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Flows around Blunted Body
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ABSTRACT

A numerical code has been developed to solve the Viscous Shock-Layer (VSL) equations for chemically
reacting hypersonic flows around a blunted body. The code basically follows the original solution procedure
found in other VSL codes, but some specific treatments have been considered and implemented to enhance
the accuracy and robustness. In the present article, the governing equations and physical models employed
are firstly presented and then the method of solution is described in detail. By using the present code,
it has become possible to solve chemically nonequilibrium flows around a hemisphere typically within 1
minute using a conventional personal computer. The accuracy of the code is validated by comparing
with the computational results of other VSL/Navier-Stokes codes and available experimental data. It is
shown that the difference between Navier-Stokes results in the stagnation heat flux for perfect gas flow
is around 1% at most for a Reynolds number range from 10% to 10°. Further, an approach to solving
stagnation streamline profiles both quickly and accurately under the framework of the present VSL algorithm
is proposed and its accuracy and availability are examined. Alsc proposed is an algorithm which cemputes
the free stream properties of ground-based high enthalpy test facilities from the measured stagnation point
heat flux and Pitot pressure as an inverse problem of the VSL analysis. The stagnation point analysis method

developed is implemented in this algorithm and the accuracy and reliability of this approach are examined.

Keywords: hypersonic flow, viscous shock-layer analysis, stagnation streamline, free stream properties
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Nomenclature

mass concentration of species i, p/p*

specific heat at constant pressure, C;Z-/C;OC

specific heat of vibration, C} ;;, ;/Crs

effective diffusion coefficient, D} /.,

dissociation energy per unit mass, E]Sl/U;c2

ionization energy per particle of electron-impact ionization r, Ef . / U;Q
vibrational energy per unit mass, e\*,ib_i/Uo*c2

static enthalpy per unit mass, h:/USOQ

= heat of formation of species ¢ at absolute zero

il

1

diffusion mass flux in the direction normal to the body, J R}/l
Boltzmann constant

mass of species 4

molecular weight of species ¢

mixture molecular weight, (3, C;/M;)™*

free stream Mach number '

number density of species 4

static pressure, p*/(p5 UL?)

heat flux, ¢*/(p5.U%°%)

universal gas constant

= gas constant of species 4, R* /M

= body nose radius

radius measured from axis of symmetry to a point on the body surface, r*/ R}

= coordinate measured along the body surface, s* /R

I

v
temperature, T /17,
reference temperature, U%?/ Croo
free stream velocity

1 1 T

velocity component tangent to the body surface, u*/UZ,

o
o]
SN
<<:
w
o
=
o
@]
R
-
=g
>
&
=S
~—
=
@ *
;

diffusion velocity component normal to the

= mole fraction of species i, (M /M;)C;

coordinate measured normal to body surface, y* /R

_ S 4 - : . N 3 1 NER ST £ *
= mass production rate of species ¢ per unit volume, w} RS /(p3 UL)

coordinate measured along body axis, z* /R

angle between shock tangent and axis

Reynolds number parameter, \/p5,/pi Uz R},

= surface emissivity

I

characteristic temperature of reaction r
characteristic temperature of vibration
surface curvature, K* R}

thermal conductivity, A* /(176 Cpeo)
viscosity, p*/pule

viscosity evaluated at T

density, p*/p%,

= angle between body tangent and axis

Stefan-Boltzmann constant
effective cross section for ¢ — j collision
coordinate measured along the body surface (same as s)
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Subscripts

i = species index

W = wall value

oo = free stream value

T = reaction index

stg = stagnation point value
Superscripts

* = dimensional quantities

= differentiation with respect to §

1  Introduction

The motivation of the present work lies in finding a new possibility for the application of the Viscous
Shock-Layer (VSL) method to today’s hypersonic problems. The VSL algorithm was developed by Davis

in 1970 [1], and was an alternative method of solvmg Navier-Stokes (NS) equations. This is because, at
that time, it was essentially impossible to solve Navier-Stokes equations directly due to the limitation of

computer performance. Needless to say, the rapid progress of computa.tional resources makes it much easier
to solve the Navier-Stokes equations even for three-dimensional complex flow fields. However, even today,
the VSL algorithm is expected to be useful for practical design process of a reentry vehicle design or other
purposes. Compared to conventional Navier-Stokes solvers, the VSL method has several favorable properties

including:

1. The VSL equations can be solved by a space-marching procedure, which is very efficient in terms of

computing time and storage requirements.

2. Every equation is written in nonconservative form and, after the discretization, is reduced to tri-

diagonal simultaneous linear algemam equations in terms of primitive variables at each shock-layer
location. This system of equations can readily be solved and convergence speed is expected to be

J
much faster than NS solvers VVthh discretize the equations for conservative variables and obtain a

steady-state solution as an asymptotic solution of time-marching algorithm.

The equation system is formulated in body-oriented coordinates, which is mathematically rigorous.

E‘.AD

Then the method is free from a series of errors regarding the numerical evaluation of the metrics.
This kind of error is inevitable for NS solvers as long as the flow field is solved using the generalized

coordinate system.

4. The VSL method is a shock-fitting scheme and only the flow inside the shock-layer is computed. Then
there is no need to add additional numerical dissipation terms which degrade the spacial accuracy but

are inevitably required to capture shock waves stably for NS solvers.

5. The equations are solved successively contrary to the shock-capturing scheme which solves the equa-
tions in a coupled way. This has an advantage that it is easy to reduce or add an additional equation
in accordance with a change of physical models. Also, as the number of equations increases, the total

amount of computational time increases only linearly.

>»

Since the VSL method is a space-marching scheme, the solution procedure starts from solving flow
field properties along the stagnation streamline. On the other hand, if we can specify the appropriate
downstream information in advance, it is possible to solve the flow field only along the stagnation

streamline.
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The last item is of particulary interest. For quite many problems, we are only interested in information
concerning the stagnation property of blunt body flows. In this case, it is much better from the viewpoint
of computational efficiency if we can find a way to solve only the stagnation region, not solving the whole
flow field.

On the other hand, it should be kept in mind that the VSL equations are an approximation of the NS
equations. Then it is very important to investigate the range of applicability of this system of equations.
The VSL equations are obtained from the steady-state NS equations by keeping terms up to second order
in the inverse square root of the Reynolds number. The accuracy of the VSL equations, therefore, degrades
as the Reynolds number decreases. In the present study, the accuracy of the VSL solution is investigated
by comparing the NS solutions for a wide range of Reynolds and Mach numbers.

Although the VSL method has nice properties as mentioned above, there are several limitations to this
method. Since the VSL method is a space marching scheme, it cannot be applied for a flow field which
includes separation. Thus the application of the VSL method to a complex geometry is basically impossible.
Even for a relatively simple body configuration, we sometimes encounter difficulties in solving the equations
stably. For example, if we try to solve the flow field around a sphere-cone configuration, the surface curvature
becomes discontinuous at the sphere-cone tangent point. Since the body-curvature terms explicitly appear
in the VSL equations, this discontinuity makes the computation very unstable and sometimes we fail to
obtain converged solutions. Thus the application of the VSL method is inevitably limited to a relatively
simple flow field. However, if we consider simple problems such as the flow field around hemisphere, the
VSL method still gives us a lot of possibilities to apply to problems which are enormously expensive or
essentially impossible to solve if a NS code is employed as flow field solver.

In the present work, a new numerical code has been developed which solves VSL equations for chemically
reacting flows around a blunted body at hypersonic speeds. The overall method of solution employed in
the present code is basically similar to the one employed in the original solution procedure of Davis [1] and
other subsequent publications (Refs. [2]-[4]). However, the method developed here differs in certain basic

respects as follows:

1. To solve VSL equations, an initial shock shape is required as input for the solution method to march
in the streamwise direction. In the preceding VSL codes, this is obtained by various procedures
each requiring considerable computational effort. I very simple

n the present code, this is given by a
analytical formula based on experimental data and then the additional computational requirement is

negligible.

2. Conventionally, the continuity equation and normal momentum equation are coupled to overcome the
convergence problems. In the present code, on the contrary, these equations are solved sequentially
with other equations. Thus the algorithm is much simpler and more computationally efficient without

losing robustness and accuracy of the code.

3. Most VSL solvers discretize the equation system for streamwise first derivatives using two-point back-
ward difference. On the contrary, in the present code, the streamwise gradients are evaluated using
second-order three-point backward difference. However, difficulties exist when solving the normal mo-
mentum equation using the three-point backward difference. Some special treatments to solve this

equation has been therefore considered and implemented.

In the present article, basic assumptions, governing equations and descriptions of various physical models
are firstly presented. Then the method of discretization of the equation system is discussed in detail. The
accuracy of the code developed is validated by comparing the computational results with other VSL and
Navier-Stokes codes, available experimental data, and a correlation formula which has been proposed. An
approach which makes it possible to obtain stagnation properties by solving only the stagnation streamline
is also developed. This technique is further applied to a new method to obtain free stream properties of

hypersonic/high-enthalpy test facilities with using measured stagnation point heat flux and Pitot pressure.
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2 Numerical analysis

2.1 Governing equations

The governing equations are axi-symmetric viscous shock-layer equations formulated for a multi-

component gas with thermochemical nonequilibrium (Refs. [3] and [5]). In the formulation, the following

assumptions are introduced:

1. The shock-layer gas is composed of a maximum of 11 species (Ng, Oz, NO, N, 0, Nj, 07, NO™, NT,
OT and e). As the charge neutrality of the gas mixture is also assumed, the density of electron is

given by

M,
Pe = E Epz

=1

(2.1)

where % indicates the summation over all ionic species. Hence, only 10 species except for electrons

i=1
are independent for this chemical system.

9. A harmonic oscillator model is employed to describe molecular vibration. Vibrational energy levels ofa

molecular species are populated according to a Boltzmann distribution corresponding to a vibrational

temperature.

3. Rotational, vibrational, and electron temperature of molecules are in equilibrium with the translational

temperature of heavy particles. All the translational temperatures of heavy particles are equal.

4. The effect of the electronic excitation energy on the flow is negligible compared with that of other

energy modes.

5. The gas in the shock-layer does not emit or absorb radiation.

The VSL equations are derived from the steady-state Navier-Stokes equations written for

intrinsic coordinate system (s, y) as shown in Fig. 2.1.

a bedy-

The equations are first nondimensionalized by

reference variables as shown in the Nomenclature. A set of equations is then obtained by keeping terms up

- 1/./Pe Tha nreaen

€ — 1/Vv k. J_lLUiJ\_/D\/ 1t

to second order in a neynomb number parat

Fh
o
24
5

o ity, momentum, energy, and species conservation

non-dimensional form:

Continuity equation:

12, N . 0 ,
2 1t +yeosd)onl + 5 [(1+ m)(r + yeos@)or] =0
s-momentum equation:
pu Ou =~ OJu = kKpuw 1 9p 5 0 du
— 4+ Z 4 S = et —
1+ ky Os pGyT1+/<oy 14 ky Os Ay ay
+ey 2K n cos ¢ @ KU
1+ky r+ycosod Oy 1+ rwy
y-momentum equation:
dp I 9 1 du dv
_ PU— — pU—
dy 1+ ky 1+ky Js Oy
Energy equation:
U oT orT u 0O Op 7]
P p_i +pv0p—i~—~———p4 @b _ 2 Y
1+ry ©0s By 1+kyOds Oy Oy

equations. They are written in the following

(2.2)
KU \
+ Hy/}
(2.3)
(2.4)
oT
Aa_g)
(2.5)

This document is provided by JAXA.



6 JAXA Research and Development Report JAXA-RR-05-001E

Shock

Figure 2.1: Coordinate system

Species conservation equation:

pu  OC; oC; 200 ok cos¢ \
o T ot — iy — 2 2 , Ji 2.6
1+ ky Os erv@y wime Oy ‘ kl—%/ﬁy r+ycosg9’) (26)
Equation of state:
R* C;
p=F2 N 7 (2.7)

Cr oo M

Further if non-reacting gas is assumed, the last term of Eq. (2.5), which represents the energy production

rate due to chemical reaction, is omitted.

2.2 'Transformation of the governing equations

]

he independent and dependent variables (except for the species mass concentra
properties) are normalized by the values behind the shock at each shock-layers. When the normal coordinate
y is normalized by the local shock-layer thickness, ysn, a constant number of finite-difference grid points
between the body and the shock can be used even if the local shock-layer thickness is updated in the solution

procedure. The normalization is made as follows:

5233 n:y/ysh: ﬂ:u/usha ﬁz73/Usha (9 8)
P=p/psh, P=p/psn, T=T/Ton
The transformations relating the differential expressions are

9 9 Yen 0

g _9 _ Yn Y 2.9
5 =96 Tyu on (29)
0 1 0
v _ L+ 9 2.10
Yy ysu O (2.10)
H? 1 92
B . (2.11)
oy?  yz;, On?
where d
v = o (2.12)

dg
When the VSL equations are written in the transformed coordinate system (£, ), the s-momentum,

energy, and species conservation equations can be expressed in the following standard form for a parabolic
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partial differential equation:

PwW ow oW
Al— + AW + A3+ A =0
e + 44 Bn + AW + Az + Ay —— 9¢

variables and may be written as follows:

s-momentum equation: W =7u

(2.13)

where W represents 7 in the s-momentum equation, 7" in the energy equation, and C; in the species mass
conservation equations. The coeflicients A; through Ay are functions of the independent and dependent

Ay = l Qﬁ KYsh Ysh COS o yshyghpshush—p_ﬂn
won 14 kysn v +ysencos¢  €p(l+ Kysnn)
_yshps;vshpv (214)
u
4 KYsh 1 8u k22 kY2, cos ¢
9 T e — - ;
1+ rysun pdn (1 +kyam)®  (1+ 5ysun) (7 -+ yYsu cos @)
. yshpshushpu . iinQh,Oshvsh'p_U (215>
(1 + sysnmp (1 + rysnn)p
2
Ay = — g Pl + P — b, ap} (2.16)
€ ush(l + Kyshn)u L ) 05 Ysh 877 '
Y2 Psh Ush T
Ay =2 217
P+ myamp 217)
Energy equation: W = T
L oA KYsh Ysn COSP  Ysh
Ay = —— + + ’ 2 JiCos
YU NOn 14 kyan  7Hysncosg A ‘Z; e
- YshpshCpp [_D - ushyéhﬂn ~| (9.18)
2\ sh 1 +_%y5hnj \£-10)
1 / y2hw2 o
A2 - A4T—ShTSh _ 862/\ (419)
A yfhw1 n ySQh/l' ‘Vy_s‘}la_ﬂ B KU U : yshpshvshv 82)
o T A T [ysn On 1+ Kyenn | TenA I
2 — _.
Yo, Ush T op 0P|
+ + — =2 2.20
2(1 sy Tk [ppsh Pohpg ~ 710, Peh 577} (2.20)
C» hUsh PU
A, = fj.fl__ﬂ‘_,._ (5.91)
! (1 + Kysnn) A (22l
Species conservation equation: W = C;
4 = 2 oM 1 0Dy | KYsh Ysh COS &
YU 8n Dy On 1+ kysam 7+ Yshncos o
YshYen My psntishPUN  Ysh My psuvsnpU (2.92)
2D M (1 + Kysun) 2D, M
1 aD,oM 1 9*°M
2= ——= —
DM On on M O
L oM~ < Ksh Ysh COS & > Y M PP (2.23)
M O \1-+EyYsmn T+ Ysumcose 2D, M
yshM pshp 0 (224)
2D;M .
— ysh]\/‘[i Pshushm (2 25)

DM (1 + mysun)
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where M = (3, Ci/Mz)~1 Also, w?, i}, by, and 1y are coefficients represented by the following expres-

sions:

Wi/ p =l — Cob} (2.26)
Z hsz = ’U.}l + TShTwQ (2.27)

The above two terms are treated implicitly to alleviate numerical instability coming from the strong nonlin-
earity of chemical reactions. The derivation of 1, 1y}, i, and s is discussed in Section 4.4. The remaining
equations are also rewritten as

Continuity equation:

d

-8—5 [ysh (T + YshT] COS (,b)pshushp_u}
0 , . _
=3 (7 + yenn cos O){ylppsuttsnptin — (1 + Kysun)psnvsnpo}] (2.28)

y-momentum equation:

Psh op Klgh oy UsnpU 90
Ysh PshUsh Ush 877 @sh(l + /'iysh77> ’ Ysh Ush 877
pi_ (0T T,y df)
— 4 — = — 1 =0 2.29
1 =+ KYsn?] <8§ Ush sh Ysh 877 ( )
FEquation of state:
_  pshpR” Ci o
- Ci M;E

the temperature are 1mposed:
=0 2.31)
v=20 (2.32)
T="Tg (2.33)

Zero normal gradient of the pressure is imposed on the wall:

| <g—§>w ~0 (2.34)

The wall temperature, T, is fixed to a specific value or determined by the radiative equilibrium condition:
@+ =0 ' (2.35)

where
¢ = [/\—— - E hs J} (2.36)

and € is the emissivity of the wall surface.
The wall conditions of chemical species are governed by catalytic reactions on the wall and are obtained

from the balance equations of the mass flux on the wall:
I

2w

+ kf,wp*Ci =0
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where k7, is the coefficient of the loss rate of species ¢ due to catalytic reaction on the wall, and iy 18
diffusion mass flux in the direction normal to the wall. In the present analysis, three possible cases, namely
non-catalytic wall (NCW), fully catalytic wall (FCW), and finite rate catalytic wall conditions are employed.
For the NCW,

ki, =0

W
hence the species wall conditions become
Jre =0

W

Since the diffusion mass flux is proportional to the gradient of the species concentration according to Fick’s

<8a(j>w =0 (2.37)

On the FCW, it is assumed that the chemical composition returns to the original composition, that is, the

law, the NCW condition is given by

composition in the free stream:
Ciw = Cio (2.38)

on the wall at an infinite rate. The FCW condition is corresponding to

for all the species except for No and Os.
For the finite rate catalytic wall, the catalytic recombination surface reaction rate constant k], Is

| T (2.39)

Fiw = %\/ 2 M

In the present study, according to Ref. [7], the energy transfer catalytic recombination coefficient for nitrogen

expressed as

atom vy is given as

N = 0.0714exp(—2219/T7) 1090 < T < 1670K (2.40)

whereas a constant value of 0.005 is specified for vo. The mass concentrations for other minor species
including NO are set to be zero.

In the present analysis, it is assumed that no chemical reactions occur across the shock. Therefore,
the boundary conditions immediately behind the shock are determined by solving the following frozen

shock-jump relations:

Pshlsh = —sina (2.41)

Ugh = COS & (2.42)

Pen — Vs sin = pi/ (pE UL) + sin? o (2.43)
> Cisnhisn + %@S?h = Cioohioe + %sinz o (2.44)
Psh = psh%*Tsh/(M:hO;oo) (2.45)

where Ug, and Uyn are the velocity components tangent and normal to the shock, respectively. Then, the

velocity components tangent and normal to the body denoted as usn and vg, are expressed as

Ush = Ugp cos(a — @) — Vg sin(a — @) (2.46)
Vep = Ugh sin{a — @) — Tap cos(a — @) (2.47)

The species mass concentrations behind the shock are set to be equal to their free stream values:

Cish = Cio (2.48)
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3 Gas model

In the present code, it is assumed that the free stream gas is air or nitrogen. In this section, all
expressions are presented in terms of dimensional quantities and the superscript = will not be used to

denote dimensional quantities as done in the previous section.

3.1 Chemical reaction model

We consider nr elemental reactions in the chemical system involving ns species (X1, ..., Xns), of the
general form,
o ’ _
Vip X1+ F Unsp Xps = 1, X1+ Vo Xns, T=1,..,0r (3.1)
Here, v, - and v . are the stoichiometric coefficients of the reactants and products of species s in the reaction
r, respectively. The mass production rate of species i per unit volume due to chemical reaction, 1;, can be

written as

. nr
B = S, i) (Lt — L) (3.2)
p r=1 ’ /
where
ns
Ly = kerp [T (3.3)
j=1
ns ,
Lb,r = kb,rpyr ﬁ A/jjﬁr (34)
j=1
vp= v =1 (3.5)
v = E Vi, —1 (3.6)
=1
C.
V= (3.7)
LV,LJ

Twenty-four reactions shown in Table 3.1 are considered in this analysis for the 11-species air model.

The reaction rates are given by the following expressions:

ke (T) = C.T° exp(—6,/T), (cm®/mol) (3.8)
ko (T) = ke o (T)/KYT)  (em?®/mol or cm®/mol?) (3.9)

The values of the constants Cy., s, and 6, are obtained from Refs. [9] and [10], and represented in Table 3.1.7

Here, K29 is the equilibrium constant, and the following approximate function is employed to evaluate K%

K:q(T) = exp [Al,’r/Z + AQ,T + A377ﬂ InZ + A4"TZ + A5"7«Z2}

(nondimensional value or mol/cm?®) (3.10)

Z =10%/T

The values of A; ,,..., A5, are also obtained from Table 1.7 in Ref. [9].

TThere is a typographical error in Ref. [9] for the nitrogen ionization rates (r = 23 in Table 3.1). The C value for nitrogen
ionization should be 2.5 x 10%4, not 2.5 x 1033 as given in Ref. [9] (see Ref. [11]).
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Table 3.1: Air chemistry and reaction rate constants

r Reactants Products Cr Sy 6.

1 No+M?®* = N+N+M 7.0x10°Y  —16 113,200
2 No+M" = NEN+M 3.0x 102  —16 113,200
3 Ng+e™ = N+N+e 3.0x 102 —1.6 113,200
4 Os+ M = O0+0+M 20x10*  —1.5 59,500
5 0s+My = O+0+M 1.0x10% =15 59,500
6 NO+M®* = N+O+M; 5.0 x 10%° 0.0 75,500
7 NO+M® = N+O+ M, 1.1x 10" 0.0 75,500
8 Ng+O = NO+N 6.4x 10" 1.0 38,400
9 NO+O = N+0s 8.4 x 10%2 0.0 19, 450
10 N+O = NO"+e~ 8.8 x 108 1.0 31,900
11 N+N = N te 4.4 % 107 1.5 67, 500
12 0+0 = Of +e 7.1 % 107 2.7 80, 600
13 NOT+0 = NT+0, 1.0x 10" 05 77,200
14 Of +N = NT+0, 8.7x 10" 014 28,600
15 NO+O" = NT+0, 1.4 x 10° 1.9 15, 300
16 OF + N = Nj+0: 9.9 x 10> 0.0 40, 700
m 0F+0 = 0T +0, 4.0 % 10" —0.09 18,000
18 NOT+N = OF"+N; 3.4x 10" —1.08 12,800
19 NOT+0, = OF+NO 2.4x 10" 041 32,600
20 NOT+0 = Oj+N 7.2x 107 029 48,600
21 0T+ N, = N +O 9.0x 10" 0.36 22,800
22 NOT+N = N/+O 72 %108 - 00 35,500
23 N+e™ = NT+te +e 25x10%* 382 168,700
24 O+4e = O%t+e 4+e 39x10®® —3.78 158,500

® M; = N3, Oz, NO, N7, OF, NOT
> M, =N, O, Nt Ot

© Mz = Na, Og, NI, OF

4 M, =NO, N, O, NOT, NT, OF

3.2 Thermodynamic prope

Based upon the assumptions mentioned previously, the thermodynamic properties o

by:
for molecules,

for atoms and electrons,

2t 3

ries

7

h; = 5R¢T + evib,i + Ah?

Oib,i

o " [Sinh(Ovin,i/27T) |

o

“exp (O, /T) — 1

vib,i/2T)

7
Cp,i = 5Rz + Cmvib,i
Cv.,v”\i =R ( (@

m:%mT+Aw

qm:g&

The values of M, Oui,;, and AhY are shown in Table 3.2.

3.3 Traunsport properties

2

f species i are given

(3.11)

o~
wo
Ji—
[N

~

—
w
—t
Y]

L

(3.14)

(3.15)

(3.16)

In the present study, transport properties are evaluated by extending Yos’ formula [12], which is based

on the first Chapman-Enskog approximation, to the single-temperature gas mixture (Refs. [5] and [10}).
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Table 3.2: Species data

JAXA Research and Development Report JAXA-RR-05-001E

Species  M;, kg/mole  Ouins, K ARS, J/kg  Eps, J/kg  Eus, J/kg
Na 28 x 1073 3,353 0 3.365 x 107 —
Oy 32 x 1073 2,239 0 1.545 x 107 —
NO 30 x 1073 2,699 2.995 x 105  2.267 x 107 —

N 14 x 1073 — 3.364 x 107 — 1.002 x 10®

0 16 x 1073 — 1.543 x 107 — 8.218 x 107
NI 28 x 1072 3,129  5.372 x 107 — —
03 32 x 107% 2,652 3.639 x 107 — —
NOT 30 x 1078 3,373 3.282 x 107 — —
N+ 14 x 1073 — 1.339 x 108 — —
ot 16 x 1073 — 9.787 x 107 — —
e~ 5.486 x 1077 — 0 — —

They are written as follows:
Mixture viscosity:

’LXZ
Z Z;Am (3.17)

L.

;g <

Thermal conductivit y’i

Translatlonal component of thermal conductivity in a mixture excluding electrons:

Aue = }sz — @7 . ® (3.18)
D i X A8(T) + 3.54X. A% (T)J

J#e

Rotational component of thermal conductivity in a mixture:

( ‘1
Xi .
/\rot =k i = (1) I (3l9)
i=M E LXin,j (1) I
L j d
Vibrational component of thermal conductivity in a mixture:
-
(Cvé1b2>X %
Avib = K (3.20)
; {ZX AT J
Thermal conductivity of electrons:
15 Xe
Ao = —k ®) (3.21)
43 14X AT + X AB(T)
Jj#e
Binary diffusion coefficient:
kT
pAi,j (T)
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where
M

X; = —C; 3.23
JV[Z-C ( )

8 2m;m; 1/2 —(1,1)
AL ey 2 & A B 0.7 3.24
w0 =5 | Ty v myy ) (8:24)

16 2mym; 12 (2 2)
ATy = 2| 2; 3.25
’L7]< ) 5 WkT(mZ +m]) 0 ( )

11— (m;/m;)][0.45 — 2.54(m;/m;
[1+ (mi/my)]

The collision cross sections ﬂﬁz(-’lj’l) and Wﬁfj’m are the weighted averages of the cross sections for

collisions between species 7 and j, which are defined as

o) _ I Jy exp(—?) SL3(1 — cos! x)dwo; ; sin xdxdy

3.27
I35 Jo exp(=72) 725 +3(1 — cost x) sin xdxdy (8.27)

where o; j=0; ;(x,7) is the differential scattering cross section for the collision pair i-j, X the scattering
angle in the center-of-mass system, y=[m;m;/(2(m; +m;)kT)]*/%g the reduced velocity, and g the relative
velocity of the colliding particles. They are given by the following function of temperatures in the unit of

A2 [10].

A _qy(InT)?+B 1y mT+C 11 }
. 1.1 T (.1:1> T .(. N ) ﬁ__( N )
72,57 = [exp (D) L (3.28)
Tl
. - A _ooy(INTY?+B 00y InT+C (22 ]
—(2,2 {ﬁﬁ@ 72622 273022
w257 = ew (D) |70 (3.20)

The coefficients A B B AT C B and D A0 are given in Tables VIII and IX of Ref. [10].
For the pair of soemes for which both are ions, the above collision cross sections must be corrected for

the given electron pressure p, by multiplying the following factor:

T \ 4
\1000(pe/101 325)1/% )

1
In Ape) = ln {2 09 x 107

T 8/3
1.52 3.30
- <1000(pe/101,325)1/4> } (3.30)

Effective diffusion coefficient:
According to Curtiss and Hirschfelder [13], in the absence of thermal and pressure diffusions, the

diffusion velocity of species ¢ in y-direction is given by

1-C; 19X,
g ¢ - a@ (3.31)
z Xj /Dz‘j i OY
J#i
If one defines the effective diffusion coefficient D; as
1-C  ps
D= —o—— (3.32)
> X;/Diy K
J#i
then the diffusion velocity V¥ can be expressed as follows:
D 0X;
VY= (3.33)
pi Oy
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Diffusion coefficient of ions:

Flectrons have higher thermal velocities and tend to diffuse faster than ions. A positive charge is
then left behind, and an electric field is set up as to deaccelerate electrons and to accelerate ions. Thus,
the diffusions of ions and electrons are linked by the electric field. In the present work, this effect is
approximately considered by assuming ambipolar diffusion. In this case, the diffusion coefficients for ions
can be approximated by

Di =2D; (3.34)

3

where D; is the effective diffusion coefficient of ionic species in the absence of electric field.
Diffusion coeflicient of electrons:
The effective diffusion coefficient of electrons can be obtained by equating the mass averaged diffusion

velocity of ions and that of electrons as follows:

Me Z D?Xi
_ i=1
B EmiXi
i=I

D, (3.35)

4 Method of solution
4.1 Solution for s-momentum, energy, and species conservation equations

As described previously, the s-momentum, energy and species conservation equations are expressed
in the standard form for a parabolic partial differential equation, Eq. (2.13). In the present work, a fully
implicit scheme is used to march the solution procedure downstream. The discretization of partial derivatives
ried out in the following manner.
With the finite-difference grid shown in Fig. 4.1, the partial derivatives in the 5-directi

point (m, n) are discretized using second order central-difference schemes as

(%’;); =W L W e W (4.1)
where
ANy
“e Ann<A77n7n+ Anys) (43)
by = —% (4.4)
Anp, .
o Ann—l(ﬂn:Jr A1) (45)
2
"= Ao (B + i) o
2
by = A (4.7)
2
2= R (B ¥ B ) (48)
ANy =Tyt — T (4.9)

The partial derivative in the &-direction at (m, n) is approximated by the second order three-points
backward difference:

oW\ ; .
5'—5 = dﬂ/Vm + €1W:Z‘71 =+ fﬂ/Vm“Q (410)

m
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Ta

10 n=N Shock
A=N-1 b e Known point
Unknown point
n+l
a An,
Ay
n-1 :
g
A m A&m il
n=2 L A &
0.0 : l 1 1 .
o omel m Body

Figure 4.1: Schematic of finite-difference grid system

where
A1 + 246,

di = , < 4.11
T AL (A + Ay) (4.11)

Db+ A
e1 AE. AL, (4.12)

Ay,

= : 4.13
N = A, g+ A6, ) (4.13)
Agm - fm - €m~1 (4~14)

Substitution of Egs. (4.1), (4.2), and (4.10) into Eq. (2.13) gives the following simultaneous linear
algebraic equations.
A Wit L BWE + C, Wi = D, (4.15)

where

n=2,3..., Nnax — 1 (4.16)
A, =co+ AVe (4.17)
By, = by + Aby + AT + AT, (4.18)
Cn = as + Alay (4.19)
Dp = —A} = Af(ed Wiy + W) (4.20)
This can be efficiently solved using the Thomas algorithm to obtain W. The detailed description of the

Thomas algorithm is found in Ref. {3].

4.2 Shock-layer thickness

The shock-layer thickness is obtained by rearranging the continuity equation which is given previously
as
9 , 0. / _— _
5 [ysn (7 + Yon?) cOS &) psnusn U] = an [(r + yon1y 08 @) {ylnpsnusupun — (1 + mysnn) psuvenpv}]  (4.21)
The mass flux between the body (1 = 0) and a given grid point n (n = n) is proportional to m,, (with mx

denoting 1 = 1, the shock) which is given by

7
My, == / ysh(r + Ysh 7} COS @)pshushmd’n (422)
0 .
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Integrating BEq. (4.21) from 0 to 7 and substituting Eq. (4.22) gives another form of the continuity equation

dm,, T o , _ _
i ) B (7 + yshm cos &) {yln psntisuPn — (1 + KYsn7) PsnVsh P} dn (4.23)
0

or equivalently as
dm,,

dg
The shock-layer thickness is obtained by integrating Eqs. (4.22) and (4.23) from 0 to 1 instead of from
0 to n. This gives

= (71 + Ysn7 COS @/) {y;hpshush—p—ﬂn - (1 -+ Kyshn>pshvsl1m} (424)

1 1
MN = YshPshUshT / DU + Y2, Pshtish COS ¢ / pundn (4.25)
0 0
Under the condition of n =1 and p =14 =7 = 1, Eq. (4.24) becomes
dmN ’
"'gg‘ - (T + Ysh COS ¢) {yshpshush - (1 + "{ysh)pshvsh} (426)

The term my of Eq. (4.25) at the location m is obtained by evaluating the right hand side of Eq. (4.26) at
each previous location and discretizing the left hand side by the finite difference form given previously as

Eq. (4.15), which results in,

)m = [(RHS of Eq. (4.26))

m Lidd Ub 4y,

—
e~
o
~J

R

(mx m — e1{MN)m—1

By substituting this value, we can solve Eq. (4.25) for the shock-layer thickness, ysn.

4.3 Solution for y-momentum and continuity equations

Few problems are encountered in finding solutions to the s—momentum, energy and species conservation
equations since they are second-order parabolic equations. On the other hand, a difficulty exists in solving
the continuity and y—momentum equation. This is because these two equations are first-order equations and
then we sometimes encounter a so-called even-odd decoupling problem if the first derivatives are evaluated
in a central-difference fashion. To alleviate this, in the present code, these two equations are discretized at
each (m,n -+ 1/2) point.

The continuity equation, Eq. (2.28) is rewritten as

oA 0
— = —[B-Cv 4.28)
o0& 877[ 7] ( !

where

A = ysph3psnusnpu
B = yghhgpshushp—un
C = h1h3pshVsnp

hy =1+ Kyshn

hs = 1 4 Ysn? COS @

This is discretized at (m,n + 1/2) points as

n nt1/2 12 BEFY— B (Coytt —(Co)7,
d ATV e AT g AT = T s < (4.29)

The value of the coefficients at n + 1/2 is simply evaluated as an arithmetic average between n and n + 1.

By rearranging the terms, Eq. (4.29) can be rewritten as

an+1/277:tn+1 + bn’*l/Q@Zl — Cn+1/2 (430>
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where
an+1/2 _ C;j_l/AT]
PR =

, ) Bn+1 o Bn
Cn+1/2 . _dlA%fl/2 - elAZ]tll/Q - flA:;r_12/2 4 Zm < m
n
Similarly, the difference equation at (m,n — 1/2) may be written as
"2, b P = T (4.31)

By subtracting Eq. (4.31) from Eq. (4.30), we obtain the equation of tridiagonal form
an+1/2,ﬁn+1 + (bn+1/2 _ an*1/2>i—)n _ bnfl/Ql—}n—l — cn+1/2 _ Cn71/2 (4 32)
m me m N
This can be solved implicitly by using the Thomas algorithm, in the same way as for other second-order

parabolic equations.
We can discretize the y-momentum equation in the same way. Equation (2.29) can be rewritten as

6(vsh5) oo op B

A+B—-———t4+C—=+—-—=10 4.33
e ConT 3
where

A %yshpshuthQ

pshhl
B = yshpshushm
pshhl
C= Pehlshf? [hlvshg - y;hushﬂn] (434}
pshhl

Note that & derivative of normal velocity is evaluated directly from the nondimensional value v = vsn - ¥,
not using the expression of v = v, 0 + ven¥’. Figure 4.2 shows the nondimensional and normalized normal
velocity distribution in the vicinity of the body surface (n = 2). For the flow field of a hemisphere, there
is a location where the dimensional normal velocity component becomes zero. As confirmed from Fig. 4.2,
around the region where the normal velocity becomes zero, the normalized velocity component in the
normal direction @ has a sharply varying curve whereas the dimensional normal velocity (v = ¥ - vs,) shows
smooth variation along the body surface. If the three-point backward difference is employed, we suffer from
unacceptable numerical errors to evaluate dv/d¢. Thus the normal velocity streamwise derivative should be
discretized directly from v. From numerical experiment, it has been found that this treatment enormously
enhances the stability of code.
Equation (4.33) is discretized at (m,n + 1/2) as
A:Ln+1/2 + BZ;‘UZ (vShrD)Z:r / - (‘v5h77>7r:1t11/2 + Cgl+1/2 U:LnJrl - U;Ln + PZmH - p?n -0 (435)
AL An An

Note that 8(vs,¥)/9€ is discretized to first-order accuracy. It is also possible to evaluate this term to second-
order accuracy, but it has been found that this tends to degrade the convergence speed significantly. From

the numerical experiment, it has been confirmed that even evaluating this term to first-order accuracy, we
can obtain essentially identical results to the second-order solution.

By rearranging the terms, Eq. (4.35) may be written as

an+1/2ﬁ%fr1 4 anrl/QﬁZl = nT1/2 (4.36) |
where
an-{—l/Q — 1/A77
bn+1/2 — 71/[&]7
\n+1/2 \n+1/2 n n
G2 gn+1/2 _ prel)2 (Wsn)m "~ = QonW)m-i” _ o2 o v
m m Ag m An
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Figure 4.2: Normalized/nondimensional normal velocity distribution
in the vicinity of the body surface

Similarly, the difference equation at {m,n — 1/2) may be written as
n—1/2-n n—1/2=-n—1 n—1/2
an= N2 12 1) (4.37)

By subtracting Eq. (4.37) from Eq. (4.36), we obtain

a.n+1/215:1n+1 + (bn+1/2 _ anfl/Q)ﬁ?n _ bn—l/Zﬁ%-l _ Cn+1/2 - c71——1/2 (438)

In the present code, these two equations are solved independently. This is in contrast to the approach
employed in another VSL code such as found in Ref. [14], where these two first-order equations are coupled
and solved simultaneously to enhance the stability. It has been confirmed that even without solving the
two equations in a coupled way, we can obtain a converged solution very stably if only these equations
are discretized in the way as described in this section. From the computational point of view, the present

approach is apparently much simpler and more efficient.

4.4 The treatment of heat/mass production terms

The production terms concerning chemical reactions appear in the energy equation and the species
conservation equations. In the present calculations, to eliminate the strong nonlinearity of the reaction
rate, these terms are treated implicitly so that the temperature and mass concentrations appear as one of

the unknowns.
For the energy equation, the mass production term at the iteration number k -+ 1 (unknown value) is

approximately expressed using values for the iteration number %k (known value) as

) ) o\ F
Wk =k <@iT> (THHL —Th) (4.39)

Hence the coefficients wy and we in Eq. (2.27) are written as

W= hy (ul - %L; T) (4.40)

by = by O (4.41)

ar

The derivative du; /0T can be evaluated analytically by differentiating Eq. (3.2) with respect to 7.
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On the contrary, for the species conservation equations, the following expressions are used in Eq. (2.26).

nr

=M > (I Lep+ Iy Lo ) (4.42)
w =Y [ (Lew/7e) + T (Ler /)] (4.43)
r=1
/ : r
-Z_‘Z't- — (Vl,’!‘ Vs, 7) lf (Vi,r ]/Za"") > O (444)
: 0 if (VZ{J vir) <0
L) >
- 0, if (v, ~vir) 20 (4.45)
’ M(I/Z/’T, Vi) if (VLT —vr) <0

4.5 Solutions in the stagnation region

The solution begins along the stagnation streamline. When written as in Eq. (4.21), the continuity
equation is indeterminate at £ = 0. In order to evaluate the continuity equation at the stagnation point,

the following limit expressions as £ — 0 are used:

r—¢&  cosd — &, ugy — Euly,
With these expressions, Eq. (4.21) becomes
’ a 5 2 — : T
5‘6[(1 + ysh77> psh”shﬂv} = _Zysh<1 + yshn)pshughpu (446>

We can readily solve the above equation by applying the same procedure described in the previous section and
by replacing the coefficients of Eq. (4.28) as OA/OE — 2yamhapamuly P, B — 0, and C — (1+Ysnn)? pshUsu -

A singularity also exists when solving the s-momentum equation at & = 0. In order to evaluate A3 of
Eq. (2.16 rhation form as ug, — &'y, Op/OE — £8%p/OE?,

and yl, — 5(")2,@/511/(7&2 respectively. Then an alternative expression for Ag at the stagnation point becomes

6), usn, Op/0¢, and y;, should be expressed in pe

. r 22, 9.7

Ysh v p beh vy
Ay = e Lz 4.47
’ e2uly (1 + Kysnn) i [y gz~ Mg anJ (4.47)

- - 3 — - . y ; o / 2 2 7

where the relation of p = p., - P has been used. It is emphasized here that ul,, 0°p/0&°, and yl}, cannot
be determined from the stagnation region equations. They are quantities that depend upon the flow down-
stream. We must therefore assume these values in some appropriate ways. This is further discussed in the

next section.

4.6 Shock shape and marching procedure

The VSL algorithms require an initial shock shape as input for the solution method to march in the
streamwise direction. In the present code, a simple correlation for blunt-body shock shapes proposed by
Billig is employed (Refs. [15] and [16]). The correlations hold for sphere-cone bodies and assume a hyperbolic

shock shape given by the following formula

2t 2{ 1/2
z=—0+ R.cot’ 3 Kl + %12) —1 (4.48)
C

where R, is the radius of curvature of the shock wave at the vertex of the hyperbola, ¢ is the shock standoff

distance, and 3 is the angle of the shock wave in the limit of an infinite distance away from the nose. In
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Eq. (4.48), the values of 6 and R, are correlated from experimental data as

1) 3.24

-0 o 4
N 0.143 exp <1w020> (4.49)
R, 0.54
— =1.14 e 4.
o 3exp {(J‘V[oo — 1)1'2} (4.50)

Although a correlation for perfect gas flows, this gives a sufficiently reasonable initial guess for chemically
reacting cases as well. For all of the test cases considered in this paper, converged results were obtained by
setting the angle of the shock g to 20 degrees.

The solution for bodies with a spherically blunted nose begins along the stagnation streamline. As
noted in the preceding section, to solve VSL equations along the stagnation streamline, three streamwise
gradients, namely ul,, Pyan /02, and 8%p/OE? are required. The first two of the three can be reduced
directly from the analytical expression of the initial shock shape described above. On the other hand,
the second derivative of pressure can be approximately evaluated by assuming the following streamwise
distribution

p=p1cos € (4.51)

where the subscript 1 denotes the stagnation point. Then the second derivative of pressure at the stagnation

point is obtained by directly differentiating this expression

9?p

<7§—o = (=2p1cos{)e—0 = —2p1 (4.52)
08 ) e—o

Using this expression, the initial flow profile along the stagnation streamline can be obtained.

After the stagnation streamline solution is obtained, the VSL equations are solved at the next down-
stream location. As the VSL solution is obtained at each local point, it is said that the local iteration is com-
pleted. At each £ location, the shock-layer equations are solved in the order: species, energy, s-momentuin,
y-momentum, and continuity. At each location, the solution is iterated until convergence is obtained for
the W’s at all points of the finite-difference grid in the n-direction. In the present solution procedure, the

underrelaxation method is employed for the local iteration:
WL — WP + (1 — W)W (4.53)

where W is the newly calculated value, W% the previous value, WFT! the relaxed value, and w is the

relaxation factor (0 < w < 1). The convergence test requires that
11— W Wk <1 x 1073 (4.54)

The calculation is continued successively downstream by using the flow properties of the previous
location as an initial guess.When the downstream sclution is completed to a specified final location, it is
said the first global iteration is finished.

In the VSL analysis, the shock-layer thickness ygn is also obtained as a part of the solution. Then
the shock shape is updated after each global iterations. In updating the shock shape, the variation of the
shock-layer thickness in the streamwise direction is expressed by the 6th-order polynomial expressions as
follows

1 1 1 .
Ysh = Ysho + §ysh2§2 + 1?/%454 + gysh6§6 (4.55)

The coefficients Ysno, Ysh2, Ysha, and yspe are determined using the standard least-square curve fitting method
together with the shock-layer thickness data obtained from the previous global iteration. The coefficient
Yenz in Eq. (4.55) corresponds to the second derivative of yey and is used to solve the continuity equation

at the stagnation point. The shock angle « is obtained from

/
o =6+tan~t | Db (4.56)
1+ Kysn
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Figure 4.3: Solution flowchart

where y, = dys/d€ is evaluated by differentiating Eq. (4.55) with respect to €. From the values of shock
angle obtained at each local point, new flow properties behind the shock wave and streamwise gradients
of the shock properties can be computed. The newly obtained yf, and o are underrelaxed using the
previous values and a relaxation parameter of w = 0.5 was used for all of the test cases considered in this
paper. From the second global iteration, the second derivative of pressure at the stagnation point 1 can
be numerically evaluated from the quantities next to the stagnation streamline and considering the flow

P\ . p2—m
(b??)fz NG, o

where subscript 2 represent the point next to the stagnation. The global iteration procedure is repeated

symmetry conditions as

until the shock layer thickness converges sufficiently.
Finally, the overall solution flowchart of the present VSL analysis is illustrated in Fig. 4.3.

5 Code description

The specification of the present code is summarized in Table 5.1. The code is written in C language
and developed under the environment of a personal computer with Borland C++ 5.5 as a compiler. At
present, the present code is suitable only for a hemisphere. Although it is possible to apply the present code

This document is provided by JAXA.



22 JAXA Research and Development Report JAXA-RR-05-001E

Table 5.1: Specification of the present code

Language C
air 5 species (N2, O2, NO, N, O), 17 reactions
air 7 species (Ng, Og, NO, N, O, NO™, e™), 22 reactions
Species/reactions air 11 species (Ng, O, NO, N, O, NOT, Nf, OF, N*, OF, e7), 48 reactions
nitrogen 2 species (N2, N), 2 reactions
nitrogen 5 species (Na, N, NI, N¥, e7), 8 reactions

Thermal state equilibrium (one temperature model)
Reaction rates Park [9]

Transport properties  Gupta [10]

Wall temperature fixed /radiative equilibrium condition
Wall catalysis NCW /FCW /finite rate

to arbitral body geometries (e.g. hyperboloid or sphere-cone), there might be a case where an additional
control parameter is required to obtain converged solutions. It should be emphasized that one philosophy
of the present code is to minimize the user interaction to make the computational procedure much simpler
even at the expense of generality. Dynamic allocation of the array is possible, so that the user can change
the number of grid points arbitrarily. However, it is well known that the stability of a space-marching
scheme strongly depends on the size of the streamwise step size A¢. This is because, in the VSL method,
the pressure gradient term in the streamwise momentum equation is approximated as a hyperbolic term
through backward differences in the subsonic nose region [17]. To alleviate convergence problems, it is
recommended that the step size A¢ should be more than 0.1 (non-dimensional value) in the subsonic region.
In the present code, 15 grid points are equally placed along the body surface (corresponding to A¢ = 0.105)
at default. On the other hand, the number of grid points in the normal direction can be specified arbitrarily
without any problems. The user can select two gas species (air and nitrogen) and can solve the flow field
both for perfect and chemically reacting gas cases. The species number can be selected from the three sets
(5, 7, and 11 species) for air and two sets (2 and 5 species) for nitrogen, respectively. Every species/reaction
model is a subset of the original air 11-species, 48-reactions model (see Table 3.1). The shock-slip effects

are not included a

6 Code validation
6.1 Comparison to other VSL/NS computations for perfect gas flows

The present VSL code is first compared with a Navier-Stokes code for calorically perfect gas cases. The
Navier-Stokes code was also developed by the present author and is briefly described below.

The governing equations employed are the axi-symmetric Navier-Stokes equations assuming laminar and
calorically perfect gas flow. The viscosity and thermal conductivity are evaluated using Yos’ formula which
is the same as given in the preceding section. The code employs a shock-capturing scheme and the governing
equations are discretized using a finite volume approach. A cell-vertex scheme is employed, so that all flow
properties are defined at the node of each grid point. The inviscid flux at the cell boundary is evaluated
using the AUSM-DV scheme [19]. The space accuracy is kept up to second-order by the MUSCL type
interpolation technique [20]. Time integration is performed implicitly by applying the LU-SGS algorithm
[21].

The comparison was made for typical flow conditions of a blow-down type hypersonic wind tunnel.
The free stream Mach number, temperature, density are 9.55, 55.5K, and 4.81 x 1073 kg/m3, respectively.
The body nose radius is set to 3cm and a fixed temperature of 300 K is imposed on the body surface.
In Fig. 6.1, the pressure contours obtained from the VSL computation are overlapped on the result of the
NS computation. It is obvious that the present VSL code gives essentially identical results compared with

the NS solver. The shock shape obtained as a part of the solution in the VSL analysis agrees very well

This document is provided by JAXA.



The Development of a New Viscous Shock-Layer Code for Computing Hypersonic Flows around Blunted Body and Its Applications 23

Table 6.1: Freestream conditions (taken from Ref. [23])

M 5 5 5 10 10 10 15 15 15
Re 10% 10% 10° 10° 10* 10° 10° 10% 10°
Too (K) 212 212 212 212 212 212 212 212 212
peo (Pa) 1277 1277 127.7 1916 19.16 191.6 3.832 38.32 383.2
uso (Mm/s) 4393 4393 4393 20928 2028 2928 1464 1464 1464
Ty (K) 212 212 212 1500 1500 1500 1500 1500 1500

Table 6.2: VSL-NS comparisons for stagnation heat flux/pressure
Stagnation point heat flux (kW/m?)

M 5 5 5 10 10 10 15 15 15
Re 10° 107 10° 10° 10% 10° 10° 10% 10°
VSL 11.0 34.0 106.4 485  147.3 459.4 1923  566.7  1751.7
NS 11.0 33.8 106.2 488  146.6 454.9  190.0 563.6  1740.9
VSL-NS (%) 0.5 0.7 0.2 -0.6 0.4 1.0 1.2 0.6 0.6

Stagnation point pressure (Pa)

M 5 5 5 10 10 10 15 15 15
Re 10° 10% 10° 10° 10% 10° 10° 10* 10°
VSL 1954 1251.5 12513.0 248.5 2476.7 247588 3734 37084 37056.6
NS 1955 1251.3 12505.5 249.0 2470.9 24707.1 3755 3702.8 36986.7
VSL-NS (%) -0.1 0.0 0.1 -0.2 0.2 0.2 -0.6 0.2 0.2

with the shock captured by the Navier-Stokes solver. The nondimensionalized wall heat flux distributions
as a function of body half apex angle  are compared between two results in Fig. 6.2 together with the
theoretical distributions of Lees [22]. Even in this case, these two results are almost identical. As a next
step, the comparison was made over a wide range of Reynolds and Mach numbers. The calculations are
carried out for a total of nine free stream conditions with three levels of Mach numbers (M = 5,10, 15) and
corresponding three levels of Reynolds numbers (Re = 103,10%,10%). The detailed free stream conditions
are given in Table 6.1. These conditions are taken from the work of Miiler et al. [23] A hemisphere with
nose radius of 0.1524 m was considered.

Table 6.2 summarizes the stagnation point heat flux and pressure obtained from the present computa-
tions. Both for the stagnation point heat flux and pressure, the results of the VSL and NS agree very well
for every condition. In addition, the results of the present work agree well even in very low Reynolds number
cases. Therefore it has been confirmed that the present VSL code has a sufficient accuracy compared to the

Navier-Stokes solver.

6.2 Comparison to the JAXA 1.27 m hypersonic wind tunnel experimental
data

Next results yielded from the present code are compared with existing experimental data obtained
at a cold-type hypersonic wind tunnel. In the National Aerospace Laboratory of Japan (NAL), which is a
predecessor institute of the Japan Aerospace Exploration Agency (JAXA), a series of heat flux measurements
were performed at the 1.27 m hypersonic wind tunnel (HWT). The schematic view of HWT is shown in
Fig. 6.3. HWT is a blow-down type cold wind tunnel with nominal Mach number of 10. The stagnation
enthalpy is approximately 1 MJ/kg and available unit Reynolds numbers range from 1.0 x 108 to 4.3 x 10°
/m. To avoid liquefaction of air, a pebble bed heater heated by a line gas burner is utilized. The humidity
management system including the combustion gas replacement system keeps the humidity in the working
gas below 50 ppmV at a reservoir pressure of 4 MPa. Previously conducted flow calibration tests confirmed
the Mach number uncertainty is less than 0.3 % in the core flow part.

The model employed in the experiment is called HB-2 type model which is a standard model proposed in
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Figure 6.1: Pressure contours comparison between the VSL (red line)

and the Navier-Stokes (blue line) solutions
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Figure 6.2: Comparison of nondimensional wall heat flux distributions
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Figure 6.4: HB2 model

Figure 6.3: JAXA 1.27 m Hypersonic Wind Tunnel

(HWT)
Table 6.3: Comparison to the HWT experimental data
By Poo Tw Gstg (kW/mz)
Wi N ey Mm@ fie € TExp. VSL VSL-Exp (%)
1322 6 066 1.05x10~° 57.1 1.22x10° 0.003 232.1 2395 3.21
1324 4 962 752x107% 543 9.05x10* 0.003 1779 1818 2.18
1323 2.5 955 4.81x107% 555 5.67x10* 0.004 144.0 1474 2.38
1327 2.5 9.55 4.95x 107% 543 5.92x 10% 0.004 142.5 143.2 0.48
1328 2.5 955 4.85x107° 550 5.74x10* 0004 143.3 1456 1.56
1329 2.5 054 478 x107°% 56.3 557 x10* 0.004 1480 1504 1.58
1330 2.5 054 4.82x107% 56.0 5.63x10* 0004 146.7 149.3 1.76
1331 2.5 055 4.94x107° 541 592x10* 0004 1409 1423 0.98
1332 2.5 955 4.88x107° 547 5.8l x10* 0004 1423 1443 1.41
1333 2.5 956 4.90x107° 543 5.86x10* 0004 1402 1428 1.90
1334 2.5 955 503x107° 533 6.09x10* 0004 1376 139.1 1.06
1339 2.5 9.55 4.80x 107° 558 5.62x10* 0004 1442 1485 2.98
1340 2.5 9.55 4.95x107° 54.0 595x 10*  0.004 139.8 141.7 1.33
1341 2.5 955 492x107° 544 5.87x 10* 0.004 1406 143.2 1.84
1343 2.5 9.56 5.01x107% 534 6.06x10* 0.004 137.9 1395 1.16
1346 1 941 233x107% 509 2.86x 10" 0006 83.0 81.8 -1.47
1348 1 0.40 227x107% 523 2.74x10* 0006 849 850 0.10

Re is based on the centerbody diameter of the model (100 mm)

a joint program of AGARD and Supersonic Tunnel Association (STA) in 1950-60’s [25]. It has an analytical
shape which consists of sphere, cone, cylinder, and flare as shown in Fig. 6.4. In this model, a total of 28
chromel-constantan type co-axial thermocouples of 1.5 mm diameter are press-fitted. The experiment was
conducted at stagnation pressures of 1, 2.5, 4, and 6 MPa. For each stagnation pressures, the stagnation
enthalpy is approximately 1 MJ/kg. The corresponding Reynolds numbers based on the model centerbody
diameter are 1.0, 2.0, 3.0, and 4.3 x 10°, respectively. More detailed description of the experiment is found
in Ref. [26]. .

In Table 6.3, the stagnation heat flux values obtained from the VSL computations are compared with
the experimental data. The VSL results agree reasonably with the experimental data for every condition.
There is a tendency that the difference between the experimental data becomes larger as the stagnation point
pressure Py becomes higher. This is probably because the intermolecular effects of the stagnation gas in
the reservoir becomes significant as Py becomes higher. In this case, it might be inadequate to calculate the
free stream conditions from the one-dimensional isentropic conditions plus the real gas correction formula

proposed in Ref. [27].

6.3 Computations at the OREX flight conditions

A series of computations has been performed for the reentry flow field around the forebody of the
Japanese Orbital Reentry Experiment (OREX) vehicle. This vehicle has a 50-deg spherically blunted cone
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with a nose radius of 1.35 m and a base diameter of 3.4 m. Calculations were done for the OREX trajectory
from 60 to 97 km altitude range. The frée stream conditions are tabulated in Table 6.4. The 11 species
model is employed and both non catalytic and fully catalytic wall boundary conditions are considered.
The VSL results are compared with the flight data and the Navier-Stokes results of Kurotaki [28]. The
results are summarized in Table 6.5 and illustrated in Fig. 6.5. Although a slight difference can be observed
for conditions around the peak heating region, the agreement between the present and the NS results is
satisfactory. On the other hand, at higher altitudes (i.e., low Reynolds numbers), the VSL method predicts
much higher heat flux values than expected due to the neglect of the higher order terms.

Table 6.4: Free stream conditions of Orbital Reentry Experiment (OREX) trajectory (taken from

Ref. [18])

Case Time (sec) Altitude (m) U (m/s) poo (kg/m®) Too (K) M Ty (K)
1 7381.0 96.77 7456.3 1.3810 x 107° 192.0 26.72 485.0
2 7391.0 92.82 7454.1 3.0090 x 107° 189.0 26.97 586.0
3 7401.0 88.45 7444.3 4.3060 x 10~° 187.0 27.07 687.0
4 7411.5 84.01 7415.9 1.0953 x 1075 189.0 26.82 785.0
5 7421.5 79.90 7360.2 1.8455 x 1075 199.0 26.82 878.0
6 7431.5 75.81 7245.7 3.6576 x 107° 207.0 25.04 976.0
7 7441.5 71.73 7049.2 6.5184 x 107° 215.0 23.89 1091.0
8 7451.5 67.66 6720.3 1.2164 x 10~* 226.0 22.22 1213.0
9 7461.5 63.60 6223.4 2.0594 x 1074 237.0 20.09  1344.0
10 7471.5 59.60 5561.6 3.3131 x 104 248.0 17.55  1458.0

Table 6.5: Comparison of the wall heat flux for the conditions of OREX

Gssg (KW/ sz

Case V5L NS [28] Flieht

NCW FCW NCW FCW 8

1 1106 127.1 z = =

2 1117 162.3 — — =
3 110.3 1865 117.3 1686  109.0
4 117.0 2634 1280 2541 163.0
5 133.6 353.9 136.0 331.8 222.0
6 155.5 407.3 160.4 423.9 287.0
7 201.8 485.1 200.3 5161  354.0
8 2744 5585 266.0 600.1 403.0
9 314.9 5608 295.1 5841 413.0
10 3017 489.9 2856 506.6 3710

800 T T T
OREZX flight condition é
A NS (NCW) E @
600 a4  NS(FCW) 2 i q
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Figure 6.5: Comparison of the wall heat flux for the conditions of OREX
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6.4 Computations at the AFE flight conditions

Next the results are presented for the stagnation point heat flux for a wide range of flight conditions
of the Aeroassist Flight Experiment (AFE), a project that NASA initiated to gather flight data in the
flight regime that would be typical for future aeroassist missions, and are compared with the VSL solutions
performed by Gupta [29]. The configuration of the AFE vehicle forebody is a full three-dimensional ellip-
soidal nose tangent to an elliptical cone, but an axially symmetric representation of the AFE, consisting of
a spherical segment nose with an effective nose radius of 2.16 m was considered here. This effective nose
radius was selected according to Ref. [29], where the resultant convective heating prediction at the peak
heating condition using this radius was found to be the same as that calculated by the benchmark LAURA
code for the full three-dimensional configuration at an angle of attack of 0 degrees.

The free stream conditions for the present calculations are taken from the AFE trajectory and sum-
marized in Table 6.6. In Ref. [29], Gupta et al. performed a series of computations using their VSL code
which employed a 5-species chemical reaction model assuming thermal equilibrium. Finite rate catalysis is
assumed on the body surface. The transport properties used are consistent with the present code. At higher
altitudes of AFE, the flow may be too rarefied to justify the simplifying assumptions of the VSL method,
so that the Navier-Stokes computations including the wall-slip effects were also performed.

For the purpose of comparison, in the present calculation, the 5-species model was employed. The
wall catalysis model used is the same as in Ref. [29] and described in Section 2.3. Computations for bot
the NCW and FCW conditions were also performed. The wall temperature is estimated by assuming the
radiative equilibrium condition with a surface emissivity of 0.85. An estimate of the nonequilibrium radiative
heat transfer rate has also been included to estimate the wall temperature using the correlation formula
found in Ref. [30].

The comparison of the stagnation heat flux and the wall temperature between the present results and

-

i

the data of Ref. [29] is summarized in Table 6.7 and illustrated in Fig. 6.6. As can be seen from the
table, at lower altitudes, a strong influence of wall catalysis is observed. Hence the accuracy of the heat
flux estimation for finite rate catalytic wall conditions is very sensitive to the accuracy of the species mass
concentrations in the vicinity of the wall. Even considering these facts, for every case, favorable agreement

D
ot

>
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Table 6.6: Free stream conditions of Aeroassist Flight Experiment (AFE) trajectory (taken from

Ref. [29])

Case Time (sec) Altitude (ki) Us (m/s)  peo (kg/m°) Poo (Pa) Too (K) M
1 0.0 121.9 9894 1.973 x 10°° 2465 x 107°  435.3  24.15
2 9.6 114.4 9905 5.008 x 1078 4.740 x 1073 3285  27.89
3 19.2 107.5 9911 1.468 x 1077 1077 x 1072 2556  31.51
4 28.8 101.3 9915 4379 %1077 2471 x 1072 196.6  34.30
5 38.4 95.7 9917 1.245 x 107%  6.815 x 1072 190.7  36.03
6 49.9 89.9 9909 3.665 x 1075 1.944 x 107! 184.8  36.39
7 59.5 85.8 9888 7.285 % 10‘? 3.999 x 1071 191.3  35.67
8 69.1 82.4 9844 1278 x 107%  7.125 x 1071 194.3 3521
9 78.7 79.9 9769 1.961 x 1072 1.102 x 10° 195.8  34.78
10 83.3 78.2 9665 2,597 x 107%  1.468 x 10° 197.0  34.31
11 97.9 77.3 9537 3.035 x 107%  1.722 x 10° 197.7  33.80
12 107.5 76.6 9395 3.388 x 107°  1.927 x 10° 198.2  33.26
13 117.1 76.1 9244 3.684 x 107%  2.099 x 10° 198.5  32.70
14 126.7 75.7 9087 3.916 x 107°  2.235 x 10° 198.9  32.12
15 136.3 75.5 8927 4,084 x 107%  2.333 x 10° 199.0  31.54
16 145.9 75.3 8767 4220 x 107%  2.413 x 10° 199.2  30.97
17 155.5 75.2 8609 4953 x 107%  2.433 x 10° 199.3  30.40
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Table 6.7: Comparison of the wall heat flux and the wall temperature for the conditions of AFE

VSL (Present) VSL [29] NS [29]
B NCW Finite rate FCW Finite rate Finite rate
Qstg Tw Gstg T Jstg T Gstg Ty Gstg Ty
W/m?)  (K)  (kW/m®) (K) (&W/m?) (K) (kW/md) (K) &W/m) (K)
1 145.2 1318 145.2 1318 145.6 1319 8.7 652
2 148.6 1326 148.5 1326 149.1 1327 20.3 806
3 149.9 1330 150.6 1331 152.9 1336 44.4 982
4 120.6 1262 128.8 1283 140.5 1311 81.4 1154
5 110.7 1246 130.1 1295 191.0 1421 116.6 1260
6 107.8 1262 159.2 1378 272.2 1562 153.1 1360 142.8 1344
i 1257 1335 213.2 1495 355.7 1679 227.4 1510
8 155.1 1428 288.7 1623 445.9 1787 310.7 1642
9 191.6 1519 366.6 1730 531.5 1876 354.5 1711
10 219.4 1578 421.9 1796 591.3 1931 386.5 1756
11 226.8 1594 443.5 1819 610.8 1949 401.4 1775
12 224.8 1592 449.7 1825 611.1 1949 408.8 1782
13 217.8 1580 442.4 1817 599.5 1940 410.8 1782
14 208.2 1561 428.7 1801 580.1 1923 408.8 1776
15 197.7 1539 409.5 1778 555.2 1900 407.0 1766
16 189.2 1518 390.4 1755 530.7 1877 396.4 1754
17 178.3 1492 367.9 1726 501.1 1848 386.2 1738
300 | 1 1 1
AFE flight condition B
Entry phase E
600k @  Present (NCW) R g
A Present (Finite) N o
o L] Present (FCW) | a &
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Figure 6.6: Comparison of the wall heat flux for the conditions of AFE

6.5 Computation at the ONERA F4 high enthalpy wind tunnel condition

The simulation was also performed at the condition of the ONERA F4 high enthalpy wind tunnel under
the assumptions of fully catalytic wall. The free stream conditions are taken from Ref. [34] and shown in
Table 6.8. The wall temperature is fixed to 300 K and the result is compared with the Navier-Stokes code
CELHYO. The detailed description of CELHYO is found in Ref. [32]. In Table 6.8, the stagnation heat flux
and the shock standoff distance obtained from the present VSL code are compared with the data taken from
Ref. [34]. A favorable agreement is confirmed for the stagnation heat flux, whereas considerable difference
can be found for the shock-layer thickness. This discrepancy probably comes from the difference of the

chemical models employed.
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Table 6.8: Free stream conditions of the ONERA F4 high enthalpy wind tunnel
and comparison of the numerical results

P pm o T s OOV o/
(g/m®)  (Pa) (K) ~°° (m/s) Present CELHYO Present CELHYO
0.82068 191.8 810.7 88 5010 4.22 4.40 0.0818 0.0937

Table 6.10: VSL results of stagnation pressure and heat flux for the
HEG standard operating conditions (R, = 10 mm)

Cond.  Wall catalysis Species  pug (kPa)  qug (MW/m?) 2% (MW /)

(Eq. 6.1)
5 502.6 13.59
. NCW 7 502.6 13.66
Table 6.9: HEG standard op- I 11 502.6 13.66 15.0:
. = = - 5.95
erating  conditions ) 5 502.7 16.12
(conical nozzle) FCW ! ?02‘3 16.16
11 502.7 16.18
Cnd T I I W w7 s s
Do (MPa) 35 85 44 90 ) 11 119'9 24‘47
To (K) 9100 9900 7000 8100 I z 1199 57 OE 28.92
ho (MJ/kg) 22 23 12 15 FCW 7 119.9 27.67
Poc (Pa) 660 1700 790 168 11 119.9 27.72
Tw (K} 1140 1450 800 1060 o 5 66.6 8.59
e (g/m®) 17 35 33 53 NCwW 171 fff ZE} |
Moo 8.2 7.8 8.1 7.9 m 5 o 500 12.16
U (kmfs) 59 62 47 52 FOW 7 66.6 12.04
11 66.6 12.03
5 135.7 16.88
NCW 7 135.7 16.91
11 135.7 16.91 oo s
v 5 1357 21.40 22.45
FCW 7 135.7 21.42
11 135.7 21.43

6.6 Computations at the DLR HEG standard conditions

A series of computations has been performed concerning the four standard operating conditions of the
Ipy Shock Tunnel Gottingen (H ailed description of the facility is given in Refs. [36]
and [37]. The cataloged operating conditions are summarized in Table 6.9. The effect of free stream
dissociation is not taken into account at present, so that the total enthalpy specified is much lower than
actual. As for the surface catalysis, both non-catalytic and full catalytic wall conditions were considered.
The wall temperature was fixed to 300 K. A total of three sets of chemical species (5, 7, and 11 species)
were taken into account and the results were compared. The body nose radius was set to 10 mm, the same
as the radius of the heat flux permanent probe installed in the HEG test section. The stagnation heat
flux obtained was also compared with the correlation formula proposed by the group of ONERA. Verant
developed a correlation based upon Navier-Stokes computations for perfect and nonequilibrium flows with
the enthalpy ranging up to 24 MJ/kg. This correlation was developed to determine the total enthalpy of
the flow measured from the Pitot pressure and stagnation point heat flux probes in the F4 facility. The

empirical correlation is given as -

_ 93787, [P (ho I o (6.1)
w ’ \, Rn RTref .

where R = 280.015 J/(kgK) is the gas constant and T,ef = 273.15 K is the reference temperature. The detail
of the correlation is found in Refs. [31] and [33]. Equation (6.1) was used to compare with the present VSL
results. To estimate the stagnation heat flux from Eq. (6.1), the stagnation enthalpy ho was directly taken
from the values of Table 6.9, whereas the values obtained from the VSL computations were substituted for

the stagnation pressure p;. The results are tabulated in Table 6.10. For every condition, both the stagnation
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Table 6.11: Nozzle reservoir conditions of the present HEG runs

Run Cond. Gas po (MPa) Tp (K) Ho (MJ/kg)

627 IIT Air 48.3 7369 13.5
615 11T Ng 53.0 8480 11.9
619 I Air 35.0 9200 22.4
625 I N3 34.8 9625 19.5

Table 6.12: Free stream conditions of the present HEG runs

Poc Poc Too - Mass fraction
Runomd) (pa)  (x) M TR 0, NO N o
627 3.255 687 694 878 0.7356 0.1340 0.0509 0.0000 0.0796
615 2.755 500 610 10.0 0.9891 - - 0.0109 -
619 1.547 476 901  8.98 0.7543 0.0070 0.0102 0.0000 0.2284
625 1.361 452 1060 8.87 0.9356 - - 0.0644 -

Table 6.13: Comparison to the HEG experimental data

Gstg (NI\V/mZ)
Run Cond. Gas VSL
NCW FCW
III Air 11.38 15.30 14.5 14.6
615 Iz N, 15.34  15.44 14.2
619 I Air 20.69 23.34  20.8 22.23
I

625 Ny 21.58 2280 201

Exp. Eq. (6.1)

627

pressure and the heat flux are essentially invariant with respect to the number of chemical species. Hence the
5-species model is found to be enough to estimate these properties at the HEG conditions. The agreement
of the heat flux between the present VSL computation for the FCW condition and the values obtained from
Eq. (6.1) is confirmed to be reasonable as well.

and 0.44 m,

respectively. The half angle of the nozzle is approximately 6.5°. The experiments were performed at the

1

irl L1
present data have been obtained using a conical nozzle with throat and exit radii of 0.011 m

HEG conditions I (high enthalpy) and Iil (medium enthalpy) with either air or nitrogen as test gas. The
free stream conditions of each run were evaluated by the nonequilibrium nozzle flow computation together
with the reservoir conditions obtained from the 1D simulation and a suitable set of measured parameters.
The detailed description of the analysis is found in Ref. [35]. The reservoir and free stream conditions for
the éorresponding HEG runs are summarized in Tables 6.11 and 6.12, respectively. In the experiments,
three permanent probes are mounted which monitor the Pitot pressure, the stagnation point heat flux on
a hemisphere, and the static pressure in the free stream. The radius of the heat flux permanent probe is
10mm. In the present VSL analysis, the flow field around the heat flux permanent probe has been solved.
The surface was assumed to be fully catalytic and the number of chemical species was taken to be 7 species
for air and 2 species for nitrogen flow, respectively.

In Table 6.13, the stagnation heat flux at each run are compared between the VSL results and the
experimental data. For runs 627 and 619 (air as test gas), the heat flux values obtained from Eq. (6.1) are
also presented. For FCW conditions, the VSL results predict approximately 10 % higher heat flux compared
to experimental data. This discrepancy is presumably due to uncertainties coming from the determination of
the free stream conditions and the data reduction process of the experimental data. Uncertainty concerning
the depth of the thermocouple probe junction is another possibility. It has been pointed out that more than
30 % of uncertainty can be caused for short duration test facilities if the thermocouple junction is made
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Table 6.14: List of iteration numbers and CPU times with conditions of the HOPE flight trajectory

at 80 km
Species  Grid points Iteration CPU time (sec)
15 x 51 1040 11.9
5 15 x 101 1185 26.4
15 x 201 1204 53.3
15 x 51 1106 19.8
7 15 x 101 1254 45.2
15 x 201 1078 77.6
15 x 51 1636 73.1
11 15 x 101 1463 131.4
15 x 201 1680 302.0

0.1 mm in depth from the body surface.

6.8 CPU requirements

The total iteration numbers and CPU times required to obtain the converged solutions are tabulated

in Table 6.14. These data were obtained using the free stream condition of the H-II Orbiting Plane (HOPE)
flight trajectory at 80km (peo = 2 X 1075 kg/m?, 7o = 181K, and M = 25). All computations were made

on a personal computer with 700 MHz CPU. It is confirmed that total iteration number is nearly constant
at each number of chemical species. It should also be emphasized that the total CPU times increases only
linearly with increasing the normal grid points. This is, as already discussed, one favorable property of
the VSL methods. For a NS solver employing a shock-capturing scheme, as the number of grid points
increases (i.e. minimum grid spacing decreases), the total computational time increases significantly due to

the limitation of the CFL condition.

7 An approach to quick estimation of the stagnation streamline
properties

7.1 Motivation

As confirmed from the previous section, the present VSL code can compute hypersonic nonequiliburium
flows sufficiently accurately with much shorter computational time than Navier-Stokes solvers. However,
sometimes there is an occasion where we are only interested in the stagunation properties of blunted body
flows. In this case it would be much better if we could find a more rapid way to compute only the stagnation
streamline. In this section, an attempt has been made to compute only the stagnation streamline under the

present VSL algorithm.

7.2 DBasic idea

As already discussed in the preceding section, the continuity equation and s—momentum equation be-
come indeterminate at the stagnation point and hence a special treatment is required. In the s—momentum

equation, we have a term expressed as

Ysh
_ en 22 _ op
2ush (1 + KYsn) 1t [J " o¢ 7 9§ In

A
A = Op  Oysn Op (7.1)
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This is an indeterminate term at £ = 0 since both ue, and 9/0¢ becomes zero at the stagnation point. To

alleviate this inconvenience, we reexpress these terms as an perturbation form and take a limit as £ — 0.

!

Ush — éushs p/ - gp//7 y;h - gy;/h (72>
Then Eq. (7.1) becomes

, 2 2
Ysh > p 5} Ysh Q]j (73>

Ay — — Yo £ _ .
’ 2l (1 + rymp 2082~ "0 o

Since uly, p’’, and ¥} are not zero at the stagnation point, we can estimate these terms and find a solution
at the stagnation region. The problem is that these streamwise derivatives cannot be determined only from
the stagnation point. They are quantities that depend upon the flow downstream. In the conventional VSL
algorithm discussed before, these quantities are evaluated from the shock shape obtained from the previous
global iteration and the global iteration is repeated until the difference of the newly obtained shock shape
with that obtained from the previous iteration falls in a tolerable limit. On the contrary, if only we can
specify these derivatives in advance, it is possible to obtain stagnation properties by only solving along the
stagnation streamline. In this case, the total CPU time is expected to be much shorter than for solving the
whole flow field using the conventional VSL solution procedure.
As already discussed, the shock shape is expressed using a polynomial form as

1 1 1
Ysh = Ysho + §ysh2£2 + 1%11454 + gysh6§6 (7.4)

Thus the second derivatives of ygn at & = 0 is

32 sn
< Ul > = Ysh2 (75)
£=0

e
It should be noted that u/; can be evaluated once the shock shape is specified. Hence the downstream

properties required before the computation are the second derivatives of shock-layer thickness and pressure

at & = 0, namely . \ / N
e — | Ysh ey — g.g i (7
Ysh2 K 662 jgzo s V2 K8§2 } o i

It should be noted that ye» is a single property concerning the shock shape whereas py is a profile along

o>
R

the stagnation streamline. Then the stagnation solution can be obtained if we can specify the values of ysno
and po in advance.

In the present study, we take an approach that the stagnation profile is obtained by solving
field not only for the stagnation streamline but also for another streamline adjacent to the stagnation point

with specifying only yeno. In this case, ps is obtained as a part of the solution by evaluating numerically

+ha G
t1€ IIOW

using a formula as already shown in Eq. (4.57)

82p> D2 — p1
Do = | ot =92 (7.7)
’ <a£2 o Ag

where the subscripts m = 1 and 2 denote the stagnation point and the adjacent point, respectively.
On the other hand, the first-order streamwise pressure derivative at the adjacent point (m = 2) can be
evaluated by the three-point backward difference and considering the symmetry condition (pg = p2) as

dp _ D2— D1
<55>2 - 9Ac (78

Also if the adjacent streamline is sufficiently close to the stagnation point, the higher-order terms of yg in

Eq. (4.55) can be neglected and the shock shape is expressed approximately as

1
Ysh & Ysho + §ysh2§2 (7.9)
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Once the shock shape is specified, we can compute the shock properties and the shock derivatives at m = 1
and 2. The overall solution procedure of this approach is illustrated in Fig. 7.1. It should be kept in
mind that even in the case where we solve the whole flow field, the streamwise derivatives at m = 2 are
evaluated using Eq. (7.8). Thus the uncertainty concerning the present approach is attributed only to the
approximation error of the shock shape given in Eq. (7.9). Thus the solution procedure is almost identical
to solving the whole flow field if the specified ysno is sufliciently accurate.

Next we consider the accuracy of the present approach. Figure 7.2 shows the variation of the stagnation
heat flux as a function of yene. This figure was obtained by the following procedure: firstly, the whole flow
field was solved and the “exact” value of Yz was evaluated using the least squares curve fitting for the
shock standoff distance. Then the stagnation point analysis was performed by shifting yene from the “exact”
value. As clearly confirmed from this figure, the stagnation heat flux value is insensitive to the change in
Ysha. The —100% uncertainty of ygno means that we totally neglect the terms associated with yspe. Even
in this case, the deviation in the stagnation heat flux from the “exact” value is only 6 %. This is expected
because, from Eq. (7.9), it is apparent that ysuo = 0 corresponds to assuming the shock shape to be parallel
to the wall surface. This is still a reasonable assumption if the adjacent streamline is sufliciently close to
the stagnation streamline. From Fig. 7.2, it is confirmed that if the uncertainty of ys2 is in the range of
17-18 %, we can calculate the stagnation heat flux within 1% of accuracy. Then if we can specify the value

of ysno even to a moderate accuracy, the stagnation properties can be evaluated within a tolerable accuracy.

7.3 Benchmark tests for HEG conditions

The accuracy of the present approach is assessed by using the standard operating condition of the HEG
already presented in the subsequent section. First, the whole flow field is solved for every conditions and
the values of ygno were gathered. The result is summarized in Table 7.1. As expected, ysno is essentially
independent of wall catalysis or number of chemical species. It is also recognized that yspo is slightly
enthalpy-dependent. Thus it is reasonable to correlate ysno with respect to the stagnation enthalpy. From

these cataloged data, we obtain a correlation formula of
Yshe = 0.172 — 0.00343h, (7.10)

where hy; is the free stream total enthalpy in MJ/kg. With this formula, the present method has been
applied to the flow field of the HEG and the results are suminarized in Table 7.2 for the 7 species case.
For every case, the present stagnation point analysis shows excellent agreement with the original solution
procedure solving the whole flow field, although the total iteration number is less than one tenth of the
original procedure.

In the present analysis, by solving the adjacent streamline together with the stagnation streamline, the
second derivative of the pressure py is obtained as a part of the solution. On the other hand, it is also
possible to obtain a solution by correlating and specifying po as well. In this case, it is not necessary to
solve an adjacent streamline and then the total iteration number is expected to be much smaller compared
to the present approach. Unfortunately, the profile of ps has been found to be much sensitive to the change
of enthalpy and, if the ps is correlated with respect to enthalpy, more than 3 % of discrepancy was confirmed
for the stagnation heat flux value. Since the source of error is only attributed to the specification of ysn2,
the present approach of solving two streamline seems to be a more reasonable choice when considering the

trade-off between the computational speed and accuracy.
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Figure 7.1: Solution procedure for solving flow field along the stagnation streamline
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Figure 7.2: Variation of the stagnation heat flux as a function of the second derivative
of the shock standoff distance, ysno
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Table 7.1: List of ysn2 obtained from the VSL solutions under the standard HEG conditions

Cond. Wall catalysis  Species  yaho

5 0.116

NCW 7 0.117

: 11 0117
5 0.114

FCW 7 0.116

11 0.116

5 0.104

NCW 7 0.106

11 0.106

I 5 0.104
FCW 7 0.106

11 0.107

5 0.134

NCW 7 0.134

11 0.133

i 5 0.132
FCW 7 0.132

11 0.132

5 0.121

NCW 7 0.121

v 1 0121
5 0.121

FCW 7 0.121

11 0121

* Nondimensional value

Table 7.2: Comparison of the stagnation heat flux and the shock standoff distance (7-species model)

e Gote (MW /m’ Ysn/Rn (x1077%) Iteration
Cond.  Catalysis Case A Cise B B>— A (%) Case A Case(B B—A (%) CaseA CaseB

I NCW 13.7 13.7 0.25 8.03 8.00 -0.37 2000 143
FCW 16.2 16.2 0.15 7.93 7.91 —0.20 1565 149
1 NCW 24.5 24.5 0.07 7.22 7.21 —0.15 2054 192
FCW 27.7 27.7 0.11 7.20 7.19 —0.16 1918 160
NCW 8.61 8.63 0.16 8.85 8.83 -0.27 2133 171

111 R 5 A 15N A nQ ; ” 1
FCW 12.0 12.0 0.08 8.73 8.72 -0.1 1867 163
v NCW 16.9 16.9 0.04 7.92 7.92 —0.07 2531 199
o FCW 21.4 21.4 0.03 7.85 7.85 —0.02 2414 186

Case A: solve whole flow field

Case B: present stagnation analysis

P L]

8 Numerical evaluation of free stream properties for high-enthalpy

test facilities using the VSL technique

8.1 Motivation

In an attempt to evaluate the acrothermal characteristics of a hypersonic reentry vehicle by wind tunnel
tests, it is of particular importance to estimate the free stream flow properties correctly. For a conventional
blow-down type wind tunnel whose flow enthalpy is relatively low, this is not a problem since the reservoir
temperature and pressure of such facilities can be measured easily and the flow properties inside the nozzle
are described well by the assumption of isentropic expansion [38]. For an impulse test facility including
the shock tunnel, on the other hand, the determination of the free stream conditions intrinsically involves
considerable difficulties. It is possible to use a nozzle flow calculation code by assuming the reservoir
conditions with the measured initial shock speed and the pressure behind the reflected shock as input

parameters. However, using this approach, we tend to predict the total enthalpy inside the reservoir much
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higher than the actual value since a series of irreversible processes such as the heat loss at the shock tube
end wall is not taken into account. For a large scale shock tunnel, the reservoir pressure is of the order of
10 MPa and hence we must take into account the effect of intermolecular forces, i.e. the Van der Waals
equation should be used instead of the perfect gas equation of state. Furthermore, as the enthalpy increases,
dissociation, recombination, vibrational excitation, and other high-temperature effects become significant
and these phenomena involve too many unknowns to model.

For hypersonic and/or high-enthalpy facilities, one traditional approach accepted widely is to deduce
the free stream conditions through the use of theoretical formula with measured physical properties at the
test section. For example, Fay and Riddell derived an expression of the stagnation heat flux on a sphere for

dissociated gases as [39]
Qw = 0.76.Pr %9 (Peﬂe)o'ét(p‘v/%v}o'l

du, r hp
, 2 ) (he — hw) |1+ (L — 1)-= 8.1
(5] e |1 e - )l (8.)

where hp = >, C;ARY and the subscript e denote the conditions at the edge of the boundary layer.
(due/dx)s is the tangential velocity gradient at the stagnation point and can be evaluated approximately
itot pressure and heat flux for the flow field around a sphere,

assuminge Newtonian flow. Using measured Pito
assumin. g Newtonlan ilow. Using measured rito

the free stream total enthalpy can be deduced by solving the above equation for he. However, this approach

may include some error sources due to the following:

1. The derivation of Eq. (8.1) assumes that the flow at the boundary-layer edge is inviscid and in equi-

librium.
2. The shock layer thickness should be thin enough for the Newtonian approximation to be valid.

3. The validity of Eq. (8.1) has not been confirmed well for various Prandt]l numbers since the original

Fay-Riddell formulation has been based on computations for a Prandtl number of 0.76 [40].

4. Tt is required to introduce some assumptions to deduce flow properties at the boundary edge such as
Pe =pi or Te =Tj.

5. If the free stream is dissociated or lonized and in thermochemical nonequilibrium, there is no way to

account for such effects.

In fact, the presence of dissociated species in the free stream may be critical for certain wind tunnels, and
the flow Mach number and Reynolds number in an arcjet wind tunnel is usually too low for the flow to
be hypersonic and inviscid [8]. In these cases, therefore, versatility of the use of Eq. (8.1) may become a
problem. In a case where the assumptions introduced in the analytic or empirical approach are violated,
it is possible to apply the CFD technique instead of theoretical expressions such as Eq. (8.1) to eliminate
these difficulties and this is the main motivation of the present study. The idea is illustrated conceptually
in Fig. 8.1. The objective is to obtain the free stream conditions, which are given commonly as input
parameters, from the measured properties such as heat flux or Pitot pressure, which are obtained commonly
as outputs. This can be regarded as an inverse problem of CFD and clearly different from the traditional
role of CFD where the experimentally obtained flow field is numerically reproduced by specifying the free
stream conditions as input parameters.
By using CFD, we can readily incorporate the effects of

e thermochemical nonequilibrium state in the shock layer,
e shock-slip,

e finite rate catalysis, and
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Figure 8.1: Determination of free stream properties: an inverse problem of CFD.

e free stream dissociation.

In the remainder of the present section, an algorithm is developed to estimate the free stream conditions
using the present VSL algorithm. The method is then applied to the HEG standard operational conditions

described so far and the accuracy of the present method is investigated.

8.2 Numerical procedure

Typically, we solve a flow field using the CFD solver by specifying free stream properties as boundary
condition, and obtain a flow field property such as the stagnation heat flux and pressure. Hence, we
can consider that the stagnation heat flux/pressure is estimated through the nonlinear operator ¥ (CFD

operation) as a function of the free stream properties. That is,

= F1(Poo, Toos Mooy -+ ) (3.2)

/ \
= Fy(Poos Lo, Mocs -+ ) (8.3)
In turn, we now want to obtain free stream properties from the measured aerothermodynamic properties.
Since F is a nonlinear multivariable operator, for example, obtaining free stream properties for a set of
(Pt, Gw, - - - ) corresponds to searching the free stream values which satisfy 1 — g = 0 and Fo —p; = 0. This

means that conventional CFD procedures (solve flow field for a set of inpuf parameters) must be performed
iteratively as element of an overall iteration algorithm. Hence the total operational cost may be extremely
expensive and may not be suitable for practical use if one employs a Navier-Stokes code to evaluate the
stagnation properties. In this case, we are only interested in the stagnation point heat flux and pressure
and the information concerning whole flow field is not necessary. Therefore, in the present approach, the

stagnation point analysis algorithm developed in the preceding section is employed.

8.3 Choice of input parameters

Generally, it is required to specify three independent parameters to completely describe a flow field.
Of the three, the Pitot pressure and the stagnation heat flux can be measured directly for any wind tunnel
facilities, but the choice of the last variable is a problem. Although it is possible to measure the static
pressure at the nozzle exit, the pressure so measured will be different from that of the test section if the
model is not located near the exit. However, if one examines the stagnation heat flux distribution for a range
of the Pitot pressure, total enthalpy, and free stream Mach number as depicted in Fig. 8.2, it is obvious
that the heat flux value is very insensitive to the change of Mach number. Therefore, it is expected that
even a nominal value of Mach number gives sufficiently accurate results. In what follows, it is shown that
the effect of this approximation on the accuracy of the total enthalpy evaluation is negligible. It is also to
be noted that the heat flux changes monotonically with respect to the changes of these three variables, and

hence the total temperature can be determined uniquely for a given set of gy, p;, and Mo
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Figure 8.2: Heat flux iso-surface plots under the HEG conditions.

8.4 Algorithm

We need to find a set of (T, poo) 50 that the stagnation heat flux and pressure are equal to the specified
values. Here we define the vector G whose components are defined as

G = (G19G2)t = (Q'w — w0, Pw — wa)t (84)

where gy and gwo denote the heat flux value obtained from the CFD analysis and experiment, respectively.
Then we try to find T, and ps which satisfy G = 0. This falls into the two-dimensional nonlinear root
finding problem. One method commonly used is the Newtonian searching algorithm.

Ag=-A"1.@ (8.5)

where ¢ = (Teo,poo)’ and A is the Jacobian matrix defined as A = 9G/8q. Needless to say, we can
not obtain the analytical expression of A, so that A must be evaluated in a numerical way. In the present
algorithm, the approximate Newtonian method of Broyden [42] was employed. In this method, the Jacobian
matrix at iteration number k, A*, is evaluated approximately from the previous values at k — 1 as

AGE-L _ gk—1, Aqul) ® Aqk71

Ag-—1. AgF-1 (8.6)

Ak:Ak_l—}—(

This formula is based on the idea of getting A* by making the least change to A*~! consistent with the
secant equation of the form
AP, Agh-t = Age=] (8.7)
The initial Jacobian matrix A° is numerically evaluated by computing & at the initial set of T, and ps,
and further increasing these values to a certain extent.
The overall solution procedure is illustrated in Fig. 8.3. It is emphasized that the stagnation anal-
ysis method developed in the preceding section is employed here since properties of interest are only the

stagnation heat flux and pressure.

8.5 Benchmark test for the HEG operating conditions
The present algorithm was applied to the four HEG standard operating conditions presented in the

preceding section. The stagnation point heat flux and pressure in Table 6.10 were used as a set of specified
quantities and the free stream enthalpy was computed by varying the Mach number from 5 to 10. For
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comparison, the enthalpy was also evaluated by applying Eq. (6.1). The comparison of the estimated free
stream enthalpy is compared with the original value in Table 8.1. Using Broyden’s method, in every case, a
converged solution can be obtained within 7-8 iterations at most. As expected, the estimated total enthalpy
agrees very well with the specified value irrespective of the Mach number assumption. This indicates that
the free stream total enthalpy can be evaluated sufficiently accurately by the present approach even with
an approximate free stream Mach number. On the other hand, more than 4 % of prediction error can be

observed if the correlation formula of Eq. (6.1) is employed instead of the present VSL algorithm.

Table 8.1: Comparison of specified /estimated free stream total enthalpy

~ 5 hi(specified) M=5 M=175 M =10 Eq. 6.1
ONE I\/IJ/kg ht Aht (%) A Ahy (%) h Ahy (%) he Aht (%)
I 16.54 16.48 —0.40 16.55 0.02 16.53 —0.06 16.71 1.00
11 19.18 19.12 —0.31 19.20 0.11 19.20 0.09 18.41 —4.03
7 11.35 11.27 —0.68 11.34 —0.08 11.33 —0.18 11.23 —1.02
v 14.36 14.26 —0.65 14.35 —0.02 14.35 —0.63 13.74 —4.27

8.6 Accuracy estimation

Next, the accuracy of the present approach is examined as follows. Noting that hy = h(pr, Moo, ¢w),
and using the Taylor expansion, we obtain

% Apt AQW A]\/[oc

=0, — +8,, — +0py_ — 8.8
ht Dt D + Gw G + Moo j\/iroo ( )
where the sensitivity coefficients 8,,, 84, . and 87 can be defined as
Oh w Oh My  Oh
_ P i _ g t i (8.9)

o T B TR B

We try to estimate 0, and 8,, in the conditions of interest (frr., is omitted here since it is negligibly
small). Since we cannot obtain these coefficients analytically, the partial differences dh;/0p, and Oh:/dqy

are estimated approximately in a finite difference fashion with computing h; for various p;, and g. Figure 8.4
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Sensitivity factor, 8

Figure 8.4: Distribution of sensitivity coefficients.

depicts the distribution of these sensitivity coefficients as a function of g,, and p;. It is observed that both of
the sensitivity coefficients indicates less than unity for every conditions of interest. Thus, using the present
approach, it is at least expected that the predicted h; does not amplify the uncertainties associated with

the measurement errors of g, and p;.

8.7 On the credibility of the present algorithm

The accuracy of the present algorithm can be enhanced as we improve the accuracy of measured flow
properties. This can be achieved by the improvement of measuring techniques, application of the redundant
measurement techniques, developing an uncertainty analysis procedure, etc. However, first, it is obvious
that the accuracy of the VSL algorithm itself must be sufficiently guaranteed. This is directly connected
with the issue of CFD Verification and Validation (V & V) process [43]. We comment on this regarding the
present VSL technique below.

By definition, verification is a process of assessing the credibility of the numerical algorithm to solve
a specific set of governing equations and boundary conditions [44]. It may contain the assessment of the
sensitivity of results to grid distribution, particularly for complex geometries, and to numerical viscosity
added to capture strong discontinuities such as shock waves or contact surfaces. As far as the present method
is concerned, however, it should be noted that the flow field we want to solve is restricted to very simple
cases, i.e. hypersonic flow around a sphere, so that sensitivity testing with respect to the grid deformation
is not required. Also, since the VSL algorithm is a shock-fitting scheme, no numerical dissipation term
is introduced and thus the algorithm is free from numerical errors associated with this. Therefore, the
only process needed to verify the present code is grid convergence testing. The Grid Convergence Index
(GCI) [43], may be available to estimate the discretization error.

Validation, in turn, is a process to assess whether the governing equations or the physical model em-
ployed is accurate enough to reproduce the actual physics in a range of conditions of interest. Regarding
the present method, this includes the assessment of 1) whether the VSL equations are reasonable repre-
sentations of the Navier-Stokes equations, 2) transport properties for multicomponent gas mixtures, and 3)
chemical reaction rates for nonequilibrium flow fields. As noted earlier, the VSL equations are a subset of
the Navier-Stokes equations by keeping terms up to second order with respect to € = 1/v/Re. Concerning
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the first issue, as can be confirmed from the previous section, the present VSL code is found to be a good
representation of the NS solver for most conditions of interest. The choice of physical models associated
with transport properties and chemical reaction speed may also have an impact on the accuracy of the
result obtained. Tt is possible to investigate the sensitivity of the solution to the change of these models by
comparing the result of one model with that of others. Empirically, however, it is expected that the effect
of the choice of chemical models on the predicted value of heat flux is relatively minor. Also the stagnation
pressure is less sensitive to the chemical state since the pressure distribution is essentially determined by

the balance of momentum and is not so much affected by the chemical reactions.

9 Summary

A new viscous shock-layer code has been developed. By using the present code, the hypersonic flow
around a hemisphere which may be in chemical nonequilibrim can be solved typically within 1 minute using
a conventional personal computer.

The accuracy of the code was examined by comparing with Navier-Stokes results and essentially iden-
tical results have been obtained for a perfect gas case. The VSL results were further compared with the
Reynolds numbers. It has been confirmed that the difference in the stagnation heat flux is around 1%
at most for a Reynolds number range from 10% to 10°. Thus the present VSL code was found to be suffi-

Navier-Stokes computations for the stagnation heat flux/pressure for a wide range of Mach numbers and

ciently accurate compared to conventional Navier-Stokes solvers for most practical problems of interest. The
code is further validated by comparing with other VSL/Navier-Stokes results under the flight conditions of
OREX/AFE and reasonable agreement has been confirmed.

Next an efficient technique has been proposed to obtain stagnation properties of blunt body problems
by only solving two streamlines in the stagnation region. In this method, by only specifying the streamwise
second derivative of the shock standoff distance, stagnation properties can be obtained with less than one
tenth of the CPU time compared to solving the whole flow field by the original VSL solution procedure. The
second derivative of the shock standoff distance was correlated with the free stream enthalpy concerning the
four standard conditions of HEG, and the stagnation point heat flux cbtained from the present approach
has been confirmed to be essentially identical to the value obtained by solving the whole flow field.

Also an algorithm has been developed to deduce free stream total enthalpy of high enthalpy shock
tunnels. In this algorithm, free stream properties can be iteratively computed by specifying measured
stagnation heat flux and Pitot pressure plus nominal Mach number. The method was applied to the HEG

conditions and it has been found that the accuracy of the present approach is sufficient.
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