimum values of the ratios. The ratios may be
well evaluated because the experimental data are located within the
length of error bars. The value of 8 indicating the transition point of
the shock/shock interferencetype from type IV to type 1l is located
at —7 <60 < =5 deg.

Mach number 8.03

Supersonic
Flow angle O(deg) shear layer
-> \
/{~~ § =const.
It S cross section
Bow )

shock Cylinder

Impinging
shock

Lambda >

shock
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shock
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Supersonic
> shear layer

Fig. 2 Shock/shock interference flow and definition of parameters.
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Fig. 3 Unsteady flow characteristics in type IV shock/shock interfer-
7
ence.

Reaction Cases

The shock/shock interference flows with the thermochemical
nonequilibrium effect are next studied. A partially dissociated ni-
trogen flow in which the mass fraction of N, and N is specified as
95.4% and 0.46% is considered. The flow conditions of the uni-
form inlet Mach number, the flow direction, and the impinging
shock angle are fixed as in the nonreaction case. The uniform inlet
translational-rotational temperature is specified by 800 K (Ref. 11),
and the Reynolds number is 7 x 10*. A lower Reynolds number is
set to avoid the turbulence effect as much as possible because the
flow is assumed to be laminar. Because a turbulence model might be
necessary to evaluate the heat flux in the boundary layer accurately,
no evaluationof the heat flux is done in this paper. Three cases of the
impinging shock location,# = —11, 0, and 15 deg, are calculated.

The numerical accuracy of the SSR code was checked with re-
gard to the shock standoff distance in typical hypersonic thermo-
chemical nonequilibrium flows around a sphere** and a cylinder?’
The former case with inlet Mach number of 15.3 results in a 5%
difference?® and the latter case with inlet Mach number of 6.14 and
Reynolds number of 12 x 10* results in a 7% difference with the
experiment. Because both cases agree with the experiments within
a 10% error, flow characteristics, especially the stagnation location
of the supersonic jet, are well captured. In addition, the numerical
accuracy of the grid has been checked before the main calculations.
Figures 6a and 6b show the calculated instantaneous translational-
rotational temperature contours at § =0 deg. The grids used have
141 x 91 (coarse)and 211 x 141 (medium) grid points, respectively.
The present study is focused on unsteady flow characteristics,such
as shocks, vortices, compression waves, and their interactions. The
coarse grid case does not seem to capture them accurately. The
medium grid case could improve the resolution; however, compres-
sion waves could not be captured completely when compared to the
fine case shown in Fig. 7b. Therefore, a much finer grid (271 x 171
points) is finally employed.
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Fig. 5 Time-averaged maximum pressure ratios at the stagnation
point of the supersonic jet.

Figures 7a-7c show the instantaneous translationalrotational
temperature contours for 6 = —11, 0, and 15 deg, respectively. Fig-
ures 7a-7c¢ can be compared with Figs. 4a-4c. The shock standoff
distance considerably decreases in every reaction case. The flow
pattern of type IIl at 6 = —11 deg in Fig. 4a transformsinto type IV
in Fig. 7a, whereas type IV at 6 = 15 deg in Fig. 4c transforms into
an unknown type in Fig. 7c. The unknown type is similar to type V.
However, none of typical shock reflections behind the jet in type V
is observed, and the jet in the present result is much thicker than
that expectedin type V. Therefore, it should be a new type. We call
it type VII here.

The time history of the maximum pressure ratio on the body
surface in the case of = —11 deg that forms type IV is plotted in
Fig. 8.Itis found that the stagnation pressure of the supersonicjet is
complexly changed in the presentreaction case. Figure 9 shows the
time history of the pressure ratio distributions on the body surface.
The stagnation pressure py is obtained directly from the calculation
without the impinging shock. The highest peak values coincide with
those at the stagnation point. The maximum pressure ratio p/po
is 13.2 in Fig. 9. The time path of relatively lower peak values
exhibits a wavy profile at the right-hand side from the stagnation
point. The system of values indicates that a pulsating and vortical
supersonicshearlayerstrongly disturbed by the unsteady supersonic
jetis streaming downward.

Unsteady flow characteristicsobtained in the case of 0 =0 deg is
explained next. The result of this case might show an intermediate
form between type IV and type VII. The supersonic jet does not
strike the body strongly. However, it induces a relatively strong vor-

¢)0=15deg

a) 141 x 91 grid points

Fig. 6 Instantaneous temperature contours.

tical supersonic shear layer. The supersonic jet seems to be trans-
formed directly into the supersonic shear layer. Figure 10 shows
the instantaneous pressure contours. Periodical compression waves
generating from the edge of the supersonicshear layer are observed.
This periodicityis also confirmed from Fig. 11, which plots the time
history of the pressure ratio cross & = const line defined in Fig. 2.
From Fig. 10, other peak contours moving downward from the bow
shockin Fig. 7b should be contactdiscontinuitiesdue to the interac-
tion with the compression wave. The unsteady flow characteristicof
these compression waves and contactdiscontinuitiesis quite similar
to that in Fig. 3 and Ref. 7. The time history of the pressure ratio
distributions on the body surface is plotted in Fig. 12. The maxi-
mum pressure ratio p/po="7.9 is relatively small compared with
the case of 6 = —11 deg. However, a high-pressureregion is found
at the left-hand side of the stagnation point of the jet. It might push
the supersonic jet toward the upper downstream region in Fig. 7b.
The influence of small periodical shocklet/vortex interactionsin the
supersonic shear layer found in Fig. 7b is also plotted as periodical
peaks at the region of the supersonic shear layer in Fig. 12. The
shocklet structure might be formed when the jet bow shock at the
stagnation pointis turned toward the upper side according to the jet
oscillation.

The results of the third case at # =15 deg are explained.
Figures 13, 14, and 15 show the instantaneous contours of pres-
sure, vibrational temperature, and N, mass fraction, respectively.
Separate shocklets or compression waves, corresponding to those
in Fig. 7c, are also found in Fig. 13. The vibrational temperature
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Fig. 7 Instantaneous translational-rotational temperature contours.
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Fig. 8 Time history of the maximum pressure ratio on the body sur-
face.
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Fig. 9 Time history of the pressure ratio distributions on the body
surface.

is relatively low in the supersonic jet in Fig. 14. This is explained
by Fig. 15, where only a sight dissociation of N, occurs in the su-
personic jet. Figures 13-15 all demonstrate a vortical supersonic
jet. The flow mechanismsin Figs. 13-15 are summarized in Fig. 16
and are explained systematically to understand the system of the
mechanisms. The flowfield may be divided into six regions, A-F.
Region A is a subsonic flowfield between the bow shock and the
supersonic jet. Because a finite rate of N, dissociation occurs, the
translational-rotational temperature and the vibrationaltemperature

Fig. 10 Instantaneous pres-
sure contours.

Compression waves | "(I, ' 51" i
Pressure ratio (P/P0) ’ ,g’ Ui ‘f.}‘lmu "
st it
o !ll"lllﬂ'h','&\’”ﬂ;}v!’llm
il
i
0.5 g il 0.00011

0.0001

Time (sec)
9e-05
Inlet
Shock
Distance from the wall Wall

Fig. 11 Time history of pressure ratio cross £ = const line.

are highly increased. Region B, between the supersonic jet and the
upper body surface, becomes a supersonic flow accelerated by the
jetexceptfor the boundarylayer. Region C is another subsonic flow-
field at the lower side. The flow characteristicin thisregionis simpler
than that of the upper side. The dissociation of N, behind the bow
shock also occurs in a finite rate, and both translationalrotational
and vibrational temperatures are increased. Because the pressure in
region C is relatively higher than that in region B, similar to the case
of =0 deg, the supersonicjet is forced to stream toward the upper
downstreamregion. Region D is located in the supersonicjet. Small
shocklets, which may be similar to the well-known characteristicin
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Fig. 12 Time history of the pressure ratio distributions on the body
surface.

Fig. 13 Instantaneous pres-
sure contours.

Fig. 14 Instantaneous vi-
brational temperature con-
tours.

the supersonic exhaust gas ejecting from the jet engine outlet, are
found along the jet. The strengthis gradually weakened downward.
In this region, because both translational-rotational and vibrational
temperature increase slightly, the flow is almost frozen. Regions A
and B are divided by the frozen flow. A quite unique flow structure
is found in regions E and F. Region E is formed after the passage of
a compression wave originally generated from a vortex edge of the
vortical supersonic jet. Because the pressure in region D is lower
than that in region E, the dissociation air in region A is pushed into
region D. Finally, a fin shape region, region F, is formed. Conse-
quently, this instability might be an essential flow mechanism in
making a strongly vortical supersonic jet.

Fig. 15 Instantaneous N,
mass fraction contours.

Region A Region B,
Bow Compression
shock wave \
L) .
/‘- Region F
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Bow shock
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Fig. 16 Unsteady flow characteristics in 6 = 15 deg case.

Concluding Remarks

Hypersonic shock/shock interference flows were calculated con-
sidering the thermochemical nonequilibrium effect, and unsteady
and complicated flow characteristicswere successfully obtained us-
ing the present CFD approaches. The results of the present study
are summarized as follows:

1) The transition point of the shock/shock interference type from
type IV to type III in the nonreaction cases is accurately evaluated
by a parametric study changing the impinging shock location.

2) Unsteady flow characteristics,such as the unsteady supersonic
jet, unsteady vortical supersonic shear layers, periodical compres-
sion waves, and induced contact discontinuitiesalready reported in
a previous study,” were also captured in the present study in the
nonreaction cases.

3) The shock standoff distancedecreases considerablyin the reac-
tioncases, anditresultsin the changeof the shock/shockinterference
type.

4) Because the decrement of the shock standoff distance in-
creases the pressure at the lower flow region defined as region C
in Fig. 16, the supersonicjet is turned toward the upper downstream
region in the cases of 6 =0 and 15 deg.

5) Complicated unsteady flow characteristics, similar to the
nonreaction cases, such as vortical supersonic shear layers, com-
pression waves, and contact discontinuities, were also captured in
the reaction cases.

6) A new type of shock/shock interference, that of a supersonic
jet streaming toward the upper downstream without stagnating on
the body, was obtained in the reaction case of 6 = 15 deg.

7) The supersonic jet became a strongly vortical flow due to the
production of compression waves from the vortex edge of the jet
itself.

Finally, the presentCFD approach,the SSR, wouldbe a usefultool
for understanding unsteady flow characteristics of the shock/shock
interference flow with the thermochemical nonequilibrium effect.
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Accurate evaluations such as the heat transfer rate in the actual air
should be studied next.
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