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Context & Equations
Context
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Cea Context

Aim
@ Our aim is to capture fluxes (pressure and thermal fluxes) in the flow over
a blunt hypersonic body.

@ Turbulence has a great impact on the values of these quantities so we
need a robust and accurate model to do the job.

@ Here we present a first-order turbulent model based on Wilcox k — w
model.

@ We are only interested in solving stationnary states.
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Cea Incompressible k — w turbulent equations

Equations for U (velocity), k (turbulent kinetic energy) and w
(characteristic frequency of the turbulence)

aU + U-vu+v<P+§k> —-V. {(HW) (VUJrVUTﬂ,

V-U=0,
Ok+U-Vk=2v:(S:S) - *kw+ V - [(v + o"v) VK],
Ow+U-Vw=20a(S:8) - Bu?+V-[(v+or) V],

k 13
=—,a=—,0=pofs, 8" = Bsfs,
UVt w,(‘é 25" PolB Polp
. a9 . 9
g =0 —0457do—ﬁ,¢jo—m,
1+ 70x. obl v — QeQ):S
BT 1180y T | (Bow)® |
1 ) Xk < 0 1
*x 2 = %
f3 = 14 680x% >0 , Xk = MSVka.
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From incompressible flows towards compress-

— ible flows

Compressible equations

@ Compressible equations are obtained by analogy with incompressible
equations. Mean quantities are defined by pondering by the mass
(Favre’s averaging).

@ We ensure in the code that Reynolds Tensor

2 - .
R=(+uw) <VU 4 VUT> = gkl have all his diagonal coefficients

negative and all non diagonal satisfy | R;| < |/ R;iR; because of its
physical meaning (“realisibility condition”).
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Final system of equations (1)

ou(p) + V- (pU) = 0,
Ai(pU) + V (U U) + ¥ (P+ §pk)

=V- |:p(l/+l/[) <VU+VUT - g(v-U)lﬂ :

O(pE) +V (<pE+ P+ gpk> U) V. ((H pﬁf”) vr)

=V {p(l/-{—l/;) <VU+VUT— g(V-U)I> U} +V - [p(v+01) VK],

Ou{pk) + V- (pkU) = —spR - VU — Bigupks +V - [p (v + o) VK]
I(pw) + V - (pwl) = —afspR : VU — Bpewpw?® + V - [p (v + ovt) V],

K
Vi=a —, V= —,
w’

S =

)
VoY vl o= Yo ,R:y,(zs—(v U)I) oA
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Final system of equations (2)

k . . _ !
fC:1.7,F1’61:E,0'=0' —O.S,ﬁo 125,60 0 040—3,80,040—9-,
. of+ Ret/Rk 13 ap + (Ret/Ru) , .\—1
o = 0T 0 = 2 (ah)
1+Ret/Rk 25 1+(Re,/Rw)
B 4/15+(Ret/ng)4 . o
6—50 1+(F1’9t/R5)4 fﬂ7ﬂ —/Bof/%
B pnew = B* — 1.5 max(Ma; — MaZ,0)p ol Ma, =05
Brew = B(1 + 1.5 max(Ma? — M&;,, 0))
R;=8,R«=6,R,=6

1+ 70x, ob ‘(Q@Q):S
T 1180y, e (Bow)® |’
1 5 Xk S 0 1
* 2 —_
fs = 14 680X} >0 » Xk =3 VkVw,
1 + 400y«

Pft =0.7.
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Cea Boundary conditions

Boundary layer equations

Oi(pk) + V - (pkU) = pR : VU — " pkw + V - [p (v + c*v1) VK] ,
O(pw) + V- (pwl) = apR : VU — Bpuw? + V - [p (v + ov) Vo .

C. o
If one looks for k ~ Cxy" and w ~ y—; so that dissipation ¢ = kw tends to a
finite value when the wall distance ytends to zero, one gets:

0 = —B*C.Ck+v(n(n—1))Cy" 2, (1)
0 = —BC2y2"+u(n(n+1))C,y "2 )
Equation (1) gives n=2 and 5*C,, = 2v.

Zquation (2) is satisfied if and only if —2n = n — 2 which also means n =2
and 8C,, = 6v.
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Theoretical and numerical solvings
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Some mathematical properties of a simplified

incompressible model(1)

2
atu+u-vu+v(P+3k):v-[(y+w)(vu+vuT)],
V-U=0,
Ok+U-Vk=214(S:8) - kw+ V - [(v+ c*v1) VK],
5’tw+U-Vw:2a(S:S)—Bw2+V [(v + o) V],

k 13 . B ._ 9
V= —, = c=0"=05p= 125,5 100"

w 25’
If one looks for regular local in time 3D solutions to the kK — w model (in Sobolev spaces) on
bounded regular domains we have the following properties:

Framework of the work

@ we suppose that U is in the Sobolev space Hg for small times with s > 4 4 3/2.

@ we suppose that k is in the Sobolev space H§ for small times with s > 4 +3/2. item we
suppose that w — wp is in the Sobolev space H for small times with s > 4 + 3/2 where wg
is a constant (the boundary condition on the domain).
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Some properties of a simplified incompress-
e prop P P

— ible model(2)

Then we have

A priori estimates
There exists some integer n depending on s such that

d
— (1UIP e + 11KI1P s + llw = wol P e) < (HUIIP s + 111 s + e — ol [ e

n(s)
o )

so that if one finds ways to construct solutions through an iterative process
there will exist local in time smooth solutions in 3D. (Mathiaud 2008 :“Local
smooth solutions of the incompressible kK — ¢ model and the low turbulent
diffusion limit)
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Cea System of turbulent equations

The global system of compressible equations can be under the following form:

OV + 0xF(V) + 02,G(V) = S(V) (3)

where Vis the vector | pE |, F(V) represents the flux associated to V,

pw
G(V) the diffusive part of the system and S(V) the source term.
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Cea Numerical solving of the stationnary states

The time marching is solved through:

Vn+1 —_yn

p + O F(V™) 4+ 02, G(V™!) = S(v™) (4)

We use a finite volume scheme for Navier-Stokes equations with a Roe-type
solver.

We note

A(pk) _ pn+1kn+1 _pnkn’
A(pw) _ pn+1wn+1 _ pnwn7
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+

(U""K") +V - (U"Apk) + V - (K"ApU) + V - <—

(—fepR: VU)n - (6;ew)npnkn " (/B;:ew)nwnApk - (/B;ew)nknpr
N+ )" VK| + V- [(v+ 0*11)" V(Apk)]
[+ o™ k) V(2]

Then turning to w equation:

+

Apw
a TV

(—afepR : VU)" — (Bpew)"p"ww" —
[(p(v+ 0*1))" V"] + V- [(v + 0% 1) V(A pw)]

\Y
\Y

(v + ") ") V()]

(U"p"w™) + V- (U"Apw) + V - (w"ApU) + V - (

Urw"
(p")?
(Brew)"w" Bw — (Brew)"w" Aw
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Ce2 Stationnary state

Looking for stationnary states

nl-n
AT’;" V(U KT+ V- (UM ApK) + V- (K"ApU) + T - <—EJ§2Ap>
p"
= (~fepR: VU)" = (Brew) 0"k — (Brew)"w" Bpk — (Bpew) K" Ape
+ V-[(p(v+o"')" VK| + V- (v + o )" V(Apk)]

n, ,n
% + V- (U)W + V- (U'Apw) + V - (W"ApU) + V - (— I(J 0;2 Ap)
pn

= (—afopR: YUY = (Bia) 7" = (Big) " B — (Bl B
Vllp(v+o'n)" Vo' + V- [(v + o )" V(Apw)]

+
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Results
Ramp at mach 5 (Delery 1990)
Dutton and Herrin experiment
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2D ramp at mach 5 (Delery 1990)

Mach R
Pressure 5932 SI _

35
Density 024898 —— = deg

Z
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Figure: Pressure coefficient & Stanton Number
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B

C@_Z_i 3D results

Var e mrch
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Cea 2D .vs. 3D

womega
keepsion
données expérimeniales
14 k-omega 3D
10
0.8~
06~

Figure: Pressure coefficient & Stanton Number

3D results are quite in agreement with 2D results
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Dutton and Herrin experiment(1994,
Journal Vol. 32, No. 1, January )

cea

Mach = 2.46, Pressure = 32078.5, Density =0.84302, Velocity= 567.8
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C@_a Mach Number and Turbulent int

Var, bbc.imc:ch
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Figure: Recirculation point measured at 0.084m by Dutton and assessed at 0.1m by the code
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Figure: Ratio between k and %uz: the max was measured at 0.044 by Dutton
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C@Q Pressure results for different models

coefficient de pression au culot - différents modeles de turbulence
Fluent | 2D | axisymétrique || M_inf =246 : Pt_inf = 515kPa ; Tt_inf = 293K
004

- Expérimental: Herrin & Dutton
wkw_thot

¥ K-e Fluent

& K-w Fluent

Figure: Cp on the wall
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Figure: Cp on the wall Figure: Reattachment point
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Figure: Reattachment point
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Cea Why such a difference?(2)

Flaws in the mesh creating orthoradial velocity

Figure: Flaws in the mesh creating orthoradial velocity
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Conclusions & Prospects
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Cea Conclusions & Prospects

@ The k — w has been improved to provide good agreements with
experiments.

@ Theoretical and Numerical analysis have been done.

@ Understanding 3D results are still under investigation. Fortunately we are
able to perform computations very rapidly (3 hours on 1000 processors
for 107 cells.
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cea 2D Dutton exp

| Aerodynanic conditions

Initial wind tunnel conditions

Stag. pressure i
Stag. cemperature ™

Reference lenght and area:

Reference lenght Lref =
Reference surface Srer =

Gas model (perfect gas)

Spec. heat ratio
Ideal gas comstant  rga
Specific heat (cst V) Cv
Specific heat (cst p)_ . Cp =

Ideal gas cst / mole Rgas =
Molecular weight Hair =

Wind tunnel conditions:

Temperature T
Pressure »
Density =

Velocity and sound speed:

Velocity magnitude

Sound speed

v
v

Viscosity model (sutherland lau)

515000.00 Pa
293.00 K

0.25400 n
0.00317 w2

1.400
287.053 3/kg.K
717.633 3/kg.K
1004.686 J/kg.K

5.31432 3/ (mole.K)

0.02895 ky/wole

132.56 K
32078.50 P
4302 kg/m**3

567.75 w/'s
2044.04 J/n
230.81 w/'s
830.91 o/

Such. constant
Ref. temperacure
Ref. viscosity

Molecular viscosity M
Einewatiz viscosity  Nu

Reynolds number

Reynolds mumber / m  Re/m_ =
Reynolds mumber / Lref Re/L

110,40 ¥
0173208 Kalme2)

0.516E-05 Ko/ (m.2)
0.109E-04 n2/5

52.27 x 1046
13.28 x 1046

eriment: data

Velocity and sound speed:

Velocity magnitude

Sound speed

Viscosity model

567.79 w/'s

830.91 ao/n

Suth. constant
Ref. temperature
Ref. viscosity

Molecular viscosity
Einematic viscosity

Reynolds number

Reynolds muber /
Revnolds muber / Leet Re/t -

data from Dutton(1991)
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Cea 2D Dutton experiment: mesh

Figure: Icem mesh with 47888 nodes (R=32mm)

CEA/CESTA | Multimat 2013,San Francisco | PAGE 30/32



¥ Axis

Velocity field

Pseudocolor Vector
Var vitesse
601.0

Var intens
—0.04874

—0.03655

002437

001218

1.033e-07
Max: 0.04874
Min: 1.033e-07

0.040
0.030
0.020
0.010

—300.5

.‘0‘01467

Max: 601.0
Min: 0.01467
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Reattachment zone for 2D models

mach on x-axis

© thot k_w

Mach number

Figure: Mach number: CEA k — w,Fluent k — w model, Herrin & Dutton experimental
results, k — emodel in Fluent, kK — w model in Fluent)
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