CHAPTER 5

THEORETICAL ANALYSIS AND SIMULATION

5.1 Introduction ‘&f&‘ ,//‘/‘/;‘

TEXAS has beexyt ted with the temperature fuel-coolant interaction.

The predlctlonﬁn%ﬂcﬁr}t%ﬁ%q ‘wa ij‘?gﬂﬁ than in the explosion

phase. Also inithe explosion phag_e some parameters are re(gl}red such as the
proporﬁxﬁoﬂrtﬂﬁ;ﬂﬁomtﬁ ﬁ ﬂlaﬂa?‘iF E]&'Tg tion rate, the
trigger position, etc. Due to these empirical assumptions, only the mixing model of
the fuel-coolant interaction will be used in this dissertation with the assumption that if
the scale of the maximum pressurization from the simulation is comparable to that of
the experiment, then the pressure spikes appear in the experiment is only the
pressurization from mixing. If not, the pressure spikes will probably emphasize the

explosion-liked interaction.
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TEXAS model solves the 1-D, three-field equations. The first two fields
represent the coolant vapor and the coolant liquid in an Eulerian control volume or an
Eulerian cell. The last field represents the fuel in Lagrangian description within the

Eulerian volume. The governing equations describing the fields in TEXAS model are

briefly described in this dissertation.

5.2 Definition of Volume Fractions

In an Eulerian cell,

.1

(5.2)
where ¥V, =
Vg =
v, =
v, =
Vcell =

(5.3)

(5.4)

ﬂuaw%ﬁwmm

(5.6)

ammﬂﬁmﬂjmwmaﬂ -

where @, = Volume fractions of the vapor with respect to
the coolant volume in a total volume of an Eulerian cell
a, = Volume fractions of the liquid with respect to
the coolant volume in a total volume of an Eulerian cell
a, = Volume fractions of the fuel particle with respect to

the total volume in an Eulerian cell



96

P, =Macroscopic densities for the vapor

o, =Macroscopic densities for the liquid

5.3 Conservation Equations

5.3.1 Mass Equations

Vapor:

(5.8)
Liquid:
5.9
where  u, = Velocity |
u, = Velocity of'liquid fiels
I', =Evaporation
r, = —!.r.,
5.3.2 Momentum Equt}ons w
- ﬂ‘lJEJ’J NENINYINT
S iRy
+4, aa,(uz —u,) =T, (u~w)+ M, (5.10)
Liquid:
P %"'PI”I 8al; =-pg- %+Kgl (“g —ul)_Kqul =¥
+4 E(ug ~u))=T, (u,—u, )+ M, (5.11)

n at
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Fuel Particle:

dupk 3
P dt

w8+ D (g~ )+ B (w-u,) (5.12)

where g = Gravity

P =Pressure

K=

K., = Wall-vapor ffiction

Ky =

v, =

v =

A4, =

M, =Fuelp

M,, = Summatio yapor: A oF ) particle drags
M,, = Summation ofliquid-1 agr article drags
D, = Vapor-Lagiangian pariicie drag fotm— -
E, =Li ig agrang o te LIJ

533Energyﬂnﬂ>ﬂ"] ‘V]E]qnﬁw gIN7
RN AN AN A

2pyl,) 9 APLg) _
ot o at ax(ozu )}+W b, +0, +0,

o +Sg+(I‘¢—l"c)hp {3.13)
Liquid:

o(pl) &(p'lu oa, 0O
G o[ Lom|mir0.v0, 0

—Cl +Sl +(Fc—re)hl.\' (5-14)
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Fuel Particles:
dl,
My —2 = Ry (T, =T )+ Ry (T, =Ty )+ Ry (T =T )+ R (T, =T, ) 45,4
(5.15)

where I, =Internal energy of vapor field

I, =Internal energy of liguiic

W, = Viscous
0., = Wall-v,
0, = Wall-ligiid
9,, = Vapor-
0, =Liquid-

O, = Vapor- inteffz

0, = Liquig- interface hieat trans
C, =Cond duction sfer Y
C = Condlglon heat transfer or iquidm

. ﬁﬁﬁ?ﬁiﬁﬁ‘ﬁf’im

OGN AR IRABE

45, = Heat source term for liquid

S, = Heat source term for Lagrangian particle

T, = Vapor temperature

T, =Liquid temperature
T

o = Lagrangian particle temperature

T, = Wall temperature

w
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T, = Saturation temperature

R, =Macroscopic heat transfer coefficient between vapor and Lagrangian
particles of kth group

R, =Macroscopic heat transfer coefficient between liquid and Lagrangian

particles of kth group

R, = Macroscopic heat transfer coefficient between vapor-liquid interface

. The key congtifuti | - n EXAS the hydrodynamic fuel
fragmentation. Chu [41 i model | \\o\n a multi-step fragmentation
theory for the liquid partic : 161" Ehihd e fuel particles to be deformed
and dynamically fragmente mber of particles from its initial
diameter to smaller sizes. The co cess of the fragmentation of the fuel in an
interaction with the coolant s alt from thre apisms, (1) Rayleigh-Taylor

instability, (2) Kelvin-Helmtiottzinstability; and: dary layer stripping.
J Iy

5.4.1 Fragmentation by ?ageigh-Taylor ilis}ability

L ANENINEINT,
VAN IPUVIINENY

where D(T") = Fuel diameter at time T
D(0) = Fuel diameter at time zero
We = Weber number of the fuel particles

C,, C, =Constants.
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The correlation is simplified to a linear time-independent form:
D;*' = D;(1-C,AT*We"*) (5.17)
where n = 0Ild time stamp

n+l =New time step

AT* = Dimensionless time step

C,  =Constants.

And (5.18)

(5.19)

(5.20) |

5.4.2 Fragmentation by Kelvi

There are € plied bz
k f’_‘-'l’- (void fraction < 0.2,
by default), the conditml is considered that of a “thin film.” That is there is only a
very thin vapor film oversthe,surface of the fuel. In such case, the major effect is due

0 i 5 YA FH Pk -2 oo vr o e

(vond fraction > ﬂ-’lz) then the “thick film” condmogs assumed. In is condition, both

o ) RPN A ) s

a ﬁ on the condition of the

coolant surrounding thé

Thin film
3
i, =Phby) e (5:21)
(p, + p) Prt+p
2
i ko 2p,p,(u—u,) (5.22)

" 3o, )@, + )
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Thick film
k2' ol 2 k3-
n,f,ax o= pfpg mm(ug 2uf) - O-f 'min (523)
(p;+ ) Py p,
and f. =t (5.24)
3oy +pe)oy

with A = ;” (5.25)
then (5.26)
where sy n g/s) by Kelvin-Helmholtz

elvin-Helmbholtz instability on

olten fuel. This constant determined

i
given b; :es:@ﬁm‘ﬁlﬁdwgﬁﬁ%m are assumed to be
RPINTBAMINGINY

critical 2
p curel

where We_.. = The Weber number in which the particles become stable.

critical

D,

critical

= The diameter according to the given critical Weber number (m)

p.  =Average density of the coolant (kg/m®)
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5.4.3 Fragmentation by the Boundary Layer Stripping

TEXAS model assumed that the layer of the melt formed at the frontal part of
the jet would flow from the frontal part of the jet to the rear and then is stripped away

by the surrounding fluid. Chu [41] estimated the erosion rate as:

(5.28)
with (5.29)
and (5.30)

where m, =Fragmen y layer stripping

6  =Boundary layer, hi

u = Velocity (m/i):gzg—ﬁ I _*

u’e, = Re __Ij C 7 _i n)_/s)
R =Radiubo ’ X

i m
WSt 121134641011 A
ssradaRNAG 1) 1IN

The phase change model is an important constitutive relation in TEXAS,

which calculates the evaporation rate and the condensation rate, used in the
conservation equations. The model assumes that the phase change occurs at the
interface of the coolant liquid and vapor, and considers all forms of heat transfer
between the fuel and coolant under different flow regime conditions. Generally, the

fuel heat is used in three ways:
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1. to increase the internal energy of the coolant liquid
2. to increase the internal energy of the coolant vapor

3. to vaporize the coolant liquid.

The energy balance of the fuel can be written:

q.nel,f = qf _ql _qg (5'31)

where ¢, =The heat lost by the fuc!

The detailed desc#ipti

the known net heat flow, the phz @ angerate per olumecanbecalculated:

(5.32)

where hjg —Lat ’_"_'

V., Voluxﬁ of 2
o B KBS IR0 s

evaporation rate

AN NI UMNINYIAY

[,=m, and T,=0 (5.33)

But if the net heat flow is negative, coolant vapor is condensed. And the

condensation rate is:

r,=0 and T,=m (5:34)
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5.6 Fuel Surface Temperature

Each fuel particle is assumed to have two uniform temperatures: (1)
temperature at the center and (2) temperature at the surface with the thickness
determined by a thermal layer. The thermal layer thickness, &, is calculated based on

average thickness of heat conduction for a plate, which is:

(5.35)
where « = Thermal
ﬂ mi; = Time f
The heat trans

N Lf ¥ V¥ | (5.36)

where A  =Particle surface area
_ZMIN

K =Co nd i )
T.*' = Censt

= ;
 fithe new time step

™ = Surfamtemperature of the fuel particle‘at time new time step
- FT TS NETS
PRTRETIINMIINga Y

n+l _ gn
. A * -9, (537)

where M, =Mass of the fuel particle
1 :‘”' = Internal energy of the fuel particle at new time step

I, = Internal energy of the fuel particle at current time step

At = Run time step
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The internal energy is a function of the particle temperature:
' =I,+C,(@"-T,) (5.38)

Solving Eq. 5.36-5.38, the surface temperature can be expressed:

(5.39)
5.7 Approximation
(5.40)
where  h,
h,
And (5.41)
(5.42)
where igs = Inte - energy ¢
= Local préssure of the Eulerian cell
ﬂmmsm@mm nJ
= Intemal ene of the li
PRI e
Because i, >> Pv ' » then
h, ~ (5.43)

Substituting 4, and &, into Eq. 5.40, then

h

e = igs+Pvg“,—if - (544
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5.8 Further Modification

Before applying the TEXAS model used in the high temperature process into
the water-liquid nitrogen interaction, the modification on the code is needed. The

modified parts of TEXAS are given in Appendix B. This modification is briefly

u///

1.1  Gas_internalene ctlQp =
1.2 Gas_internale

* 1.3 Gas_internz

described below:

1. The state properties

1.4 Gas_tempsa

1.5 Gas_temp

1.6  Gas_density

1.7 Gas_specheat

1.8 Gas_recipsound

1.9 Setupmix subroutine -
1.10 Hsatf funqt‘gnr
1.11  Setc subroptine

Eleven functions above are related to the thermodynam1c properties of the coolant.

The original ﬂ ﬂ rﬁ ﬂ ﬁfﬁr e high temperature
experiment wm dissertation the liqui ogen is used. Thus, the
BV D1 ob iy i )

9

2. Qwall subroutine

This original subroutine is modified to correct the error due to the mismatching in
unit of some variables related to the heat transfer coefficient from the wall to the
vapor or the liquid. Basically, at high temperature the heat transfer between the vessel

wall and the interaction inside the vessel by this subroutine can be neglected, so that
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this error is automatically insignificant. However, as the wall heating is more effective

for the process at the low temperature, this error must be corrected.

3. Evpcod subroutine

This subroutine calculates the evaporation rate and the condensation rate. The
subroutine neglects the evaporation and condensation effect in the Eulerian cells that
the fuel disappears. This assumptibn greatly reduces the run time required for the

entire interaction by giving an aWated result. However, the assumption

overrules the conservation equs ification treats the evaporation and

conservation equations.

interface even though a droplet oes notJ if apor cell (void fraction = 1) or a

ion = 0). The modification is to

This modification fj to re-order . g8 aode such that the Qwall

subroutine is 1mp1emente9 before calculatméthe evaporation and the condensation

rate in the folloﬁ%‘ﬂ‘?ﬂﬁ% INBINT

6. Newfrag subroutlne
- e RN T NN TINYIA Y
8. Echk s“lbroutlne

The Newfrag subroutine calculates the fuel fragmentation during the fuel-coolant
mixing. The Dks subroutine determines the drag coefficients and the Echk subroutine
checks the total energy in the system. Each of these three subroutines has a trivial

error that is fixed by the modification. The modification is to fix the error.
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3.9 Assumption Notes

Some assumptions are inherently implemented by TEXAS itself and some

assumptions are particularly used in this dissertation. They are specified below:

Constant specific heat of water.
Constant specific heat of ice.
Constant and equal density for: ige.

il NN ’
Constant viscosity of water, d ni aseous nitrogen.

Constant surface tenswent._gf water anid liguid nitrogen.

il A

N

10. Fuel particle velocity is s to ﬁ;- vhen‘contactis
’l;:- . y ._-....__ 5

and the fuel particle combme with the previous particle if its temperature is

".-fr" lz“r. '1‘“ i

greater or equal t(}its meltmg" téﬁ vera

11. Pressure built up durimg the-water

speed. D il V a -

12. Volume of the guide th}be is small and is ne lected.

e 1)
TR0l AN

The simulation tests are executed with their test conditions shown in Table
5.1, and the input file for each test is shown in Appendix C. The data of the velocity
of the injected water is approximated from the pre-experiment conducted without the
liquid nitrogen. In practice, the velocity of the injected water decreases with time due
to the decreasing amount of the water in the bottle, the friction along the valves and
the guide tube and the back-pressure generated from the interaction inside the

chamber.
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Table 5.1 Simulation test conditions

Water Injected  |Initial water to
injection Water liquid nitrogen
pressure Velocity volumetric

(bar) (m/s) ratio

2 0.05

2 \\\m 70.10

Before testing the,.snﬂulatlon the initial and the base cases are tested. Fig. 5.1

is the sunulauﬁ %&1} ’M&I M‘% %@’}ﬁ‘j is separated into 25

Eulerian cells starting at Cell 2 to ‘,Cell 26. Each cell is 4-cm helght The liquid
mtroge& mlﬁ ﬂ 45 a | 1??%!( !ﬂﬁ? E}ﬁ?‘tﬂ uantity of the
liquid nitgogen in eﬁ;erlme auge G1-G8 are the instrumental gauges, which
can be selected by user to measure the void fraction, pressure, liquid temperature, or
vapor temperature at its Eulerian location. The measured values are plotted on the

right side of the chamber.

Cell 9 and Cell 26 are correspondent to the position of the pressure transducer
(PTI) and the pressure transducer (PT2), respectively. The water injection starts at

Cell 9 and flows down to the lower cells.
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The void fraction, pressure, liquid temperature, or vapor temperatufe along the

side of the chamber can also be plotted in the left side of the chamber.

Fig. 5.2 is the base case where 1cc 77K of water is injected into the 77K liquid
nitrogen inside the chamber with its wall temperature at 77K. The simulated profiles

of the pressure and the other values show that there is no transient, which is expected

since there is zero heat transferred 1n“}s,pn

Fig. 5.3 and 5.4 shov&e w_bere
liquid nitrogen inside ;

the el W
simulated profiles of ﬁ Y

experimental pressure

of water is injected into the 77K
1 temperature of 273K. The

4 second agree with the

0.4 second is requlred for

J-p.’.‘r

temperature assigned to aclL‘Exﬂcrlan in TEXAS code and the actual

environment temperatures whwh«dfevfa‘tg ”- another. Anyway, the scale of
'

the pressurization ‘Was_very small whe aLe e scale of the spike

pressurization (6-25 b

Fig. 5.5- ﬂﬁry m ons as described in
Table 5.1, and é ﬁkﬂﬁ ﬁ E iﬁ periments are shown
e TR L e e

experimeﬁts to that from the mixing simulations is summarized in Table 5.3.

‘l

S.12 Analyses

The results from the simulation tests show that in the mixing phase the

pressure spike does not occurs. In addition, the comparison of the difference in

(%) and their ratio are also given in Fig. 5.15 and 5.16.
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Both figures show that the (%J from the tests with 2-bar(g) water injection

is almost equal to the (%) from the experiments. Therefore, at these 2-bar

conditions, the mixing process dominates the interaction.

dp

For the white-dot at 3-b , the (:17) from the experiment

is much higher than the . The results suggest that the

\mmated by the process that

interaction between th

is more energetic than

For the black-dog€onditior - 0 experiment is much higher

much different from gat of %ﬁﬁfe

ratio of (CZ) clearly distin: ) up.and the white dot group.

The (—J from the eXperiment is moredthan twenty five times of that from the

dt max
simulation andﬂllJ E‘l gtlmes greater?uﬂeﬂ nf 3 the possibility of the
explosi -l%d,mt ﬁ m pirﬁ rET ﬁ! the black-dot
M) 815 NP1t N 1T

One should takes a little look further to the void fraction profiles in the black-

dot case. In Fig. 5.17-5.21, the same simulations had been tried, but the simulations
were stopped at the inception times of the pressure spikes as observed from the

experiments. The void fraction below 0.9 was observed during the mixing simulation.
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In Fig. 5.17 and 5.18, the void fraction from Cell 9 to Cell 26 is nearly 1. This
portion of the chamber is filled by the vapor. Thus the sound speed is substantially
higher than in the mixture. The results from the simulation explain why the
experimental pressure spikes in Fig. 4.2(a) and 4.3(a), which were detected by PT1
and PT2, start increasing nearly at the same time. Note that the water injection for
these two cases is still in progress at the inception time since the water is still being
injected at Cell 9.

In Fig. 5.19, the water j ’i&&

&een in Cell 9 at the inception time.
The void fraction from Cell 9 en 0.1 and 0.5. These results

correspond to the experi

ction causes the delay time of
the pressure spikes as eriment. This void fraction
was presumed previo d by the simulations.

In Fig. 5.20, the vgld Fagtion fromiC 10 lies between 0.1 and 0.5.

At this time, the water jet i8 still in p ressias indi by the injection Cell 9. Due
to the longer distance in the athe deldyti ill be greater than the delay time
observed in the previous case. f%'ﬁ 2, the pressure profiles from the experiment

show that the delay ti_{ne is 2711%%61&1‘3; more than twice the delay time of 14 ms in
i . The results from the

In Fig. a m between 0.1 and 0.4.
But the water ﬁu‘aas Fr?:llﬂ she 11.3 mxjﬁ 1njection period may
come ectio m cti out the liquid
nitrogmm%ﬁﬁ Hﬁﬁﬁ%ﬂﬁ e inside the

chamber and retards the injection velocity. The other possibility is that the injection

pressure just after the water injection is strong enough to disturb and trig the

interaction inside the chamber.



Table 5.2 Summary data from the simulations and the experiments
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Water | Initial water to | Observable | Observable ( dp ) ( dp )
injection |liquid nitrogen| spikes spikes dt Jmax 5 -
pressure | volumetric | fromthe | from the during the from

ratio mixing |experiment| mixing from | experiment
simulation the simulation
(bar) " (bar/s) (bar/s)
2 0.05 0.24 0.26
2 0.10 0.20 0.21
3 0.05 0.23 25.0
3 0.1 7 | 0.33 2.89
3 0.1 Nz 0.40 5.70
3 0.20 - 0.41 1.26
3 0.05 o 0.25 647
4 0.10 PTian 0.45 23.6
1
4 0.15 7 £ 0.45 24.8
3 0.20 \ '1 _ 0.55 16.1

AN TUNMINGA Y

y

y

AU ININTNEINS




Table 5.3 Comparison between (%) in percent and in ratio from the

experiments to that of the mixing simulations.
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Water | Initial water to (dp)

(.

(%,

(%

injection |liquid nitrogen dt -
pressure | volumetric during the from |difference| ratio
(bar) ratio \E‘ ; / eriment
_the.si ulation”
— ar/s) """T?Q (%)
2 0.0 /A /ﬂ‘\ 8 1.1
- | e .///aﬁ?\"sk\ 959 -
3 / ﬂ \\ 89 8.8
3 93 14.3
3 67 3.2
4 96 a9
4 98 524
4 98 351
4 97 29.3

ﬂ‘lJEJ’J‘VIEJV]ﬁWEJ’]ﬂ‘i

’QW']ﬁNﬂ‘iEU UA1AINYAY
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Fig. 5.1 Initial configuration of the experimental model.
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Fig. 5.2 Zero boiling test with test conditions: All initial temperatures of water,

nitrogen, and wall in all cells are 77.244 K. The Qwall subroutine is skipped.

G1, G2, G3, and G4 measure the properties in Cell 9 while G5, G6, G7, and

G8 measure the properties in Cell 26
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Fig. 5.3 Boiling test with test conditions: Initial water and nitrogen temperatures are

77.244 K. Initial wall temperature is 273 K. The Qwall subroutine is

executed. G1, G2, G3, and G4 measure the properties in Cell 9 while G5,

G6, G7, and G8 measure the properties in Cell 26
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Fig. 5.4 Boiling test with test conditions: Initial water and nitrogen temperatures are

77.244 K. Initial wall temperature is 273 K. The Qwall subroutine is
executed. G1 to G8 measure void fraction in cell 2 to Cell 9.
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Fig. 5.5 Simulate the experiment with test conditions: Volumetric ratio is 0.05. Water

injection pressure is 2 bar. Initial water, nitrogen, and wall temperatures are
300 K, 77.244 K, and 273 K, respectively. G1, G2, G3, and G4 measure the

properties in Cell 9 while G5, G6, G7, and G8 measure the properties in cell

26.
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Fig. 5.6 Simulate the experiment with test conditions: Volumetric ratio is 0.10. Water

injection pressure is 2 bar. Initial water, nitrogen, and wall temperatures are
300 K, 77.244 K, and 273 K, respectively. G1, G2, G3, and G4 measure the

properties in Cell 9 while G5, G6, G7, and G8 measure the properties in cell

26.
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injection pressure is 3 bar. Initial water, nitrogen, and wall temperatures are
300 K, 77.244 K, and 273 K, respectively. G1, G2, G3, and G4 measure the
properties in Cell 9 while G5, G6, G7, and G8 measure the properties in cell

Fig. 5.7 Simulate the experiment with test conditions: Volumetric ratio is 0.05. Water
26.
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Fig. 5.8 Simulate the experiment with test conditions: Volumetric ratio is 0.10. Water

injection pressure is 3 bar. Initial water, nitrogen, and wall temperatures are

300 K, 77.244 K, and 273 K, respectively. G1, G2, G3, and G4 measure the

properties in Cell 9 while G5, G6, G7, and G8 measure the properties in cell

26.
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injection pressure is 3 bar. Initial water, nitrogen, and wall temperatures are

300 K, 77.244 K, and 273 K, respectively. G1, G2, G3, and G4 measure the
properties in Cell 9 while G5, G6, G7, and G8 measure the properties in cell

Fig. 5.9 Simulate the experiment with test conditions: Volumetric ratio is 0.15. Water
26.



124

AELT ML TTIYAD BSM DL ZNT 008 D000 BAS dHLY M

(s) By (s) uny
'+ € 'z 97 8'0 0'Gyg 0P 43 2 91 8'0 0yq
i
i i
s o \. fadli]
L..\ +1'0 ] $1'0
b 910 910
o = \\\.\!
| ] 81’0 e 810
| oreee(82) [[P? SYHIL e [ o6 119 SYXIL oo
0z'0
25 afines; (®dIy) @anssadd, £51- &5 sEnen
‘561~
"€61-
‘161~
‘681~ ;
(92) |12 SY'¥3L — li®> S¥xaL —
‘481~
£5 3bnes (5) duwsy pnbny, (=
*961-
\L
\\1\.\ = =i
"p6T-
e ———
‘€61
(92 IIP> s¥3L — (6) 119> s¥aL
‘Z61- | k-
9 abnesy (D) dwa anodep 09'0 26 abrigey (D) dws) anodep oo
00 SN i S A A 0c'0
¥ i
08'0 05'0
3
06'0 i ]oso
{
00't L1 os0
(92) 112> SY¥AL - (&) 1122 SYXIL -~ b
o't 5 or't
aoy afirm uonoedd plog 1% sONR uonRdei4 PlOA

TS66'E (5] BllL

Aanodes ] pinby ©

00 00 10 10 Z'0 N.Aro.

(edl) Banssaad
0

09'0

AULANYNTNYINT

ﬁ—

N

0g'0

Fa

Fig. 5.10 Simulate the experiment with test conditions: Volumetric ratio is 0.20.

Water injection pressure is 3 bar. Initial water, nitrogen, and wall

temperatures are 300 K, 77.244 K, and 273 K, respectively. G1, G2, G3, and
G4 measure the properties in Cell 9 while G5, G6, G7, and G8 measure the

properties in Cell 26.
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Fig. 5.11 Simulate the experiment with test conditions: Volumetric ratio is 0.05.

Water injection pressure is 4 bar. Initial water, nitrogen, and wall

temperatures are 300 K, 77.244 K, and 273 K, respectively. G1, G2, G3, and
G4 measure the properties in Cell 9 while G5, G6, G7, and G8 measure the

properties in Cell 26.
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temperatures are 300 K, 77.244 K, and 273 K, respectively. G1, G2, G3, and
G4 measure the properties in Cell 9 while G5, G6, G7, and G8 measure the

Water injection pressure is 4 bar. Initial water, nitrogen, and wall

Fig. 5.12 Simulate the experiment with test conditions: Volumetric ratio is 0.10.
properties in Cell 26.
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temperatures are 300 K, 77.244 K, and 273 K, respectively. G1, G2, G3, and
G4 measure the properties in Cell 9 while G5, G6, G7, and G8 measure the

Water injection pressure is 4 bar. Initial water, nitrogen, and wall

Fig. 5.13 Simulate the experiment with test conditions: Volumetric ratio is 0.15.
properties in Cell 26.
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Fig. 5.14 Simulate the experiment with test conditions: Volumetric ratio is 0.20.

Water injection pressure is 4 bar. Initial water, nitrogen, and wall

temperatures are 300 K, 77.244 K, and 273 K, respectively. G1, G2, G3, and
G4 measure the properties in Cell 9 while G5, G6, G7, and G8 measure the

properties in Cell 26.
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Fig. 5.17 Simulate the experiment with test conditions: Volumetric ratio is 0.05.

Water injection pressure is 3 bar. Initial water, nitrogen, and wall

G2, G3, and

G4 measure the properties in Cell 9 while G5, G6, G7, and G8 measure the

temperatures are 300 K, 77.244 K, and 273 K, respectively. G1,

properties in Cell 26. The simulation stops running at the inception time.
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Fig. 5.18 Simulate the experiment with test conditions: Volumetric ratio is 0.05.

Water injection pressure is 4 bar. Initial water, nitrogen, and wall

temperatures are 300 K, 77.244 K, and 273 K, respectively. G1, G2, G3, and
G4 measure the properties in Cell 9 while G5, G6, G7, and G8 measure the

properties in Cell 26. The simulation stops running at the inception time.
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G3, and

Water injection pressure is 4 bar. Initial water, nitrogen, and wall
temperatures are 300 K, 77.244 K, and 273 K, respectively. G1, G2,

G4 measure the properties in Cell 9 while G5, G6, G7, and G8 measure the
properties in Cell 26. The simulation stops running at the inception time.

Fig. 5.19 Simulate the experiment with test conditions: Volumetric ratio is 0.10.
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Fig. 5.20 Simulate the experiment with test conditions: Volumetric ratio is 0.15.
Water injection pressure is 4 bar. Initial water, nitrogen, and wall
temperatures are 300 K, 77.244 K, and 273 K, respectively. G1, G2, G3, and
G4 measure the properties in Cell 9 while G5, G6, G7, and G8 measure the

properties in Cell 26. The simulation stops running at the inception time.



134

sé 4 T ONE 000k

(s) suuy

£0 90 ¥'0

Aanodea - pinby i

B i

09'0

08'0

(6) 11> SYXIL

S

o't

(5 1> SxaL

gu ebneny

uolIRI PIOA

00'0

kS i

N

/

8) 11> SwX3L—

e abnesy

uolIEI PIOA

\\.\

or'o

09'0

08'0

00'1
00'0

0z'0

b0

; ]
_*Tlr

11?3 SX3L —

09'0

08'0

08'0

(£) 12 SwxaL—

42y HBrED

uoieA PIOA

..\\

00t
00'0

0z'o

(€)11P> Sw¥3L —

00’1 0z

25 afneg

uopded PIOA
000 =

o0

0z'0 2

0b'0 24

09'0

09'0

08'0

08'0

(3) 12> SYXIL

00't

@) 117> SYXIL -~

00't

uonoeA] PlOA

15 Blnwn

UoRI®4- PIOA

(ed) @ansseag

0 20 Nooo.o

0zZ'0

[+Ta

fon W

09'0

NIl P14

08'0

Fam 1= W

Fig. 5.21 Simulate the experiment with test conditions: Volumetric ratio is 0.20.

Water injection pressure is 4 bar. Initial water, nitrogen, and wall

G3, and

G4 measure the properties in Cell 9 while G5, G6, G7, and G8 measure the

temperatures are 300 K, 77.244 K, and 273 K, respectively. G1, G2,

properties in Cell 26. The simulation stops running at the inception time.
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Fig. 5.22 Pressure profile after subtracting the wall heating and the mixing with the
test conditions: Volumetric ratio is 0.15. Water injection pressure is 4 bar.

(a) from 0-1000 ms (b) enlarged time from 600-800 ms.
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