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1 Abstract

A high-order upwind finite difference shock fitting
scheme combined with additive semi-implicit Runge-
Kutta (SIRK) methods is used in numerical simulation
of transient hypersonic nonequilibrium flow. Partially
dissociated nitrogen passing over cylinders is computed
as a test case compared with experimental results as
well as other published computational results. The
heat flux at the stagnation point is computed and com-
pared with that obtained from boundary layer solu-
tions. The ability of the computations presented in
this paper to accurately capture the shock shapes ,the
standoff distances and heat flux at stagnation point,
demonstrates the capability of the code to sufficiently
model flows in thermochemical nonequilibrium. The
code is also extended and tested to simulate unsteady
nonequilibrium flow to study the additional real gas
effects on flow properties such as receptivity, stability
and heat transfer.

2 Introduction

The design of future space transportation vehicles,
especially the development of new cheaper reusable
launch systems, cause great interest to investigate hy-
personic nonequilibrium flow. The laminar-turbulent
transition in thermally and chemically nonequilibrium
boundary layer at hypersonic speeds significantly af-
fects the vehicle performance and surface heating.
Therefore, the accurate prediction of boundary layer
transion is a critical part for aerodynamic design of
vehicle and thermal protection system. When an
aerospace vehicle travels through the atmosphere at hy-
personic speed, the Mach number is high and the bow
shock wave is strong. The shock converts the kinetic
energy of the streamn to internal energy, raising the tem-
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perature to a value where real gas effects are required
to be considered. The phrase “real gas” used in this
paper is in the sense of aerodynamics where it typifies
the high—temperature effects, involving the the sense of
ClaSSlCal pnyswal Cnerrusur_y wnéfé l[- ﬂaS Deen USCU. 10].'
a gas in which intermolecular forces are important due
to high pressures and/or low temperatures. Such real
gas effects not only mean the departure from perfect
gas even if in thermodynamical equilibrium, but also
lntroduce two time scales if the rates of dlssoc1at10n
and excitation of vibration are finite, which depends
on gas and flow conditions. The departure from per-
fect gas depends on temperature as well as pressure.
For example, at a pressure of 1 atm, vibrational ex-
citation begins at about 800°/K. When temperatures
exceed about 2500° K, oxygen molecules begin to dis-
sociate while nitrogen begins at about 4000°K. At
about 9000° K or higher, there is significant ionization
taking place (11 In various flow situations, nonequilib-
rium of rotational, vibrational, electronic, and chemical
modes can be observed. The approach to equilibrium
of these various modes is governed by kinetic equa-
tions that are first-order in their time derivatives [,
Examination of these equations reveals a time scale of
relaxation time for the equilibration of the mode un-
der consideration. The rotational modes require only
a few molecular collisions to equilibrate, while vibra-
tional equilibration is a process with relaxation time
between the very short time for rotational equilibra-
tion and the longer time for ionization and chemical
equilibration. At extremely high temperature, all pro-
cesses are very closely coupled. Such high temperatures
are possible near the nose of a hypersonically traveling
vehicle depending upon its velocity and altitude. The
dissociation rate falls rapidly with decrease of the tem-
perature and therefore with shock slope. Thus the re-
gion affected by the chemical relaxtion is limited to the
vicinity of the stagnation point. Immediately behind
the bow shock wave in the stagnation region of a ve-
hicle, the vibrational temperature may overshoot the
equilibrium post-shock temperature. When the pop-
ulation of excited electronic states is governed by the
vibrational temperature due to the dramatic increase of
super-equilibrium molecules, thermal radiation as pho-
tons is significant as the excited electronic states decay
to the ground state. Many phontons are absorbed by
the body surface, which leads to a significant increase
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in the heat transfer rate due to nonequilibrium. For
many flight conditions, dissociated atoms recombine
near the wall. The effect of the body surface on the
recombination rates near the wall is described by wall
catalycity. The catalycity can change the composition
of the flow and increase the heat transfer. Theoreti-
cally, the catalycity ranges from a fully catalytic condi-
tion to a noncatalytic one. For a noncatalytic wall, no
recombination occurs at the wall and the resulting heat
transfer can be much less. However, a fully catalytic
wall will cause recombination to occur instantaneously
and increase heat transfer due to the heat released from
exothermic recombination reactions. A finite-catalytic
wall is one which produces a situation between these
two extremes. The vibrational-dissociational interac-
tion, nonequilibrium thermal radiation, wall catalyc-
ity are primary uncertainties in modeling hypersonic
flows. All these issues have been extensively studied.
Many models have been presented to describe these
processes [3-5) An overview of these fields spanning a
period of nearly four decade can be found in e-11],

The accurate simulation of transient flow is impor-
tant for the prediction of laminar-turbulent bound-
ary layer transition(Fig.1). The fundamental causes
of boundary layer transition are identified in stability
analyses. In general, the transition is a result of non-
linear response of the laminar boundary layers to forc-
ing disturbances 11218 The forcing disturbances [16]
can originate from many difference sources, including
freestream disturbances. In an environment with small
initial disturbances, the paths to transition consist of
three stages: 1) receptivity, 2) linear eigenmode growth
or transient growth, and 3) nonlinear breakdown to tur-
bulence. The first stage is the receptivity process [17],
which converts the environmental disturbances into
instability, Tollmien-Schlichting (T-S), waves in the
boundary layers. The second stage is the linear eigen-
mode growth of boundary-layer instability waves ob-
tained as the eigen-solutions of the homogeneous lin-
earized disturbance equations. The relevant instability
waves developed in hypersonic boundary layers are the
T-S wave and inviscid waves of higher (Mack) modes
discovered by Mack [18'19], the Gortler instability [20]
over concave surfaces, and the three-dimensional cross
flow instability [?!]. The third stage is the breakdown
of linear instability waves and transition to turbulence
after the growth of linear instability waves reach cer-
tain magnitudes. The receptivity mechanism provides
important initial conditions of amplitude, frequency,
and phase for the instability waves in the boundary
layers (22-24]

To date, linear stability theory (LST) is still the
main approach for prediction of transition. The results
of LST are very sensitive to the accuracy of the base

flows. In a hypersonic flow over a blunt body, the ther-
mal and chemical nonequilibrium significantly change
the flow field. In addition, real gas effects may change
the growth rate of instability modes and add new in-
stability mode. The stability analyses with the consid-
eration of real gas effects can be found in the works
of Malik , Anderson, (**?¢ Stuchert and Reed [*"],
Hudson, Choknai and Candler [28,29] Chang, Vinh and
Malik B Two experimental results in this field can

be found[iri the works of Kendall [31'32], Adam and
33 -

In stability analyses, an accurate computation of the
mean and transient hypersonic flow is critical for many
hypersonic applications. One reason is due to the fact
that many shock boundary layer interactions have been
found to be inherently unsteady, and the unsteadiness
has strong effects on the aerodynamic parameters of the
flows. Even within perfect gas regime, hypersonic flow
associated with such phenomena are inherently tran-
sient three-dimensional flows containing a wide range
of time and length scales. The real gas effects add more
time and length scales related to finite rates of dissocia-
tion and excitation of vibration. The numerical simula-
tion of such transient flows require high-order accurate
CFD methods in order to capture all of these time and
length scales of flow. Standard shock-capturing CFD
methods developed for steady or slightly unsteady flow
computation are not appropriate for transient applica-
tions because their accuracy level is not high enough.

The purpose of this paper is to apply a high-order
upwind finite difference shock fitting scheme combined
with additive semi-implicit Runge-Kutta (SIRK) meth-
ods developed by Zhong 34 to simulate transient hy-
personic boundary layer flow with thermal and chemi-
cal nonequilibrium in continuum regime. High-order
of both spatial discretization and temporal integra-
tion is necessary. Fifth-order upwind finite difference
scheme is used to discretize convective terms while
sixth-order central difference scheme is used for vis-
cous terms. For simulation of viscous hypersonic flows
over blunt body, flow properties such as temperature,
species mass fraction, and density may dramatically
change in the shock layer immediately behind the shock
and in boundary layer near the body due to chemi-
cal reaction and wall conditions. Grids for computa-
tion are strongly stretched in both of the two regions
in order to cluster more grids points in them. Fifth-
order polynomial interpolation directly to the stretched
physical grid without using the coordinate transforma-
tion is applied for the purpose of numerical stability
consideration %), The spatial discretization of the gov-
erning equations leads to a system of first-order ordi-
nary differential equations. Third-order Semi-implicit

Runge-Kutta scheme (34 i used for temporal integra-
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tion, which splits the governing equations into non-
stiff terms resulting from spatial discretization of the
flux terms that can be computed explicitly and stiff
terms containing the thermal-chemical source terms
that need to be computed implicitly.

To validate this numerical method and computa-
tional code, steady hypersonic flow past cylinders based
on Hornung’s 36]experimental data i1s computed. The
results are compared with experimental and Furu-
moto’s 37 computational results. Heat flux at the
stagnation point is compared with classical results of
Fay and Riddell [38) ' yibrationally relaxing flow of Ny
past an infinite cylinder is studied and compared with
the results of Giordano . The additional real gas
effects on flow properties such as receptivity, stability
and heat transfer are studied. The numerical results
show that the real gas effects significantly change flow
field including the standoff distance of bow shock over
the front part of blunt body and other flow properties.

3 Physical Model And Govern-
ing Equations

Physical models used for the numerical simulations
of nonequilibrium hypersonic flows must capture the
complex thermophysical phenomena that character-
ize these flows. Detailed discussions of the relevant
flow physics can be found in works by Vincenti and
Kruger %0] and Clarke and McChensey [*! There are
many different ways to formulate the governing equa-
tions for nonequilibrium flow, depending on what ap-
proximations are made in the modeling process. In
the context of continuum based numerical simulations,
some of the more well known are outlined in works by
Park [42], Lee [43], Gupta, et al. [44], and Hauser, et al.
(5] The work presented in the remainder of this paper
uses nonequilibrium models based primarily on those of
Park and Hauser 445, Governing equations are for-
mulated for a two-temperature model with five species
(non-ionizing) finite rate air chemistry with assumption
that the rate of rotational relaxation approachs infinity,
and the rotational energy is fully excited (i.e., rotatioal
temperature equals translational temperature). In the
following sections, sums are taken over indices ranging
from 1 to either NS or nd. NS is the total number
of species being considered, while nd is the number of
diatomic species being considered.

3.1 Equations of motion

In conservative form, the multicomponent Navier-
Stokes Equations, along with vibrational energy equa-
tions, are:

api 0 . 0 .
o + 5;([71” + jiz) + a—y(Pﬂ-’ + Jiy)
a .
+5, (Piw+jiz) = wi (1)

Opu) , 8, 8
T 5z(pu +p—Toz) + ay(’"“’ — Try)

]
+E(puw — 1) =0 (2)

o) | 8 B
ot +az(puv sz)+ay(pv +p Tyy)
0
+$(va_TyZ)—0 (3)
3(pw)

L puw = 7a2) + e (pvw — 730)
ot g LU T Tes) T gy AU T Tus

o 2 _
+E(pw +p—1.)=0 (4)

0E, 0 i}
5 + a_m(UEU + qua:) + 8_y('UEv + QUy)
4]
+6_Z(wEU + QUz) = Wy (5)
OFE

0
=+ 6_I[U(E + P) — UTggy — VTgy — WTg; + q:z.‘]

8
+8_y[v(E + p) — uTpy — VTyy — WTy; + Gy}

ot

5}
+6—Z-[w(E+p) —UTp, — UTy; — WT; +¢;] =0 (6)

where E, and F are the vibrational and total ener-
gies per unit volume, the w;’s are the chemical source
terms for species ¢, and w, is the source terms for the
vibrational mode. These equations, as presented, do
not form a mathematically closed set. In order to close
this set of equations, thermodynamic equations of state
and constitutive relations for the viscous fluxes are re-
quired.
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3.2 Equations of state

Closure of the governing equations requires thermody-
namic state equations. The system is taken to be a
mixture of thermally perfect gases with the following
equation of state:

p=pRT; ) (7)

where p and p are the bulk pressure and density, re-
spectively, T; is the_translational temperature, and R
is the mass averaged gas constant, defined as:

NS e
R = Z?I_R1 (8)

i=1

where R; is the species specific gas constant.

The internal vibrational energy mode is modeled by a
separate temperature, T, [46-48). The internal energy
equation for a diatomic species is then:

e = -Z—RiTt +evi + B] (9)
gui
Ey; — Ri—eﬂm/Tu 1 i (10)

Correspondingly, the equation for a monatomic species
Is:

i = SR+ B (11)

In the above equations, y; is the characteristic vibra-
tional temperature of species 7 and h{ is the species
heat of formation. These values are given in Table 1.

The vibrational and total energies per unit volume
are given by:

nd
E, = Zpicui (12)
i=1
NS 2 9
uc+v
E=> pei+tp 5 — (13)
i=1

3.3 Constitutive relations

The viscous terms in the governing equations (vis-
cous stresses, diffusive fluxes, and heat fluxes) require
constitutive relations to relate these viscous terms to
the flow and thermodynamic variables. The viscous
stresses are modeled using the Navier-Stokes equations:

o 6ui 611]' auk »
T = —H <6$j -+ 3171-) +2,u/36£k dij (14)

For chemically reacting flow, species mass diffusion
fluxes are given by full multicomponent diffusion mod-
els where the flux of species 7 is dependent upon its
own concentration gradient, and the gradients of all
the other species (4951 Guch a multicomponent model
can be computationally prohibitive for numerical simu-
lations. Therefore, a common approximate model used
is to assume each species follows Fick’s Law of diffusion
for a binary gas mixture. Thus, each species is treated
as diffusing into the remaining bulk as if it were a bi-
nary mixture of the species in question and everything
else. Using this model, the mass diffusion fluxes for
species £ are given by:

. 0(pi/p)
Jiz, = —pD; _6.'L‘k

—(15)
The effects of diffusion due to thermal and pressure
gradients are typically small and can be neglected for
simplicity (52],

Heat diffusion is modeled using Fourier’s Law for
heat conduction:

8T, BT ZNS . :
9z, = —(Kt + "Cr)'aT’i - RUE + ]"-Fkh" (16)
i=1

with the total enthalpy, h;, given by:

h; =e; + R;T} (17)

3.4 Transport coefficients

The transport coefficients need to be modeled for a gas
mixture. Individual species viscosities (y;) are calcu-
lated using a curve fit model presented by Moss [®3l;

pi =exp[(AilnT; + B;) InT; + Cj) (18)



where A;, B;, and C; are tabulated empirical constants
given in Table 1. The viscosity of the mixture is then
found from Wilke’s formulation *%:

NS
Xilllt
g i=1 Zj'\l:SlXJ‘f’m 1)
1 192
1 ) (M, ?]
¢u—[ (£) (Ml)% (20)

where M, is the molecular weight of species i, and
X; 1s the mole fraction of species i. The individual
species translational heat conduction coefficients (;)
are given by Eucken’s relation [*8l:

5
Kty = i‘,uicvti (21)
where
3
Cuti = §R4 (22)

The overall coefficient is calculated by using Wilke’s
formula similar to the viscosity coefficient (6], The ther-
mal conductivities associated with the rotational and
vibrational modes are given by [44]:

nd
Xik(y,ryi
by = 3 et (23)
(v.r) Ezﬁfl X i

i=1

where ¢;; is the same as those used in Wilke’s mixture
rule for viscosity ¥, and the sums are taken over the
diatomic species only and:

Kei = )u‘lR‘l (24)

_ RilBui/T) T
vi = i (eﬂw/Tu — 1)2

(25)

The mass diffusion coefficient is taken to be the same
for all species, D; = D and is found by assuming a
constant Schmidt number 47;

- * _
Se= -5 =05 (26)
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3.5 Source terms

The energy transfer modes considered are translation-
vibration coupling and vibration-dissociation coupling.
Other modes were assumed to be negligible in their
effect 1*7). Vibration-translation interactions are mod-
eled using the Landau-Teller model [8]:

1
efuil/Te

"R.0. ; 1 —
22 pjRi0y; (eauJ/Tt_l

) (27)

Qr_v = -
=1 Tug

For the vibrational relaxation time of species j, 7,5, the
corrected Millikan and White formula [%% as proposed
by Park [*2] was used. This gives the vibrational time
as:

roj =< g > 47 e
with
il X
<Tj >= SN5 5 omw (29)
2im Xi Tt%!jw

where X; is the mole fraction of species .

'rj‘,-{jw is the Millikan and White relaxation time de-

rived from empirical data 5%, and is given by:

otV = S exp (30)
5 1,3 (e 1 30
[1.16x 10-3u}6, (174 - 0.0154%) - 18.42]

where p is in units of atmospheres, 8,; is the charac-
teristic vibrational temperature of species j, and p;; is
the reduced mass given by:

MM

= 31
K= M+ M, (3D
The correction factor is given by:
1
Tej = ZioaN (32)

where ¢; is the mean molecular speed given by:

8 .
o = 2L, (39)
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oy is the limited collision cross section (in m?) given
by [56,57]:

50,000 °
— 1n-21 ) .
oy =10 ( T ) , (34)

and N is the total number density of the gas. The
model used for vibration-dissociation coupling is the
one employed by Candler in Reference [46] and is given
by

R;0y;
QV D= Z _7 BIJJ/TU {_ l (35)

The total vibrational source term is then:

wy = Qr-v +Qv_p i (36)

Chemistry is modeled by using a five species model
(N2,02,NO, N, O). Here, ionization is ignored. The
five species reaction model is given as:

No+M; =2 N+ N+M, (37)
O+ M; = O+0+M; (38)
NO+M; = N4+O+M; (39)

No+0 = NO+N (40)
NO+O =& O2+N (41)

where M; denotes any of the i species. In general,
the rate of formation of a reactant species in a general
reaction of the form:

A+B=C+D (42)

can be written as:
R = ky [A] [B] — ky [C][D] (43)

Two chemical models for the rate coefficients (the
kg and ky's) are used. The first model is the Dunn-
Kang rate coeflicients based on a two-temperature mo-
dle as presented by Hauser, et al. (45] The backward
and forward coefficients are calculated using a modified
Arrhenius expression of the form:

k= CT "exp(8a/Ts) (44)

where C, Ty, 1, and 84 for each reaction are given in Ta-
bles 2 and 3. The second model is the Park chemistry
model for air **°8, In this model, only the forward
rate coefficients are explicitly calculated by a modified
Arrhenius equation similar to that used in the Dunn-
Kang model. The backward rate coefficients are then
deduced from the forward rates using the equilibrium
constant:

ky=ks/Keg (45)

The equilibrium constants, K.q, are given by empirical
curve fits with respect to temperature. Coefficient and
curve fit values for a wide range of reactions of interest
in hypersonics are tabulated in the various works of
Park Ezz 56,58]

4 Boundary Conditions

All flows studied here are wall bounded in some way,
usually by a body immersed in a freestream. Because of
this, wall boundary conditions to simulate the viscous
interaction between the flowfield and the solid body
are required. The no-slip condition for velocity and
adiabatic wall condition for temperature are used as
the flows examined are within the continuum regime.
Isothermal walls are also used as they are a common
way to simulate cooled walls without solving the con-
jugate heat transfer problem. Noncatalytic wall is used
in the present study.

5 Numerical Methods

Once the physical model is defined, an associated nu-
merical model suitable for computational simulations
is needed. Often, methods are used for the spatial and
temporal discretizations. Care must be taken to ensure
that the scheme chosen i1s both stable and accurate. In
particular, the terms associated with the nonequilib-
rium thermophysics have such small time scales asso-
ciated with them, that they can add a high degree of
numerical stiffness to the temporal discretization and
special care must be taken when integrating in time.
In order to capture all time and length scales asso-
ciated with transient hypersonic nonequilibrium flow,
high-order accurate CFD methods are required.
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5.1 High-order shock fitting methods

The use of shock fitting method make it possible to use
high-order difference scheme for spatial discretization.
The general curvilinear three-dimensional coordinates
(€, m, ¢, 7) are used along the body fitted grid lines

(Fig. 2).

Shock fitting methods are used to treat the bow
shock as a computational boundary. The Rankine-
Hugoniot relations across the shock are used. When
the thickness of shock is assumed to be infinitesimal,
frozen flow can be used, which means there is no chem-
ical reaction and vibrational excitation across the the
shock. The Rankine-Hugoniot relations are similar to
perfect gas results. The transient movement of the
shock and its interaction with disturbance waves are
solved as part of the solutions. Therefore, the grid
surface of 7 = constant is unsteady due to the shock
movement, but the grid surfaces of £ = constant and
¢ = constant are fixed plane surfaces during the cal-
culations. In particular, the £ = constant surface is
generated such that they are normal to the wall sur-
face. Therefore, only the = constant grid lines change
when the bow shock moves. In conservative form, the
equations of motion can be written as:

0u 0 0
B + E‘B_(Fl +Foa) + %(Fz + Fy2)
0
+-a—z(F3 +Fy3)=W (46)

where the conserved quantity and source term vectors
are:

[ 1 W [ wr ]
p2 w2
P3 w3
P4 Wy
_ Ps _ Wws
U= pu , W= 0 (47)
oV 0
pw 0
E, Wy
. E - - 0 -

Inviscid fluxes are

Viscous and diffusive fluxes are

where

| w(E+p) |

pLu
pau
p3
pau
psu
pu* +p
puv
puw
ukl,
u(E+p) |

nw _|

p2w
paw
paw
psw
puw
pow
pw® + P
wkE,

( piv ]|
p2v
p3v
pav
psv
puv

pv* +p
puw
vE,

jlz:
j2:z:
ja.r
j4a:
j5a:
—Tzz
—Toy

—Tzz
vz
Q- |

jlz
j22
jﬁz
j4z
j52
—Tzz
—Tyz
—Tzz
Quz
Q:

| v(E+p) ]

jly
j2y
j3y
j4y

Fyz = J5y

—Tay

—Tyy

—Tyz
Quy

Qu

Qr = —UTgr — UToy — WTez + s
Qy = —UTpy — UTyy — WTyz + Jy
Qz = —UTgz — UTyz — W3z +4q:

(48)

(49)
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The transformation relations for the current grid sys-
tems are

£:£($1yaz) ) I:I(EITIlClT)

n=1n(z,y,z,1 y=y& n¢T)

(=Cevs = Y y=vGncrn O
L r=1 L t=r71

where £ = 0 and ¢(; = 0 because the £ and ( grid
lines are fixed when the shock boundary moves. In the
numerical simulations, the governing equation (46) are

transformed into the computational domain (€. n. . 7)
““““““““““““““““““““““““““ W s Ty

as follows

Lov  OF  oF  OF
Jar T 8 T onp | 8¢

oF{,  0Fj,  0Fy 3 _ W
v v v A 2
e Yo tac Ve =7 ©Y

where
FI’ — Flf.z- + F?]Ey + F3§2 (53)
z Fin,

F = et Ouny B 3 U 50
F = 6 + F?]cy + Fa(, (55)
Fllu — Fyiés + Fu;Ey + Fyaé, (56)
Fy, = Dunet Py + ot 5)
FI;u = FulCr + Fv}Cy + Fu3Cz (58)

where J is the Jacobian of the coordinate transforma-
tiOH, and 61:1 Ey) Ez: Nz 77ya Nzy Ty C-’L') Cyl and Cz are
the grid transformation metrics, which are computed
as functions of the body shape, the grid-point distri-
bution along the grid lines, the wall-normal distance
H(&,(, ) between the shock and the wall along the
n grid lines (see Fig. 2), and the time derivative H-.
These metrics functions are functions of time through
H and H, which can be solved simultaneously with
the interior flow variables. This is described in more
detail in Reference [59]. Fifth-order upwind finite dif-
ference scheme carried out in stretched physical grid
without using the coordinate transformation is applied
to convective terms for the purpose of numerical sta-
bility consideration, while sixth-order central schemes
based on coordinate transformation are applied for the

discretization of viscous terms _[35].

5.2 Semi-implicit Runge-Kutta
method

The spatial discretization of the governing equations
leads to a system_of first-order ordinary differential
equations. Third-order Semi-implicit Runge-Kutta
scheme 4 is used for temporal discretization, which
split the governing equations into non-stiff terms re-
sulting from spatial discretization of the flux terms
that can be treated by explicit Runge-Kutta method
and stiff terms containing the thermal-chemical source
terms that need to be simultaneously treated by im-
plicit Runge-Kutta method. Details of these method is
described in Reference [34]. For numerical simulation
with source term, it is necessary to exactly evaluate
the Jacobian of source vector C = W /JU. W can
be expressed as a function of the temperature

W(U) = W(U, T(U), T,(U)), (59)
and Jacobian can_be written as

_ W  OW 9T | OW 4T,

C=%* 37 30" a1, 50

(60)

The derivation of each term in more detail can be found
in Reference [47]

6 Numerical Results

This numerical method and computational code is
tested by computing steady hypersonic flow over a
cylinder. Numerical accuracy is estimated by grids re-
finement. Heat transfer on the surface, vorticity jump
across the shock and real gas effects on stability of tran-
sient hypersonic flow over parabolas are investigated.

6.1 Code validation and numerical ac-
curacy

Steady hypersonic reacting flow past cylinders based
on Hornung’s Bﬂgxperimental data is computed as a
test case. The partially dissociated nitrogen flow past
a 2 inches diameter cylinder with us, = 5590 m/s,
Towo = 1833°K, poe = 2910 Pa, 92.7% N and 7.3%
N by mass, T,, = 1833°K and a Reynolds number of
6000 is studied. The flow conditions replicate those
studied experimentally by Hornung and computation-

ally by Furomoto 187], Except specification of other flow
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conditions, all results shown in this section are based
on above flow conditions. Interferograms were made in
of flow field in this case. The density change, Ap is
related to the fringe shift F by:

4160F A

Ap = 3 3
P = Toto02cy) /™

(61)

where F' is the fringe number, L is the geometrical
path in experiment, X is the wavelength, Cy is mass
fraction of atomic nitrogen, and Ap = p — pos- In
Hornung’s [36] experiment, the fringe number of photo-
graph is taken at A = 5.330"7m, L = 0.1524 m. The
fringe pattern gives a qualitative picture of the density
pattern provided that Cy does not change too much.
In numerical simulation, to convert computational re-
sult to interferogram, one way to do it is to plot the
contours of constant fringe nubmer, (cos(rF))2.

6.1.1 Comparison with experimental results

Two chemistry models were used for this case to test
their effectiveness in the simulation of reacting hyper-
sonic flows. The first model was Dunn-Kang rate coefli-
cient model #3) and the second model Park model 4%,
Figure 3 compares computational results using the
Park model and Dunn-Kang model ( shown in the bot-
tom half of the figure), to an experimental interfero-
gram published by Hornung [ (shown in the top half
of the figures). The computational shock shape and
standoff distance agree very well with the experimen-
tal data. The inference fringes shapes of Park Model
are very similar to experimental photo. For the result
of Dunn-Kang Model, there is visible differences be-
tween the inference fringes shapes of the computation
and experiment. A comparison of fringe number pro-
file along the stagnation line between the two chemical
model i1s shown in Figure 4. Compared with experi-
mental data, the Park model yielded better results than
did the Dann-Kang model. As shown by Candler [60]
, the choice of thermochemical model can have large
effects on the shock shape and standoff distance. For
flow over cylinders, it was demonstrated that includ-
ing chemical nonequilibrium, but with only a one tem-
perature (thermal equilibrium) model, did a very poor
Jjob in capturing the shock standoff distance and shape.
The ability of the computations presented here to accu-
rately capture the shock shapes and standoff distances,
with only a modest difference in the shape of the inter-
ference fringes, demonstrates the capability of the code
to accurately model flows in thermochemical nonequi-
librium.
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6.1.2 Comparison with other numerical results

The computational results are also compared with
Furomoto’s 7] computational results. Flow conditions
and physical models in this case are same as Furu-
moto’s computation. The only difference between this
two computations is in numerical methods, where fifth-
order shock-fitting method is used in this paper while
second-order TVD shock-capturing method 1s used in
Furumoto’s computation. Comparison of computed
contours of pressure, is shown in Fig. 5, in which Fu-
rumoto’s computational results are shown in the bot-
tom half of these figures while computational results
of this paper are show in the top half of these figures.
The comparison shows that the computational results
by different numerical methods are in good agreement
with each other. Small differences exist in the standoff
distance of bow shock. The flow change immediately
behind the shock by shock capturing method is not as
smooth as that by shock-fitting method which is shown
in the contours of pressure. This is due to the different
grid distribution and numerical methods. In current
computation, stretching grids in both shock layer and
boundary layer are used, while grids used by Furumoto
are only stretching in boundary layer.

The chemically frozen and thermally nonequilibrium
nitrogen flow past 2 meters diameter infinite cylinders
with adiabatic wall are studied and compared with in-
viscid flow results by Giordano 391 The flow condi-
tions are given as following: My, = 6.5, To, = 300°K,
Poo = H00rb500Pa. Viscous terms and thermal conduc-
tion effects are ignored in reference [39]. Figure 6 shows
that our results match the results published by Gior-
dano very well, and viscosity is negligible in these two
cases. :

6.1.3 Numerical accuracy

For simulation of viscous hypersonic nonequilibrium
flows over blunt body, flow properties such as temper-
ature, species mass fraction, and density may dramati-
cally change in the shock layer immediately behind the
shock and boundary layer near the body due to chem-
ical reaction and wall conditions. If flow is thermally
and chemically frozen, it is just necessary to cluster
more grids in boundary layer because the change of
flow properties in shock layer is smooth. Numerical
experiment shows that stretching grids in both shock
layer and boundary layer does not change the standoff
distance of bow shock for frozen flow. But for nonequi-
librium flow, there are steep changes in shock layer. If
grid is stretching only in boundary layer, the stand-
off distance of bow shock can not be accurately com-
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puted, and there is obvious spurious oscillation behind
the shock. Grid refinement in both shock layer and
boundary layer is necessary in order to cluster more
grids point in the region where flow changes signifi-
cantly, which is easier to carry out for shock-fitting
method than shock-capturing method.

All computations presented here used 60 x 60 grid
stretching in the body normal direction on both sides
close body and shock respectively. Comparison of heat
transfer and pressure on the body surface and contours
of translational temperature computed with differents
grids are shown in Fig. 7,8 and 9. Since the heat trans-
fer at the surface, contours of vorticity, pressure, tem-
perature, species mass fraction, and density in the flow
field using 120 x 120 almost coincide with that using a
60 x 60 grid, and the computed pressure and heat trans-
fer at the stagnation point, and maximum vorticity on
the surface using the 120 x 120 grid were within %0.9,
%1.5 and %1.2 respectively, it was concluded that the
number of points was sufficient to resolve the shock
layer and the boundary layer for the purpose of simu-
lation of surface heating and flow properties, including
density, velocity, pressure, temperature, species mass
fraction, and their first-order derivatives.

6.2 Heat transfer in nonequilibrium
flow

In the regime of Boundary layer flow and under the
assumption of locally self-similar solutions, the partial
differential NS quations reduce to ordinary differential
ones which can be solved by Chebyshev spectral collo-
cation method. The boundary conditions at the edge
of the boundary layer can be obtained from directly nu-
merical solutions discussed above. The purpose of this
study is to compare the heat flux computed through
NS equations and BL equations.

In a nonequilibrium hypersonic flow, the local heat

flux on the isothermal wall is determined by sum of the
conduction and diffusion components:

NS
oT; oT, .
qu = —(&: + Kr)_—'ar: i + Z.hnhi (62)
i=1

where n is direction normal to surface, and mass diffu-
sion fluxes for species i are given by:

jin = —pD,-Q(’;"yﬂ - (63)

The surface heating is most serious near the stagnation
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point which is extensively studied in the past decades.
Most of these studies are based on the classical the-
ory of Fay and Riddell [*!] and their numerical solution
of boundary layer equations. For fully catalytic wall
(chemically equilibrium is reached due to infinitely fast
reaction), the heat transfer rate near the stagnation
point 1s given in the following form [s1];

g = 0.570P7 (e pre) >4 (pu 1)
\/ %),(he — hy) [1 + (Le* — 1)%1]

<

(64)

where hy is the energy in dissociation, subscript w
refers to the wall, subscript e to the edge of the bound-
ary layer, subscript s to the stagnation point, and the
exponent « is 0.52 and 0.63 for equilibrium and frozen
boundary layer respectively. For noncatalytic wall, the
resultant heat-transfer could be given by Equation (64)
with L, = 0. These classical heat transfer correla-
tions can be applicable under conditions summerized
by Gokgen (821 Qur code based on Chebyshev Spectral
collocation method for stagnation boundary layer flow
is validated by calculating perfect gas flow. In this case,
boundary conditions at the edge of boundary layer can
approximately be given by using Rankine-Hugoniot re-
lations, which is not related to the body geometry. The
heat flux at stagnation point can be expressed as:

_ 2P0 1/4 Uoo , 0T
qg= —rcwpw< o ) v (317 Jw (65)

where subscript w stands for the values at wall and
expression of 7 for transformation can be found in
reference [38]. The temperature gradient in normal
wall direction is solved numerically. For fixed free
steam parameters and wall temperature, all variables
in equation (65)except for curvature radius, g, are con-
stant, which indicates that ¢ is in inverse proportion to
ro(shown in Fig. 10). In Fig. 10, heat flux is compared

with Fay and Riddell’s 138) curve fitted results and our

numerical results based on NS equations and BL equa-
tions respectively. Here BL results are calculated with
outside boundary condition obtained from NS results.
Figure 10 shows that both of our NS results and BL
results are in good agreement with Fay and Riddell’s
curve fitted results.

To establish an equilibrium boundary layer flow, the
partially dissociated nitrogen flow past a 4cm diame-
ter cylinder with ue, = 4450 m/s, T = 2326.4°K,
Poo = 11400.0 Pa, 94.5% Ny and 0.5% N by mass,
Tw = 2326.4°K is studied by solving NS equations and
BL equations respectively. Same chemical model of re-
action is used in both calculations. The boundary con-
ditions of boundary layer are given by using Rankine-
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Hugoniot relations. The profiles of mass fraction and
temperature along the stagnation line are shown in
Fig. 11 and 12. Here, equilibrium states are obtained
by solving 1-D normal shock relations in equilibrium
flows. In these two figures, both NS results and BL re-
sults predict the equilibrium states very well, while NS
results and BL results agree with each other. It also
shows that vibrational temperature equilibrates faster
than mass fraction does.

Heat flux at stagnation point computed through NS
equation and boundary layer equations respectively in
different cases are showned in table 6. The flow condi-
tions replicate Hornung [38] and Sanderson [63s exper-
iment. The maximum difference in heat flux computed
by these two methods are less than 15%.

6.3 Vibrationally relaxing flow of N,
past a parabola

The chemically frozen and thermally nonequilibrium
N, flow past a parabolic leadingedge with isothermal
wall is studied. The receptivity of the 2-D boundary
layer to weak freestream acoustic flow at zero angle of
attack are considered. As comparison, corresponding
perfect gas flow is also studied. All results shown in
this section are obtained by using a set of 160 grids.
The body surface is a parabola given by

z=by’ —d (66)

where b a given constant and d is taken as the reference
length. The body surface is assumed to be a non-slip
wall with an isothermal wall temperature T3, .

The specific flow conditions are:

My =15 e=1.0x10"3
Tw =2500 K Poo = 20.3 Pa
Tw = 1000 K vy=14
R=1296.93 Nm/kgK Pr=0.72
b=40m™! d=0.1m

Nose Radius of Curvature » = 0.0125m
Imposed Acoustic Wave Number k£ = 314.159
Ren = pooUsod/pico = 8524.6

6.3.1 Steady flow solutions

It has been found that the accuracy of the stability
analysis for hypersonic boundary layers is very sensitive
to the accuracy of the mean flow solutions [e4], High
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accuracy mean fow solutions are critical for study of
receptivity as well as for the LST analyses.

Figure 13 shows the comparison of entropy contours
and boundary layer developing between vibrationally
relaxing flow and perfect gas flow. In the vicinity of
stagnation line, shock angle is nearly upright, so tem-
perature behind the shock is so high that vibrational
energy of diatomic molecues 1s excited. As a result,
more entropy is generated compared with perfect gas
flow. Therefore, the entropy layer in this region is much
thicker than that in the same region of perfect gas flow
field. Based on Reshotko and Khan [®%Vs results, the
entropy layer will be swallowed by boundary layer with
developing, which plays an important role in the sta-
bility and transition of boundary layer downstream.

Figure 14 shows the profile of translational tempera-
ture and vibrational temperature along the stagnation
line. Because of the low density, length scale of vibra-
tional relaxation is in the same order as standoff dis-
tance of shock although the translational temperature
is very high behind the shock.

6.3.2 Receptivity of hypersonic nonequilib-
rium flow

In the simulation, the freestream disturbances are su-
perimposed on the steady mean flow to investigate the
development of T-S waves in the boundary layer with
the effects of the bow shock interaction. The wave
field of the unsteady viscous flows are represented by
the perturbations of instantaneous flow variables with
respect to their local mean variables. For example, the
instantaneous velocity perturbation u’ is defined as the
perturbations with respect to local mean velocity, i.e.,

u = (z,y,t) = u(z,y,t) -~ U(z,y) (67)

where U(z, y) is the mean flow velocity. The freestream
disturbances are assumed to be weak monochromatic
planar acoustic waves with wave front normal to the
center line of the body. The perturbations of flow vari-
able introduced by the freestream acoustic wave before
reaching the bow shock can be written in the following
form:

v _ v ik[r— (1M )]
’ = ' € el (68)
; i
o0} o0

where [u'|, ('], |p|, and |p’| are perturbation ampli-
tudes satisfying the following relations:
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|v'le0 = 0
[P’ |eo = IP’IOO/CZO

[u'|oo = ucoe,
Ip’[co = poocoolull »

where ¢ represents the freestreamm wave magnitude,
which is a small number. The parameter k is the
freestream wave number which is related to the circular
frequency w by:

W=k (Coo + Uoo)

(69)

The unsteady calculations are carried out for 20 peri-
ods in time so that the solutions reach a periodic state.
The accuracy of unsteady flow is verified by comparing
the vorticity jump across the bow shock with theoret-
ical results which is shown in Fig. 15. Here, vorticity
is normalized with respect to Us, /d. The prediction of
vorticity jump across the shock is described in the liter-
alure [66]. For unsteady hypersonic flow, the vorticity
jump across the bow shock can expressed as following:

80 v, (1-9)?
Qs—(Uoo,a"' 63) '19

(70)

where, s is the direction along the shock, 6 is the angle
between shock and x-axis, and ¥ is the ratio of den-
sity across the shock, i.e. ¥ = po/p,. Because only
momentum equation is used in the derivation of vor-
ticity jump, this prediction is also valid for thermally
and chemically nonequilibrium flows. The numerical
results are in good agreement with theoretical predic-
tion except that there exists visible difference which is
due to viscous effects. Near the nose of the leading
edge, the standoff distance of bow shock is less than
that of downstream, where viscous effects are more ob-
vious.

Any freestream waves interacting with the bow shock
in hypersonic flow always generate a combination of all
three kinds of waves, namely acoustic (pressure), en-
tropy, and vorticity waves. The acoustic wave is prop-
agated with the sound speed relative to the moving
fluid, while the entropy and vorticity waves convect
with the moving fluid velocity. The interaction be-
tween external waves and 7" — S waves in boundary
layer is discussed in literature [67]. In this paper, we
mainly focus on the real gas effect on these three kinds
of waves. The contours of phase angle of pressure, vor-
ticity and entropy perturbation are plotted in Fig. 16.
From this figure, it is reasonable to draw a conclusion

that the vibrational relaxation does not obviously ef-

fect the acoustic waves, while it significantly effects the

properties of entropy and vorticity waves. Although

vibrational relaxation mainly concentrates in the re-

gion near the nose of leading edge, the entropy and

vorticity waves are strongly effected both in the lead-

ing edge region and downstream region. The instanta-

neous perturbation contours of pressure, temperature,
vertical velocity, and entropy are shown in Fig. 17, 18,

19 and 20 respectively, while corresponding contours

of perfect gas are drawn together. The distribution

of the Fourier amplitude and phase angle of entropy

and vorticity perturbations along the parabola surface

are shown in Fig.21 and 22 For perfect gas, accord-

ing to the results published by Zhong [67, instability
mode is first mode dominated before X « —0.6 while
it switchs to second mode dominated after z > —0.6 in
this specific case. For real gas, Malik (28] has proved
that real gas effects stablize the first mode instability
while destabilize the higher mode. The recognizaton
of different stability modes and the response to real
gas effects need further study including linear stability
analyses.

6.4 Chemically reacting flow of O, past
a parabola

The chemically and thermally nonequilibrium Os flow
past a parabolic leadingedge with isothermal wall is
considered. The receptivity of the 2-D boundary layer
to weak freestream acoustic flow at zero angle of attack
are studied.

The specific flow conditions are:

Mo =156 _ e=1.0x10"3
Too = 200.0K Poo = 41.2 Pa
Ty = 1000 K Pr=0712
b=40m! d=0.1m

Nose Radius of Curvature r = 0.0125 m
Imposed Acoustic Wave Number k = 314.159
Rey, = pwywd/#m = 6213

6.4.1 Steady flow solutions

Dunn-Kang Model are used for the study of reacting
O- flow. The profiles of temperature and mass fraction
along the stagnation line are shown in Fig. 23. Vibra-
tional temperature overshoot the translational temper-
ature because dissociation of diatomic Oy apportions
energy between them. It also showed that the time
scale of vibrational relaxtion is less than that of chem-
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ical relaxtion. The contours of atomic oxygen and en-
tropy are shown in Fig. 24.

6.4.2 Unsteady flow solutions

Figure 25 shows the vorticity jump across unsteady
bow shock. Compared with the vorticity jump without
chemical reaction above, higher maximum vorticity are
generated due to the dissociation of diatomic oxygen,
which can lead more unstable layers by a qualitative
analysis. The computational results agree with the-
oretical prediction very well. The instantaneous per-
turbation contours of temperature, pressure, vertical
velocity, and entropy are shown in Fig. 26 The real
gas effects on stability analyses are ongoing.

7 Conclusions

This paper has applied and tested a high-order up-
wind finite difference shock fitting method for the sim-
ulation of nonequilibrium hypersonic flows with strong
bow shock. The validation of our code is conducted by
comparison of our computational results with experi-
mental results as well as other numerical results. The
ability of the computations presented in this paper to
accurately capture the shock shapes and the standoff
distances demonstrates the capability of the code to
sufficiently model flows in thermochemical nonequilib-
rium. Grids refinement in both shock layer and bound-
ary layer makes 1t possible to capture the sharp changes
of flow variables in these regions. Comparison of nu-
merical results based on both course and refined grids
shows that the results are grids independent. Investiga-
tion of heat flux at the stagnation point in hypersonic
flow over blunt body shows that our code can effectively
predicate the wall heating. Vibrationally relaxing N,
flow and dissociating O flow over parabolas and corre-
sponding receptivity to superimposed acoustic wave in
freestream are studied by applying this method. Work
is currently underway to analyze the real gas effects on
the stability of hypersonic flow.
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Thermal Properties 1 Coefficients for Viscosity Model
Species | 6, (K) [ R°(J/kg) T A: | B | Ci
N» | 3390 0 0.5673 x 10~% | 0.7310_| —0.1510 x 102
O, | 2270 0 0.2000 x 10— 0.6980 | —0.1476 x 10°
NO | 2740 2.996 x 10° [ 0.1491 x 10~% | 0.7180 | —0.1496 x 10?
N |- 33662 x 107 | 0.3171 x 10~T | 0.3475 | —0.1391 x 107
o |- 1.543 x 107 0.1374 x 10~1 | 0.5139 | —0.1374 x 107

Table 1: Thermal properties and coefficients for viscosity model for five species air.

Reaction Rate Coefficients: k = CT, "ezp(—04/T)

Reaction M; | k[ Cm3/kmol-s) [n [684K) [ T
No+M; 5 N+ N+ M; Ny | kg1 | 4.80 x 101% 0.5 | 113000 | /T, T}
Oy | kr12 | 1.92 % 1014 0.5 { 113000 | VI, 1%
NO | kpi3 | 1.92 x 10%¢ 0.5 | 113000 T.1;
N | kprqa ] 416 % 101° 1.5 | 113000 | /T, T}
O | kf15 | 1.92 x 1014 0.5 | 113000 | /1,13
O+ M;, 2 0+04+ M; N, k‘f21 7.21 x 10T° 1.0 | 59500 \/TuTt
02 k‘f22 3.25 x 1016 1.0 59500 \/T.L,Tg
NO | kfoz | 3.61 x 10%° 1.0 | 59500 Ay
N kf24 3.61 x 1018 1.0 | 59500 T, T:
O | ksa5 | 9.02 x 1016 1.0 | 59500 VT
NO+M; - N+O+ M; Ny | kgar | 3.97 x 1017 1.5 | 756500 VI, T;
Oz | kysza | 3.97 x 1017 1.5 | 75500 T T
NO | kgaa | 7.94 x 1018 1.5 | 75500 VIyT:
N | kpaq | 794 % 1018 1.5 | 75500 VI, 1
0 k‘f35 7.94 x 1018 1.5 | 75500 T, Tt
No+O—->NO+N - krqg | 6.74 % 1010 0 38000 V1I,Ti
NO+O—=>02+N - kfs 3.18 x 10° 1.0 | 19700 \/Tth

Table 2: Forward reaction rate coeflicients for the Dunn-Kang reacting air model.
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Reaction Rate Coefficients: k = CT,, Texp(—04/T%)

Reaction | Mi | k] C(m®/kmol-s) [n [6a(K) | T

N+ N4+ M, -+ Ny + M; Ny | kpyp | 2.72 % 1010 0510 T:

02 kblg 1.10 x 1010 0.5 0 T‘t

NO | kpya | 1.10 x 100 0510 T

N kb14 2.27 x 1015 1.5 0 ’.Tt

O | kp1s | 1.10 x 109 0510 T:

O+0+M; = 0,4+ M; Ny | kpz1 | 6.00 x 10° 0510 T3

02 kbzg 2.70 x 1010 0.5]0 Tt

NO | kpz3 | 3.00 x 10° 0510 T

N | kpag | 3.00 x 10° 050 T

o kbzs 7.50 x 1010 0.5 0 Tt

N+O+M; -+ NO+M; | Ny | kpar | 1.00 x 1012 15]0 T

02 kbaz 1.00 x 1014 1.5 0 T;:

NO | kpss | 2.00 x 10° 1510 T

N | kpaqg | 2.00 x 1015 1510 Ti

O | ky3s | 2.00 x 1015 1510 T

NO+4+ N N+ 0 - | kpa | 1.56 x 1018 0 0 -
O+ N—>NO+O - | kes | 1.30 x 107 1.0 | 3580 | /T, T:

Table 3: Backward reaction rate coeflicients for the Dunn-Kang reacting air model.

Reaction Rate Coefficients: k = CT "ezp(—04/T;)

Reaction | M; k| C(m®/kmol-s) [ n | 84(K) Tx
No+M; = N+ N+ M; Ny | ky1p | 7.00 x 1018 1.6 | 113200 | VT, T;
Oy | kg12 | 7.00 x 1018 1.6 | 113200 | V1, T}
NO | ks13 | 7.00 x 1018 1.6 { 113200 T.T:
N kf14 3.00 x 1019 1.6 113200 \/m
O | ky15 | 3.00 x 10?° 1.6 | 113200 | VT, T;
O+ M, 5>0+0+ M; N, kle 2.00 x 1018 1.5 | 59500 \/TUE
O3 | kyf22 | 2.00 x 1018 1.5 | 59500 VI, T
NO | kg3 | 2.00 x 108 1.5 | 59500 VI, T}
N | kgaq | 1.00 x 101° 1.5 | 59500 | T, T¢
O | kg5 | 1.00 x 1018 1.5 | 59500 VLT
NO+M; -+ N+O+ M Ny | kygar | 5.00 x 1012 0 75500 Vi T
02 kf32 5.00 x 1012 0 75500 \/TuTg
NO | kgaz | 1.10 x 104 0 | 75500 | +/T,T;
N | kgzq | 1.10 x 10*4 0 75500 T}
o k_f35 1.10 x 1014 0 75500 TuTt
No4+O—- NO+ N - ks | 6.40 x 10M% 1.0 | 38400 T3
NO+0O —-0:+N - kf5 8.40 x 10° 0 19450 T

Table 4: Forward reaction rate coefficients for the Park reacting air model.
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Table 6: Comparison of Heat flux at stagnation point compuated by NS-Equ. and BL-Equ. Diff = (Qns —

QBL)/QNs
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) Equilibrium Constant Data for Park Model )
Kig = exp (A} (rghm) + A5 + A3 In(22900) — 4529000 3 af (1ogooy2)

Reaction Ay 5 | Aj | Ay | AL
No= N4+ N 1.476600 1.62910 1.21530 | 11.45700 [ —0.009444
0O,=0+0 ) 0.509890 2.47730 1.71320 | 6.54410 0.29591
NO=N+0 0.507650 0.73575 0.48042 | 7.49790 —0.16247
N+ O=NO+N 0.969210 0.89329 0.73531 3.95960 0.006818
NO+0O =03+ N | —0.002428 | —1.74150 | —1.23310 | 0.95365 | —0.045850

Table 5: Equilibrium constants for the Park reacting air model.

Cases | Qns(W/m?) | Qpr(W/m?) | Diff
Hornung (Park) | 0.7408 x 107 | 0.8504 x 107 | 14.8%
Hornung (D-K) | 0.9638 x 107 | 0.9951 x 107 | 3.2%
Sanderson-B (Park) | 0.7030 x 107 | 0.7868 x 107 | 11.9%
Sanderson-B (D-K) [ 0.9960 x 107 | 0.9878 x 10”7 | —0.8%
Sanderson-C1 (D-K) | 0.1806 x 10% | 0.1907 x 102 | 5.6%
Sanderson-C2 (D-K) | 0.1211 x 107 _| 0.1175 x 107_| —3.0%
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Figure 1: A schematic of a generic hypersonic lifting vehicle with boundary-layer transition.
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Figure 2: A schematic of 3-D shock fitted grids for the direct numerical simulation of hypersonic boundary-layer
receptivity to freestream disturbances over a blunt leading edge.
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Figure 3: Comparison of current pressure contours (bottom) with experimental results of Hornung (Ref. [68])
(top). (a)Park model, (b) Dunn-Kang model.
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Figure 5: Comparison of current pressure contours (top) with Furumoto’s computational results(bottom). (a)Park

model, (b) Dunn-Kang model.
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Figure 20: Comparison of instantaneous contours of perturbations of entropy between perfect gas flow (left figure)
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Figure 25: Vorticity jump across the unsteady bowl shock.
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Figure 26: Instantaneous perturbation of pressure, vorticity and entropy.
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