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Buoyant jet model to predict a vertical thermal stratification during refueling of
gaseous hydrogen tanks in horizontal position with axial injection
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Context
e Hydrogen for mobility

Doc press Air

https://www.leaseplan.com/

Liquide
: Electricity ..
Tank size 122.4" L Electric > AF ﬁa;f:u:n
engine ydrog
Tank pressure 700" bar
Hydrogen mass 5" kg At 15°C and
701.013 bara,
* =40.21 k 3
Autonomy 550" km P g/m
Oxveen from Reject water
Filling time 3-5 min yg. _ _
ambient Adapted from: https://genh2hydrogen.com/hydrogen-cars/
*https://www.toyota-europe.com/download/cms/euen/Toyota%?2 environment
OMirai%20FCV_Posters LR tem-11-564265.pdf
.3
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Context
e Description of a hydrogen tank
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Regions

Plpe Plug Boss Liner Comp051te Flu1d region
(Stainless Steel*) (Stainless Steel*) (Stainless Steel*) (Polymer¥*) (Carbon Fiber*) (Hydrogen)

hyTransfer final rappe
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Context
e Tank filling mechanism

Injecting hydrogen in a closed volume: Préssure Temlperature

INTERNATIONAL=
T[°C] Recommendation from SAE J2601
Parameters Limits
T.
inlet 40 Gas temperatures | [-40°C @
» -
20 Gas pressures [5 bar, 875 bar]
0 &
20 Mass flowrate 60g/s




INNOVATION CAMPUS PARIS @ AirLiquide

Context
e Previous results on thermal gradients

% Terada et al. (2008)
> The criterion 5 m/s at the inlet velocity is suggested to detect thermal gradient onset

for hydrogen tank

lllustrative image not issue from
Terada study.

“Hydrogen gas in the tank is agitated and the internal temperature of the tank is uniformed when the gas jet
velocity is high. If the gas jet velocity decreases to 5 m/s then the fluid behavior in the tank changes and
convection dominates over agitation, causing distribution of temperatures and the temperature in the upper
area of the tank rises.”

Terada, Toshihiro, Hiroshi Yoshimura, Yohsuke Tamura, Hiroyuki Mitsuishi, et Shogo Watanabe. « Thermal Behavior in Hydrogen Storage Tank
for Fcv on Fast Filling (2nd Report) », 2008-01-0463, 2008. https://doi.org/10.4271/2008-01-0463.


https://doi.org/10.4271/2008-01-0463
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Context
e Observation of vertical thermal gradients
12

@i HyTransfer ;
L [m] 10 30,03 24,39
Pre-Normative Research on Gaseous Hydrogen Transfer
; K D [m)

8
26,76 O 11,28

Type IV 37 L tank provided

Injector diameter [mm]
)]

O 8,36 Q 635

i ¢ by Lincoln Hexagon witha L/D =2.4
Diameter: 3 mm 10 mm
2
0
0 2 4 6 8 10

Averaged mass flowrate [kg/s]

Averaged mass flowrate: 8 g/s (filling time = 160 s)
2 g/s (filling time = 600 s) OCircle size = Tmax - Tav [*C]

HyTransfer conclusion: The smaller the inlet gas velocity; the larger the vertical thermal gradients. The
criterion 5 m/s at the inlet velocity works for the 37 L tank.
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Context
e Two extreme scenarios with experimental results
D30Q8: Homogeneous case D10Q2: Heterogeneous case
e  Tankcapacity: 37 L *  Averagefilling rate: 8 g/s e  Tank capacity: 37 L e  Average filling rate: 2 g/s
e  Injection diameter: 3 mm e  injection pipe e Injection diameter: 10 mm e  No injection pipe
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Time [s]
Exp-ALAT: Probe Temperature = —e— EXxp-ALAT: T,,;y —— O0D-Sofil: T,, === EXp-ALAT: pay ° ALAT = Air Liquide
—8— EXp-ALAT: Tpax m— EXP-ALAT: T,y me SAE limit: Tgs:c === 0D-Sofil: pay Advanced Technology
e  Temperatures are gas
temperatures
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Buoyant Jet model

Round buoyant jet theory
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Buoyant Jet model

Round buoyant jet theory
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e Computational Fluid Dynamics visualisations

Type IV

Inner volume =36.7 L

L/D ratio=2.4

Injector diameter = 6 mm

Filling time = 600 s

Averaged mass flowrate = 2 g/s

Time . 175 5 S T[°C] fluid domain: min av max T[°C] liner: min av max

6.6 62.6 69.3 26,0 45.8 57.7
T[°C]

domain robe tyrvmaley phore
mag(U) [m/s] Vocamen | 3.223 0122 0281 A 2

B S e o O— S . prote ot the rymimely plong
s lecaion - 15,184 0.077 0.004)

1 '

8-

so-contour Sud domain of Telay ——
130 contour Bsd domain ofhen T —

2 4
] I
0

max(mag(U)= 573 m/s

CED results issued from : Gonin, R., Horgue, P, Guibert, R., Fabre, D., Bourguet, R., Ammouri, F. and Vyazmina, E., Advanced turbulence modeling improves
thermal gradient prediction during compressed hydrogen tank filling, International Journal of Hydrogen Energy, 2023.
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e Computational Fluid Dynamics visualisations
e Jet oscillations
. . T[°C] fluid domain: mi T[°C] liner: mi : . °C] fluid domain: mi °c] liner: mi
Time : 317 S Hid gomain 1:‘;“ 53.‘:) 5‘?2" iner, 2“;1; 2;‘.,6 :::aex Time : 34.4 s T[°C] fluid domain: min av max T[°C] liner: min av max
T°C]

14.1 51.6 53.7 23.9 304 45.1
o T[°C]
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perature maximum
08)
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= Al ) 3 it \ W
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0 S e v 0 ' EEe— | ; )
max(magW)= 31.77 m/s ﬂ“”” v] max(magU)= 30.13 m/s ﬂ””] @ Air Liquide

CED results issued from : Gonin, R., Horgue, P, Guibert, R., Fabre, D., Bourguet, R., Ammouri, F. and Vyazmina, E., Advanced turbulence modeling improves
thermal gradient prediction during compressed hydrogen tank filling, International Journal of Hydrogen Energy, 2023.

iso-contour fluid domain at T=Tav—

id domain femperafure maximum probe in the symmelty plane ¢,
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@ AirLiquide
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Buoyant Jet model

e Computational Fluid Dynamics visualisations

@ AirLiquide

e Thermal gradient occurrence when jet hitting the lower part of the tank

: . T[°C] fluid domain: min av max T[°C] liner: min av max
Time : 180.0s 8.1 62.7 69.6 26.1 46.1 58.4
T[°C]
85
40 —
20
0
-20
1 . T[°C] fluid domain: min av max T[°C] liner: min av max
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Time . 190 0 S T[°C] fluid domain: min av max T[°C] liner: min av max
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T[°C]
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CED results issued from : Gonin, R., Horgue, P, Guibert, R., Fabre, D., Bourguet, R., Ammouri, F. and Vyazmina, E., Advanced turbulence modeling improves
thermal gradient prediction during compressed hydrogen tank filling, International Journal of Hydrogen Energy, 2023.
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e Modeling

Top—Hat Gaussian
ug(s=0)=1ug >
_ - Y Entrainment
p(s=0)=po A

0(s=0)=0

b(s=0)=rg rog

us(s=0)=ug

Hypotheses :
Steady-state

Uniform pressure

Viscosity term neglected
Boussinesq approximation
Velocity and density profiles
imposed

Self-similarity

Entrainment rate modeled

Physical quantities

Mass flux

Momentum flux

Buoyancy flux

Jet deviation angle

Jet trajectory
coordonate

@ AirLiquide

Entrainment
Y i

Initial conditions

Q(LzrE)= 1.72nr(2)u0

M(Lzrg) = nu%r%
2
J(Lzpg) =

L
2 oLzre) B

O0(Lzre)=0
x(Lzrg)=Lzrr =9,79 1o

y(Lzrg)=0

us(s) €s
i p(s)
0)

0(s)

Equation system
Entrainment rate
@ :(SHM)I/Z(X modeled
(?]TJ 70 Linear
Y p stratified

E ="+ 1)msln(0) environment

pgrad(O) —Po

0 )
y = g pgrad(y (6
0s Pref Oy

00 9 JQ
e 1)—
55 A"+ )2 2cos(@)

g—i =cos(0)
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Buoyant Jet model
e Froude number

Equation system

oM ., JQ .
- = 1=
= = (A + Desin(6)

ﬂ B iapgrad(fy)si
0Os Pref Oy

a6
=

n()
JQ

(/12 + 1)@6‘03(9)

0x

3 cos(0)

g—z =sin(0)

Jet trajectory

y = f(x

-

)

Thermal gradient onset =
jet impacting the lower part of the tank

_Rint = f(Ltank - Lpipe)
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e Froude number

Equation system Simplified equation system

Q /2 dQ Jet trajectory
(S5 =@M r dQ _ (81tM)2a
1
i =125 l)ﬂsin(H) dM y= @) e ](LZFE) > (x — Lzrg) [Q(Lzrg) + 4nMza(x — Lzpg)]
0s 2M d_ = 2M(LzF,
oJ g 6pgrad(y) : S
— =@ ————sin(0)
_< ds Qpref oy st % =
00 9 JQ s Thermal gradient onset =
o —=( +1)_2M2 cos(0) e (2’2 4 1) JjQ jet impacting the lower part of the tank
o = = kil
— =cos(0) _ 2M? Pref Po gL
gs X=S Regnk = (A*+1)—— = (037+023 a)
y . _
~ 0s =it \~ y aid 0 L T Ltank Lm} LZFE

-

Froude number construction
Ug
Fr =
P —Po 12 T
ngL—(0.74+0.0223%)

Pref Reank
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Buoyant Jet model

e Results 100 {—sp
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Terada, Toshihiro, Hiroshi Yoshimura, Yohsuke Tamura, Hiroyuki Mitsuishi, Time [s]
et Shogo Watanabe. « Thermal Behavior in Hydrogen Storage Tank Volume tank = 65.0 L Diameter tank = 0.4 m Length tank = 0.832 m
for Fcv on Fast Filling (2nd Report) », 2008-01-0463, 2008. Diameter injection =0.01 m  Length injector = 0 m
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Buoyant Jet model
e Conclusions

v For some filling conditions of horizontal tanks, experimental measurements showed
thermal stratification can reach 30°C between the maximal gas temperature and the
average gas temperature

v Thermodynamic based model (0D model) can only predict the volume averaged gas
temperature in the tank

v In the literature, only Terada gave a minimal limit of 5 m/s for the gas velocity at the
injection, to avoid thermal stratification in horizontal hydrogen tank with axial
injection based on experimental study using a type IV 65 liter tank

v Using a phenomenological approach, a buoyant jet model is used to suggest a Froude
number limit of 1 considering the filling conditions and the tank geometry to predict
thermal stratification

v This Froude number minimal limit of 1 is consistent with the Terada criteria for small
aspect ratio tanks. It gives better predictions for longer aspect ratio tanks.
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