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Work goals

When shock wave passing in gas phase through boundary of two components with
different density, Richtmyer--Meshkov instability occurs, which leads to intensive
mixing of this components.

The process can be modeled with help of special models of turbulence, which takes into
account buoyancy production term:

G,=u"-Vp

This work pursued following goals :

1. Adding k-¢ model to existing multiphase gas dynamics model.

2. Simulation of experiments, that had investigated Richtmyer-Meshkov instability and
calculation width of mixing zone.
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Gas dynamic model

Modified system of gas dynamics equations for multiphase system, which was embodied
in Focus programm®™;

a(/)_m'a’-) S = = —
! +V-(pm-0:. -um)zv-JJrv-J,
ot I

6(0:.) — —_—
! +V-(Of -um)za'_-V-um
ot !

—_—

a(?m.;;m) e o
+V-(pm-um®um)+VPm=—V[—-pm-kJ+V-rd+V-

a(p""{E"'})+V.(p_m.{Em}.;;)+V-(Pm.Z):—V-(;-u"m—Q-u"m)+V-(‘r-r:;)

o J

+V-(§-;;)+V-[(I+/’L) VT + 2 —V+;\+V-((;+ﬂt)-§k)+V-E

C)KMMaeMbIX TEUCHUH B DIJIEPOBBIX MTepeMeHHbIX. 3a0abaxuHckue HayuHble yTeHus:: Coopuuk Te3ucos XIII MexaynapoaHoit

*H. A. Muxaiinos, U. B. I'ma3sipun, MeTon ykpy4eHHs KOHTaKTHBIX TPAHHUIL JJIST MOACTHPOBAHUS TPEXMEPHBIX MHOTO(a3HBIX
koH(pepenmmu 20-24 maprta 2017, Cuexunck: Uzn-so POSI-BHUNUT®, c. 326, 2017
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Turbulence modeél

k-€ model, proposed by J. T. Moran-Lopez and O. Schilling* for two component systems:

a(p k ) H — o=
— (p -k - um) ,u+—’ Vk =7, Vum —u'm-Vp+
ot c
— 2 — ~
+u" V- Q—gpk-V-u (1+M )ps+H
() (- ~
—_ fard — —_— E —
—+V-(p-s-um)—V- ,u+& Ve |=C-—7,:Vim—
Ot o k
C E VpiC B v.o-C 2.2, -V-: -C,, o LC 2
Og U m P Og U 'm 3e P& u P de k
k k 3 k k
*J. T. Moran-Lopez, O. Schilling, Multi-component Reynolds-averaged Navier-Stokes simulations of Richtmyer-Meshkov I
instability and mixing induced by reshock at different times, Shock Waves, 2014, Vol. 24(3), pp. 325-343
G www.rosatom.ru ‘ 4/22

OOOOOOO



Division on processes

Solving Euler equations

N4

Solving PDE fo sources of k and ¢

NS

Solving equations for other flows: diffusion of momentum, mass
fraction, heat
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Euler’s equations

First system of equations is

ved: Making assumption about equal
solved.— compressibility of phases,
a(pm -al.) S — volum fraction is corrected:
—+V-( m-a.-um)=0
ot l a.”
1
a(a) . a. = *
! +V-(a_-um)=0 1 Zaj
ot z J

a(a.&m) L 5 a;* - volume fraction from
——— tV ( [ ] Euler’s equations
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ODE for sources o kK"anad <

After that equation for k and ¢ are sold. Only sources are taking into account:

oK), o i v

ot
—E-p-k-V-um—(lJth )-p-5+Hk
O ;-8 = — = —
( )zclg-f-rd:wm—cog-f wVp+C, S VO
ot k k k
2 = g £
—CSE'E'p'g'V'Hm CZE - ?-FC E Hk
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Other are diffusion equations:

o(p, ) (CATA

Other flows

ot \ o) )
6(pm-£) ((_+&\_.\
ot \\ g ) y

=V(@+ﬁ)

=V (put = Qe )+ V1 |+ VA Qe |+ VT

a(pm-ém) =V-[&-§E]

ot o
de,. OT - .
%-E=v ((1+27)-VT)
6(pm @, =V-(§+Z)
ot
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Closure model
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Closure model

Velocity fluctuation approximation:

Pressure-dilation correlation:

— —= 9 —
szp'-V-u'sz-[ [r Vu—g pk- Vuj+a' P 8]

Constants:

C,=0.09; 06=0.5; o,=0.76; C;, =0.84;
C, =144, C, =192; C, =2.; C, =1.1
o, =04; a,=0.2.
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Connection between massand volume

fraction

Advection equations are solved in volume fractions:

%, ‘. Ol .
(Pm 1) e ( l)
+V-(pm-cx. -um)zo;
ot ot

I
Diffusion equations — in mass fractions:

a(p_m-a).) s .
1 =V- pm.g.vi+& .Va)i
ot 5 o

After third stage only average pressure and temperature per cell:

pia :f(pm9Tm)
Then volume fraction on new time layer :

24

P
pm .a)z’
After that pressure of the mixture and temperatures of phases are recalculated.

a =

I
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Comparision with experiment

Comparisions were made with experiment of E. Leinov and oth.*

; o Bosgyxa 400 - — ]
X
1,4 o SFB 1
350
1,2 Py .
1 300
1,0 4
] 250
0,8 4
1 200
0,6 4
1 150
0,4 4
0,2 4
] 50 -
>0 ' 0.71
! I ! T ! T ! 1 0 T T T T T T T T T T T T T e
0,6050 0,6075 0,6100 0,6125 0,6150 0,0 o,l 0,2 0,3 0,4 0,5 0,6 0,7
X, M X, M

*E. Leinov, G. Malamud, Y. Elbaz, L. A. Levin, G. Ben-Dor, D. Shvarts, O. Sadot, Experimental and numerical investigation of
the Richtmeyer-Meshkov instability under re-shock conditions, J. Fluid Mech., 2009, Vol. 626, pp. 449-475
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Comparision with experiment

One dimensional simulations were carried out for four variants of experiment.
Initial conditions:

*Pressure — 23 kPa.

*Temperature — 294 K.

*Density of air and sulfur hexafluoride — 0.2729 kg/m3 and 1.3738 kg/m?3
correspondingly.

*Distance to wall 9.8, 13.2, 17.7 1 19.9 cm.

*Gases were taken as ideal with isochoric heat capacity:

C;" =717.1 JTx/xr
C)'* = 605.6 Ix/kr

*Properties after the shock wave corresponded 1.2 Mach:

p, =0.366 kr/m’

p, =34806 Ia

-

;o =(104.96;0;0) wm/c
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Comparision with experiment

Initial k and € were taken constan according to the equations:

—~
juinrsy

2
k,=K° -(uo -Az) =495 m*/c?

2. =
g0 =hy % At]- Au =5.83-107 m?/c?
Ar=22""2 _ 067, Au=(69.5.0,0)
Psg T,

A, =00025m; K°=0.1

A — parameter about mean length of initial preturbation, Au — change of velocity
due to passing of shock wave.

,=0

__1a _qa
5_lx:0.01 lx:0.99

Mixing zone width has been defined as distance between points, where molar
fraction of air was 1% and 99%.
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Comparision with experiment

Example of volume fraction profile:

1,0

1——1t=0.0015c
0,84 ——t=0.003c

0,6-
0,4-

0,2 -

0,0

106 108 110 112 114
[, m
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Comparision with experiment

Experiment with distance to wall 9.8 cm:

— 10000 s4eek
1,6x107 —— 20000 sueek
— 32000 s4eek
— 40000 sveek
1.2x1 02- — 50000 s4eek
75000 a4veek
A, M - m OKCNEPUMEHT

8,0x107° -

4,0x10° 1

0,0 4,0x10™ 8 0x10™ 1,2x10° 1,6x10°
t, c
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Comparision with experiment

Experiment with distance to wall 13.2 cm:

— 10000 saveek
— 20000 a4eek
— 32000 a4eek
— 40000 ayeek
— 50000 a4yeek
75000 a4eek
B OKCNEPUMEHT

4.0x107 1

3,.0x10% -
A, M
2.0x107 1

1,0x107

0’0 : T : T J T : T : T J 1
0,0 50x10* 1,0x10° 1,5x10° 2,0x10° 2,5x10° 3.,0x10°
t, c

-
2(
b ®
[=}

£
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Comparision with experiment

Experiment with distance to wall 17.7 cm:

— 10000 a4eek
0,044 ——20000 ayeek
— 32000 a4eek
— 40000 g4yeek
— 50000 a4yeek
0,03 75000 sueek
A M B OKCNnepuMEHT
0,02 4
0,01 -
0,00 J T y T J T : T : T . 1
0,0000 0,0005 0,0010 0,0015 0,0020 0,0025 0,0030

t, c
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Comparision with experiment

Experiment with distance to wall 19.9 cm:

0,036 ~
— 10000 s4eek
— 20000 s4yeek
00309 32000 sueek
— 40000 s4yeek
0,024 4 — 50000 s4eek
A, M 75000 sayeek .
0,018 - B JKCNepUMeEHT
0,012 -
0,006 ~
0,000 J T J T J T : T : T : 1
0,0000 0,0005 0,0010 0,0015 0,0020 0,0025 0,0030

t, c
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Comparision with experiment

Experiment with different distance to wall, 75000 cells:

A0 cTeHkn 9.8 cm, pac.

0.040 - ® 10 cTeHkn 9.8 cMm, 3KC.
' i Ao cTteHkn 13.1 cm, pac.
0,035{ ® Ao cTeHkn 13.1 cm, 3KC.
A0 CTeHkn 17.2 cm, pac.
0,030 H A 110 CTEHKM 17.2 cMm, 3KC.
Ao cTeHkn 19.9 cm, pac.
0,0254 v pocreHkn 19.9 cm, akc.
A, M 0,020 - v
0,015 -
0,010 -
0,005 4
O,OOO : T : T J T . T : T . 1
0,0000 0,0005 0,0010 0,0015 0,0020 0,0025 0,0030

t c
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Conclusion

» K-g£ model of turbulence was realised and parametrisation proposed.

> With help of this model one dimensional simulations of Richtmyer-
Meshkov instability with 1. Mach were conducted.

> Model demonstrates good agreement with experiment achieved on width
of mixing zone before reshocked wave. After reshocked wave agreement is
satisfactory.
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Thang you for atiention!
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Numerical schéeme

Time derivative approximation — Euler’'s scheme:

Py

25 U

—pP )Y
Y]

Divegence and gradient approximation — Gauss theorem:

] - ] — ] S —
Vo =E-!¢-n-dS=?-Zj:‘!qp-nj -as =;-Zj:qoj S, N,

Approximation of quantities on surface centrea - linear:
P, =0, Pp +(1—J.)-goN

nd
_I_
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