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Introduction

Resear ch Goal

» Numerically investigate the effect of orifice geometry on the behavior and
development of hydrogen jet escaping from a high pressure reservair.

Objectives

> Fixed dliptical and circular orifices with varying aspect ratios and sizes and
under different storage pressures.

» Expanding circular holes with uniform radial growth rates effective before the
release of hydrogen (t=0)

» Expanding circular holes with uniform radial growth rates effective after the
release of hydrogen

» Deformation of circular holesto elliptic openings
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Governing Equations

Euler Equations: a—Lt’ +V.FU)=0
p Copw-wy) [ POIW) I pw—wy)
pu _ p(u—wy)u+P p(v—wy)u p(w—w,)u
U=|pv|  F=|| pa-wov ||p@-wyw+pP|| pw-ww
pw p(u—wyw p(v—wyw p(w—w,)w+ P
PE Lp(u—w)E+uPl|p(v—w))E +vP| Lp(W—W,)E + WP

Transport (Advection) Equation:  9¢  3(c(u—wy)) 9(c®—-w,)) d(cw-w,)
at dx ay dz

« ¢=0 acdl full of hydrogen

o 0O<c<1 discontinuity (hydrogen-air interface)

e ¢=1 acdl full of air

Abel Nobel Real GasL aw: p=((1->bp) 1pR,,;,T, b=10.00775 m3/kg




Numerical Method

| Limiter |

Discretization

» Thesystem of Euler Equationsis discretized using an implicit finite volume
discretization scheme.

UTL+1 UTL .
Vi1~ + N ERIL flay, BSay, = 0
over dV; Moving | s~ Moy, ASay, and V;
Mesh are time-dependent.
>\ n
At z 55/ Movs ASgy, |8U = — 2 Fay,-Tlay,; ASay,
over dV; a over dV;

» Spatial Discretization (Convection Flux)
< 2™ order Roe-MUSCL scheme
» Temporal Discretization
% 15t order Implicit Scheme
» Linear Solver
% Iterative Method : GMRES
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METIS (partially shown)

finite element/volume mesh to the process

partition the domain

> 3D unstructured tetrahedral mesh

» METIS software package
the discretized domain with decomposed
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3D Tetrahedral Mesh |

Simulation Model

Initial & Boundary Conditions |

Fixed (Circular & Elliptical) and Enlarging Orifices

*» The parameter under consideration for comparable fixed circular and elliptical

orificesisthe same exit area.

 Expanding orificeswith initial diameters of D,=1 mm and D;=2 mm.

s Thelength of release tubeis equal in all cases = 2mm.

Area=0.8 (mm?)
Orifice Major Axis, | Minor Axis, Aspect
Type a(mm) b (mm) Ratio,
a/b

Circular 1 1 1
Elliptical 1 2 0.5 4
Elliptical 2 2.45 0.41 6

Area=3.14 (mm?)

Circular 2 2 1
Elliptical 1 4 1 4
Elliptical 2 5 0.82 6

Area=19.63 (mm?)

Circular 5 b 1
Elliptical 1 10 2.5 4
Elliptical 2 12.25 2.04 6

AR=1

5 mm

2.5 mm

orificeswith the equal exit area (A=19.63 mm?

10 mm

—P>
2.04 mm

The cross sectional surfaces of the varying ARs of the

|||||||
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Simulation Model

3D Tetrahedral Mesh | Types of Orifices | |

Initial and Boundary Conditions

Slip Wall Initial
[ Contact Surface
Initial Reservoir Pressure 70M Pa & _l
10MPa Outlet (Non-reflecting Far Field)
Initial Temperature 300 K
o _ High-pressure ] Quiescent
Air mixture fraction 1 Static Hydrogen - Ambient Air
P=70 MPa/10 M Pa P=0.1 M Pa
Hydrogen mixture fraction 0 T=300K } T=300K

Hydrogen & air isentropic exponent (y) 1.4

Molecular mass of hydrogen (My,) 2.016 g/mol v

Slip Wall
Molecular massof air (M ;) 28.96 g/mol
Initial time step 10-10 * The viscosity effect and the heat transfer are neglected.
. . -
|nitial CFL Number (Fixed cases) 015 % The effect of the gravity C;D thef: uid is neglected.
.0
Max CFL Number (Fixed cases) 0.8 : Free-dlip an_d adlab_atlc solid walls
— ; * Non-reflecting farfield
Initial CFL Number (Moving cases) 0.3
Max CFL Number (M oving cases) 5.0
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Grid Sengitivity study
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Grid Sensitivity Study | | Expanding Orifices

Evaluation of the contact surfacelocation and thereleasetime
( Fixed Circular & Elliptical Orifices)
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Grid Sensitivity Study

Expanding Orifices

Contact Surface Pressure (Fixed Orifices), P=70 MPa
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Grid Sensitivity Study | | Expanding Orifices

Contact Surface Pressure (Fixed Orifices), P=10 MPa
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Results
Grid Sensitivity Study | | Expanding Orifices

Centerline Temperature (Fixed Orifices, P=70 MPa)

a) Circular Orifice, AR=1 b) Elliptical Orifice, AR=4 c) Elliptical Orifice, AR=6
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Grid Sensitivity Study
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Results

Expanding Orifices

Centerline Temperature (Fixed Orifices, P=10 M Pa)

a) Circular Orifice, AR=1
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b) Elliptical Orifice, AR=4
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c) Elliptical Orifice, AR=6
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Grid Sensitivity Study

Area= 0.8 mm 2

Area= 3.14 mm 2

Area= 19.63 mm 2

Results

Expanding Orifices

Centerline Temperature (Fixed Orifices, P=10 M Pa)

a) Centerline Mach Number

b) Centerline Density

. r AR=1_1=0.14s a5 [ AR=1_1=0.1ps
r . 30 F
sF
5 | g osf
8 4L =
£ 4T 5 |
5 | £ _r
z = 20fF
5 3F 3 I
s | S 15F
=t i a °F
2r | o
F N 10k
b |
1 1 r
[ \ 5F
0 n o — F— R R
-0.005 0.005 0.01 -0.005 0.005 0.01
Z(m)
6 r AR=1_t=0.1y8
a5k AR=1_t=0.2):5
f AR=1_t=0.61s
5 E AR=1_t=1ps
30F AR=1_t=3)s
r AR=1_t=5)s
= —~ I
g mE 25
3 I
5 3 =T
= [ 2 [
] @ [
© < L
=2 2 sF
1 10}
0 s
IR L . .
0.01 0.015 0.005 0.01
45 F
—1_1=0.1 E
AR=1_120.105 F AR=1_1=0.1:5
4 35 AR=1_1=0.2ps
L e e AR=1_1=0.6)s
a5 r \\\ — — — AR=1_t=1pus
AR=1_1=515 30 N —-—-—- AR=1_1=3)8
3 - E AR=1_1=Bus
g g 25F \,\:
25 B |
§ x f \'\
20 %
c 2 = r %
[+ @ r ¥
@ c \
=15 S 15F o
F \
1 [ AN
10F NG
[ \
0.5 F ‘\\\_ 5
5 L% e
o L E I 1 Qn\\‘\ 1 :\\'“‘bl‘
-0.005 0.01 0.015 -0.015  -0.01 -0.005 0 0.005 0.01
Z(m)

Pressure(Pa)

Pressure(Pa)

Pressure(Pa)

14 -

c) Centerline Pressure

7E+07 =
NN
r \ \ ——— AR=1_1=0.1ps
6E+07 | \ \ — —  AR=1_1=0.2s
r AR=1_1=0.6:5
[ \ AR=1_1=14s
5E+07 |- \ ——— AR=1_1=38
[ AR=1_1=508
4E+07 |
3E+07 |
2E+07 | N
r \
[ \
1E+07 | W
[ \\‘.&_%
[ \ A —
oF .\ RR—— ;
-0.005 0 0.005 0.01
Z(m)
7E+07 T
o AR=1_1=0.18
AR=1_1=0.2s
6E+07 |- AR=1_t=0.6)is
AR=1_t=1us
AR=1_t=3us
BE+07 [~ AR=1_t=bps
4E+07 -
3E+07 |
2E+07 |
1E+07 |-
I L L L L w8 O sl S
-0.006 0.005 0.01
B0V = —— AR=1_1=0.1;s
r AR=1_1=0.2)8
o ——w— AR=1_1=0.618
6E+07 e AR=1 1158
. AR=1_1=3_s
BE+07 [ AR=1_1=5ps
4E+07 -
3E+07
26407 |
1E+07 |-
: ¥
] T L a2
-0.015  -0.01 0.005 0.01




Results

Grid Sensitivity Study | | Expanding Orifices

Temperature M ach Number Concentration
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Grid Sensitivity Study

Fixed Orifices
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Grid Sensitivity Study | Fixed Orifices |

Contact Surface Pressure and Centerline Temperature (Expanding Exit)
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Circular expanding orifices effective after therelease
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Deformation of a small circular holeto an €liptical opening

0.01
Fixed Orfice,D=1mm
Expanding Orifice(t=0),D.=1mm
__0.008 — — — Circular to Eliptic Deformation,D;=1mm » F
£ s
g £ 002 | 2
= 0.006 f
§ 3 001 |- - ;
= = F £ =
E 0.004 o E of =0 £ of =5ps £ =0 s =5p
ot
2 e i ol
G 0.002 D
s B E 002
s Vi
© 0 r/ i L i | i 1 al 1 1 1 1 L .
- 0.0 ( ( .
e xm X(m) 2(m)
-0.:0024 1E-06 2E-06 3E-06 4E-06 “UF 0003
Time(s) L ok
Releasetime= 0.6 us E i
— E b =10 ps E ot 20 E
P—70 M Pa. E =10 ps £ =20 usé =10 ps =20 s
0.01 e F
Expanding Orifice(t=0),D,=1mm i
Fixed Orifice,D=1mm 2r F
— — — Circular 10 Eliptic Deformation,D=1mm :
5 xm o 2(m) " zm)
=
[+]
[5]
S 0.005 . . .
5 - — — -
p Cross sectional areas, D;=2mm, v=0.2mm/ps Sideviews, D;=2mm, v=0.2mm/ps
£
@ e
k3] 2
£ =T
o ZZ
(3] 0 P
/"/‘L/ H —
» Stretching rate = 0.2 mm/us
0 1E-06 2E-06 3E-06 4E-06

A Time(s)
Releasetime= 1 ps

P=10 MPa

UMNIYERSITE

-C_Conco rdia

UNIVERSITY

——




| Fixed Orifices

Grid Sensitivity Study

Contact Surface Pressure and Centerline Temperature
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Contributions

Contributions

» The effects of different geometries and configurations of the exit hole including fixed elliptical,
fixed circular and expanding orifices on the dispersion of hydrogen were studied using a 3D
parallel in-house code.

» The effects of the storage pressure and the size of the orifice on the dispersion and devel opment
of the hydrogen jet are dominant than the effect of the orifice shape.

» The possibility of auto-ignition may be affected by applying expanding orifices.
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