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Pressure in rocket engine chamber

» 3~20 MPa: supercritical pressures

LE-7A engine

Mixing, followed by combustion

» Disappearance of surface tension and
latent heat

» Stirring and diffusion process, rather than
atomization: Turbulent mixing PN . : :

Chehroudi et al. (2002)
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Backgrounds |l

» Large difference of thermodynamic fluid properties: cryogenic jet into supercritical fluids

itical mixing bel Chamfer
Transcritical mixing behavior . amier K-H instability

Gas-like mixing under supercritical conditions

A schematic of atomization/mixing process in liquid rocket engine

» Real fluid effects
» Turbulent flows

» Large density contrast
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A diagram for nitrogen

What the problem is

» Turbulent flows

Density, kg/m?

Jet

O0—> High-order (central) schemes are preferred...,

interface

Chamber

| Chamber

Temperature, K

» Large contrast: gas-liquid-like interface

o
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o—> Computational instability
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Superiority of high-order schemes

* To resolve a wide range of scales, acoustics, etc.,

High-order method

Obijectives

* Propose an approach for simulating supercritical cryogenic fluids, while using high-
order central differencing schemes and general EoS

* Explore some distinctive characteristics of supercritical cryogenic jet mixings
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Present idea inspired by i interface
Fluid | ' Fluid 2
—e s
|. Karni (JCP, 1994), Abgrall (JCP, 1996) ;
- maintaining velocity and pressure equilibriums at interface
» Spurious oscillations when using a conservative form in compressible multicomponent flows
1 i
0.3 08
=06 y 05
304 g s
0.2 G2
% 50 0 % @ Karni (ICP, 1994)
Two-component shock tube problem (calorically perfect gas EoS)
7
Discretization of the governing equations
- The Euler equations in an |-D form
- Central difference discretization plus Numerical diffusion term
- i interface
n+1 n EDC[ A ] . ' .
Pi = Pj Agld pU = Ap Fluid | : Fluid 2
At RN .
+1 . s —0
(pw)i ™ = (pu)j = 5 (Df lpuu = Apub+ D5 [p]) :
n At '¢-~- E
E; = EY — EDJC [(E+p)u _:‘AEI: '
e.g., u?“ =u; =u
DS[f] = (fj+1 — fj—1)/2| :central differencing operator TR
p;,  =Dp; =P

DS [A]

:numerical diffusion term
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Velocity equilibrium

Considering the mass and momentum equations,

At ‘A
n+l _ n c 4P
=0 = e | —:‘7}
_ — é Apu —_— uAp
TA
n+1 n c 1 pU
(pu)3™ = (pu)} — A—uuDJ l T }

- The velocity and pressure are uniform across an interface at a time step

» The velocity is unchanged at the next time step (oscillation-free)

n+1:un:u

u] J

Pressure equilibrium

Considering the mass and energy equations,

Ax 7 )
Ul uy, At no 2 N2 A,
(peftp=-)5" = (pe b p)f — A uDj | —peftp )

- The velocity and pressure are uniform across an interface at a time step

— | Ag :Ape+%Ap

The energy equation is reduced to the internal energy equation:

n n At
—> | (0e)} " = (pe)} — TuDj lpe — Ay]
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Pressure equilibrium (contd)

with a calorically perfect gas: p=(y—1)pe
At
n—+1 n
(pe)j+ = (pe)j - A_mUDj [pe — Ape]
l Ape = pAy
1 n+1 1 n At 1 uu
_ _2tupe |l — Ap=—A,+pA
(7—1>j (7—1)j Az [7—1 AW] & BT e

- a well-known advection equation by Abgrall (JCP, 1996)

» The pressure is unchanged at the next time step (oscillation-free)

Summary of numerical diffusion terms (fluxes)

a calorically perfect gas

A, 1 0
Ay | = u | A, + |0
Ag % p

- serving as an interface-capturing

A, | - velocity equilibrium
- pressure equilibrium
1 I
{ﬁ — AW} - pressure equilibrium

* Ap and Ay modeled by extending the LAD method (Cook: JCP 2004, Kawai: JCP 2008)

12

This document is provided by JAXA



HERKF vy b VT VU7 IRT U — (JAXA RESE ) R YT L 187
oy Ny Py Ialb—a O, FLTEDTR~ %RlE

2-D shock-bubble interaction Density contours

* Experiment of Hass and Sturtevant (1987)
* 1300%361 with Ax=0.005

Present method  Pressure gradient

FC method

Extend to general EoS: pressure equilibrium

n n At
(Pe)j+1 = (pe); — A_xUDj [pe — Ape]

l

1 \"! 1 \" At 1
= —1 > = —_— —_— el —— —
P e (7— 1>j (7— 1)j Az {7— 1 AV}

Considering a Mie-Gruneisen-type or a van der Waals equations of state,

the calorically perfect gas !!

p(p,e,Y;) = F(p,Y;)pe + G(p,Y)

(/) = (1 F); — RouDi [(1/F)
- At

(G/F);™ = (G/F)} = T—uD; [(G/F)]

K.M. Shyue, JCP, 2001

14
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* More complicated EOS

_RT B asrp(T) - cubic EOS
PV b VIt bV e
p = pRT (1+B(T),0+C(T)p2—|—---) :virial EOS

Look-up table-typed EOS

Attempting Abgrall’s and Shyue’s ideas seems to be difficult to general EOSs

Pressure evolution equation

p:f(p,e)

- (c-1)

Dy _ (09 Do (0p\ De
Dt \dp), Dt de ) , Dt

- Karni (1996), Fedkiw (2001)

- Single-species case considered

-- (c-2): Pressure evolution equation

Op
E—FU'V})

@) o (@) (5 rea)] o
\Y%
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The proposed governing equations set

% + V- (pu) =|V- (vap) ) - Interface-capturing

dpu , —_

5 +V-(puu+pd—71)=V- (Qp(u ®g)Vp)|, - Velocity equilibrium

dp _ 2 ap (1 I

91 +u-Vp=—pcV-u+ i (pv (T u q)) , | = Pressure equilibrium
_RT B asrpo(T)

b= V- bsrk V2 + bsrksv

Disadvantage: the energy is not conserved, resulting in incorrect shock strength
or speed, while the mass and momentum are conserved

Numerical methods

¢ Sixth-order compact difference scheme
¢ Eighth-order low-pass filtering (a free-parameter: 0.495)
* Third-order TVD Runge-Kutta scheme

o CFL = 0.4

* One-point jump at initial condition

* FC method: conventional fully conservative method

18
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Advection of a contact discontinuity

* 51 grid points with Ax=0.02 * 5.0 MPa

* Nitrogen single-species flow

Present method

1.01
— Exact

~o- Cp=0.002
-v- Cp=0.01
-0 Cp=0.05

Nondim. pressure

I 1 1 1 1 1 1 1 1 1 1
0'990.0 02 04 0.6 0.8 1.0

N> LN> N>

¢ Density: 500/50, Temperature: 123/332 ¢ 0.5 1.0

FC method

12
— Exact
~0n Cp=0.00
L - Cp=001
3 -0 Cp=0.05
Z 10 ; 7 u =
5 09 °°°v°°
E Wwvwv vag:u TR 95:%
g 5 F : i
0.8 |poooooaed el Dunﬂgo é @ DDDDDDDD
e
Il 1 1 1 1 1 1 1 1 1 1
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Xm
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Unfavorable characteristics of a full conservation form
Present method FC method
10 Q 40 : —O— Density
S — —O— Density L e {----- Temperature
L 8 T {3----- Temperature 3 7\\ -—#—- Velocity
g L :2 0F v —-=[J---- Pressure
=% =3 Y
g g \
= <
E: E
< g
= =
(Ul 1 1 1 |‘¢ 1 1 1 1 L—rl 0 1 1 1 1
0.0 0.02 0.04 0.06 0.08 0.1 0.0 0.02 0.04 0.06 0.08 0.1
Cp CP
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Performance of the proposed model

* Cryogenic nitrogen jet: Density: 800/50 kg/m3, Temperature: 83/332 K, 5 MPa

Conventional (FC) method

Proposed method

21

Validation of the proposed model

* Supercritical 3-D round jet in Mayer’s experiment (Mayer et al., HMT 2003)

Case 3: T =126 K,4 MPa Case4: T =137 K,4 MPa
500 200
o O Experiment | O Experiment
400F 05 HPooy 00000 Coarse grid — Base grid
"’E B — Base grid ME 150
E‘J 300 F —-= Fine grid E‘J
oy = 2
100 T ITNRe
"""" 50 F
- 1 1 1 1 1 1 1 1 1 1
0 10 20 30 0 10 20 30
x/D x/D
- dALE w1740
2423 108.1

520 - - ary w F=EEED =

Density iso-surface and contours
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Conditions Per = 3.4 MPa, T, =1262K, p., = 313.3 kg/m’

» Two-dimensional planar N2 (single-specie) jet in supercritical pressure conditions

» 4 and 8 MPa

800 - Q SRK EoS
- L e Ideal gas EoS

elnjection (jet) ' 600
- 800 kg/m?, 82 K, 20 m/s = -
2 400p._  DS400
=] .
y eChamber () A T
[ - 50 kg/m3, 272 K, 4 MPa 200 T Ree.
X 1 |- ..... ' . -I —

1 1
0 100 200

Temperature, K

*Pseudo-critical temperature: 128 K at 4 MPa

Table 1. Conditions for 4 MPa case.

Pjet kg/m? Ujer M/s Tt K Rejer x10%  poo kg/m3 T K

800 20 82.1 1.2
400 20v/2 126.9 3.6 50.0 271.13
200 40 132.9 4.5

*the same momentum used for jet

23

A unsteady jet mixing

T=100 K injection, 5 MPa b - N
=By Y

|
DS800/T82 '

o TRy Br
T NG -

DS400/T 127

» Statistical data obtained over 10 ms ~ «%@ -

DS200/T133 i ‘ &

24
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DS800
800 |-
Results: mean properties on centerline
'g 400 -\\
* 4 MPa 8 T
200 |-
0 ' l(‘)O ' 2!")0 3(‘)0
Temperature, K
1.0 == 1.0 F—== — DR
3 ——— DR: 800/50 DR: 800/50
B 400/50 N 400/50
08F i —mmm 200/50 N === 200/50
A 08F L \0
Co06f N -
=t Eos}
04} R
sl 04
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Why it happened: mean specific heat distributions
x10° 8
L ——— DR: 800/50
TN e 400/50
6l —mmim 200/50
2
on
=
E
1 1 1 1 1 1 1
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20
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o
£
e
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l(l)O I 2(I)0 I 300
Temperature / K
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8 MPa case

1o DR: 800/50 10 DR: 800/50
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08} —mimim 200/50 - 200050
| 08
0.6 . [
o | = 06
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o 04k "‘-“‘"'1.\'\-/"\‘ . S
02} N
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3
H H =3.4MPa, T, =1262K . = 313.3 kg/m
Demonstration on 3-D jet per o T  Per e/
» Three-dimensional round N2 (single-specie) jet in supercritical pressure conditions
» Injection geometry just changed: 2-D slit to 3-D circle, others are the same as the 2-D conditions
» Casel:4 MPa, 82 K, Case 2:4 MPa, 133 K
DS800
800 SRK EoS
S S T Ideal gas EoS
A
& 600} '
B0 1
ol o 1
2 400 .
= AN 1
) S,
] T '
200 F
1 1 1 _'—l-.-.—l ..... 1 1
0 100 200 300
Temperature, K
*Pseudo-critical temperature: 128 K at 4 MPa
» 398x293%293 grid points used
28
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3-D Results Per =34 MPa, T.,.=1262K, pe = 313.3 kg/m®

» There is no clear difference of vortical structures

DS800/T82

DS200/TI133

» Flattened temperature distribution appeared also in the 3-D round jet *Pseudo-critical temperature: 128 K at 4 MPa

3
250 x10° 5

------- DS800/T82 ~eeee- DSS00/TS2

— DS200/T133 - —— DS200/T133
% 200 v 10}
2 5
3 o
g = T
£ 150 A
I 9]
8 .

100}
-l 1 1 1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 0 10 20 30 40
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Summary

* A strategy for simulating gas-liquid-like flows under supercritical pressures proposed

Satisfying the pressure and velocity equilibriums is a key to robust application of high-order
schemes to severe thermodynamic fluid conditions

Terashima and Koshi, J. Computational Physics, 231(2012)

* A unique characteristic of supercritical jets successfully explored

The distinctive features of temperature caused by the interaction of multiple factors:a very
low temperature injection, a variation of the specific heat, and mixing process

30
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