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|. Motivation - High Pressure Injection Modeling

Advantages of Natural Gas:

« Better mixture formation
« Higher compression ratio
» Lean burning capabilities
* Lower fuel costs

* Higher durability of engine lubricant _

Operating points:

* Injection pressures up to p = 500 bar

* Back pressures from p = 50 to 200 bar
* Injection temperatures at around T = 300 K

© UniBw

Better performance
Higher efficiency
Less pollutant emission

Numerical Challenges:

«  Assumption of Ideal Gas invalid, supercritical fluid
- Real-gas thermodynamics

* High pressure ratios
- Subsonic, transonic and supersonic flow field
- Wide range of Mach numbers
- Rapidly changing fluid properties
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Il. Numerical Models - Hybrid Kurganov-Tadmor Schemel!!

Conservation of; p .. density
u ... velocity
dp
Mass: Fri Vs [up] =0 p ... pressure
d(pu) T ... viscous stress tensor
Momentum: +Vx[u(puw)] +Vp+VxT =0
at —— E ... total energy density
. 0(pE) P i .. diffusive flux of heat
Energy: 5t +Vx[u(pE)]| +V*[up] + V=« (T*xu)+V+j=0 J - drmiusive Tlux of hea

v ... specific volume

Equation of State (EoS): p=f(wT) T ... Temperature

. - Convective terms
Integration over control volume, standard PISO form:

Y ... transferable value

¢ ... volumetric flux

j V*[uPldV = j ds = [u¥] = Zsf *urWy =Z ¢r¥y f...index of a face of a cell
S f f

14
Sg o face area vector
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Il. Numerical Models - Hybrid Kurganov-Tadmor Schemel!!

jV*[uqf]dv= JdS*[uqJ]zZSf*ufle=Z¢quf
7 7

%4 S

Incompressible:

uy —> linear interpolation from neighbouring cells

¥ —> interpolation according to one of many schemes: ‘

|
1 I
q’f:Wf*q,P-l_(l_Wf)q]N | |
- -7 |
W = |S¢ * dey|/|Sy * d| -1 oS |
r =13 *Arnl/ 19y _ S — L3
N
b N —dpy
Compressible: ; \
7 d N h N
s
fluid properties are not only transported by the flow b

—-> propagation of waves

- stabilization of flux interpolation w ... weighting coetricien

d ... vector connecting P and N
dsy ... vector connecting center of face to centroid of the cell N
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Il. Numerical Models - Hybrid Kurganov-Tadmor Schemel!!

jV*[uqf]dv= JdS*[uqJ]zZSf*ufle=Z¢quf
7 7

%4 S

Split of interpolation in two directions f+ & f-

Z bV = Z[Off+¢f+q’f+ tar_ ¢ Ve +wp(Wp— ¥yl
f f

f+ f- additional diffusion term
Pr+ Pr-
Xy = Q- = —— L
Qr+ + Q- Qry + Q- a ... weighting factor
W = A Pp ¢ ... volumetric flux associated with local speeds of propagation
Pr+ = maX(Cf+|Sf| + ¢f+:cf—|Sf| + ¢7_,0) c ... local speeds of propagation
§0f_ = max(cf+|Sf| — ¢f+' Cf—|Sf| - d)f_, O) MW ... molecular Weight
c,, C, ... Specific heats

o= My (p et

| p c,\ov)T p ... density

Wy ... diffusive volumetric flux
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Il. Numerical Models - Hybrid Kurganov-Tadmor Schemel!!

2 br¥y = Z[‘I’ﬁ (@rsdpr +arp@r )+ Ve (ap_dr_ + arr@p_ )]
f f

\/

volume fluxes
q ... mass flux

Y, p ... density
Kp = min(C_FTL' 1) ks ... mixing function
M; ... Mach number
v CFL ... Courant-Friedrich-Levy criterion
general

ar = ip * pf * (Appbpe + api@r )
qf = (1 —kp)*ps * (arere +arrpp_) + pf * (ar_dpp_ + apr@p_)

v v

incompressible compressible
qr =0 af = pf * (@psps + apipp )
N _ P N N _ N
af = pf * (aprPps + apeop ) + pf * (ap_pp_ + ar @p) qr = py * (@r—pr— + ar )
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Il. Numerical Models - Hybrid Kurganov-Tadmor Schemel!!

convert non—uniform averages back to original grid:u}‘“

A

exact evaluation of new cell averages for t*1: w]-’fll/z

N

n+1
wii (I I)

average over staggered control volumes [x;11/21, Xj+1/2,r]

N

local speeds of propagation at cell boundaries af';; /,
A

piecewise linear solution u?,
reconstruct derivatives (ux);-‘

(1)

u ... conserved quantity
X ... coordinate

... cell index

n ... time step

—-
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ll. Numerical Models - Real-Gas Thermodynamics

EoS: Peng-Robinson!?

EoS: Soave-Redlich-Kwong(®l

p = RT apg(T) p = RT asri (T)
vV — pr vz + vaPR - b}Z)R U — bSRK U * (v + bSRK)
Pressure correction for caloric properties:
p
v dh
h(T,p) = ho(T) + v — aT dp Cp(T, p) = 6_T p
Po
Methane CH,, p = 500 bar Methane CH,, p = 500 bar Methane CH,, p = 500 bar
- i i i 1600 : : : : 60 i - - '
650 A o NIST b o NIST
N — —-EoS: Ideal Gas o — —-EoS: Ideal Gas
oo - EoS: Peng-Robinson ; N EoS: Peng-Robinson 50 _Wﬁﬁm&m—.;
o —— E0S: Soave-Redlich-Kwong 00 L EoS: Soave-Redlich-Kwong
— ' ¥
£ v S
£ 4254 £ 900 E 40 -7
—t — = =T
Q © UQ _____________ ="
o NIST
301 — — - EoS: Ideal Gas
200+ o TEs -t e EoS: Peng-Robinson
- ——— E0S: Soave-Redlich-Kwong
T T T T 200 T T r T 20 T T T T
150 200 250 300 350 400 150 200 250 300 350 400 150 200 250 300 350 400
T [K] TI[K] T[K]
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Il. Numerical Models - Local Artificial Diffusivity (LAD)!

High pressure ratios and gradients:
- Strong expansion in injector and/or chamber

_ o _ Methane CH,, EoS: Peng-Robinson
- Fluid close to or drop below critical point : -

J ——p =60bar| |
450 Phase change ——-p =50 bar

(not modelled) | === p = 40 bar

Aefr =+’

T 07

*_
p*as 0x

a* = Cyp * Ax *

acfy .- effective thermal diffusivity

a; ... turbulent thermal diffusivity 1 . :
a* ... artificial thermal diffusivity 150 200 TIK] 250 300
Cyp ... constant (0.01...0.1)

Ax ... grid spacing
T ...temperature

Critical Properties of Methane CH,:
Perit = 45.992 bar

p ... density j
as ... speed of sound Teir = 190.564 K
Z ...compressibility factor Zi = 0.286
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lI. Numerical Models - Validation

Flow field

+ Converging-diverging nozzle

* Inviscid, non-heat conducting air |
- 1D, steady, compr. flow problem [5]

Mach [-]

x Analytical results
Numerical results

Throttle 4

0 0.5 1

x Analytical results
Numerical results

—————————————————————————— Two-steps validation F====== === === === === =====—.

1D-Thermodynamics

» Converging nozzle
» assumption of isentropic flow

*

S0 = Snozzie = S

- Ma =1,p"T"

x/L [-]
220 s
180 4 h
— 140
©
2
“2.100

— - N2 1D thermo.
—_— N2 3D thermo.
—a- CH‘t 1D thermo.| [
—_— CH4 3D thermo.

50 275 500
P, [bar]

T [K]

262

254 1

246 A

238

—»-N, 1D thermo.
—_— N2 3D thermo.
—8- CH‘t 1D thermo.

—_— CH4 3D thermo.|
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lll. Test Case and Setup

Geometry:
. Simple axis-symmetric nozzle
. Jnozzle =1 mm
10D
Boundary Conditions:
«  Total inlet pressure To,Po
. Total inlet temperature
. Static outlet pressure
Numerical Setup:
. Pressure based URANS
. Equation of State: Peng-Robinson
. Viscosity Model: Chung
. Specific Heat Model: Janaf
. Turbulence Model: k-omega-SST
. Fluid: Methane CH,
. Discretization: 1st order in time
2nd order in space
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V. Results - Movie

EoS: Peng-Robinson

Time: 1.0e-06

pin,tot = 400 bar MGCh (-)
T_ - 300 K 0.25 0.50 0.75 1.0 1.2 1.5
in,tot _ | 1 I I -
Pout,stat = 100 bar 0 1.75
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V. Results - Snapshots

EoS: Ideal Gas

Time: 8.0e-05 s

Time: 1.0e-05 s Time: 2.0e-05 s

IR

Time: 1.0e-05 s Time: 2.0e-05 s Time: 8.0e-05 s
Pin,tot = 400 bar Mach (-)
T_ ot = 300 K 025 050 0.75 1.0 1.2 1.5
in,to TR
| U S
Pout,stat = 100 bar 0 1.75
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V. Results - Snapshots

EoS: Peng-Robinson, p,,; st = 200 bar

Time: 1.0e-05s

EoS: Peng-Robinson, p,; <. = 100 bar

Time: 1.0e-05 s

Pintot = 400 bar
Tintot = 300 K

Time: 2.0e-05 s

Time: 2.0e-05 s

Mach (-)

0.25 0.50 0.75 1.0 1.2 1.5

Time: 8.0e-05 s

LR

Time: 8.0e-05 s
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V. Conclusion

Summary:

« Extension of Kurganov-Tadmor Numerical Scheme for use with real-gas
thermodynamics

« Two cubic EoS: Peng-Robinson, Soave-Redlich-Kwong
* Fully validated
« Local artificial diffusivity used to stabilize simulations near critical point of fluid

- Solver which is capable of simulating high pressure gas injections using
real-gas thermodynamics

Future Work:

* Improvement of Local Artificial Diffusivity
 Phase-change models

« Equations for multi-species
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