CHAPTER 4

EXPERIMENTAL RESULTS

|

4.1 Test Conditions

ss@ur different volumetric ratios

ments. The water injection

Three different w.

were chosen as the de ired ditions f
pressure is varied from*2 bz ?7/) b \

varied from 100 cc to.400 c¢, while | } nitrogen is kept constant at 2000 cc.

me of the injected water is

This gives the volumetrig'ratié of 0.05.t0.0. 0. \- esired test conditions are shown
in Table 4.1.

Table 4.1 Te diti s wit 2000-¢c liquid nitrogen

Experiment No. | W Ster injection e, | Injected water
—
#lm “ 100
#2 ¢ ZU 200
= ) 2 B 400
U ¢ -

#7 3 300
#8 3 400
#9 o 100
#10 E 200
#11 4 300
#12 4 400
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4.2 Experimental Results

In most tests, the water in the pressurized bottle was totally injected into the
interaction chamber. The experiments in which some of the water was left in the
bottle were the #3 and #4 tests conducted with the injection pressure of 2 bars and
with the water/liquid nitrogen volume ratio of 0.15 and 0.20. Thus, all experimental
results are shown in this dissertation except the results from the test #3 and #4.

wée pressure transducers from the

h figure, the vertical axis of each

The pressure profile

experiments are shown in Fi

graph give the gauge p he horizontal axis was for the

time of observation, which the injection of the

water was initiated, in

In each graph, fo re , ofi ‘are presented. In general, the top most

profile is for the pressure by -, > transduce during the interaction. The

profile that normally liesjus owei’ ir: - was obtained with the transducer
PT2 in the same event. The o _’ ! are those lied at the lower part of each
graph and are virtually idenﬁedé?‘fﬁﬁ rofilesare ¢ tained from the experiments in

which no liquid nitrog '3-'_—-1 * ore, each profile that is
o acmany n - : ~This is done to confirm that

i
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Fig. 4.1 The pressure profiles obtained from the experiments with the injection

pressure of 2 bars
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pressure of 3 bars
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Fig. 4.2 (cont.) The pressure profiles obtained from the experiments with the injection
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from test #6 with injection pressure of 3 bar and volumetric ratio 0.10



2.5

Water/LN2 volumetric ratio 0.15
Mater injection pressure 3 bar

TCO:05:50

ol
o

PTS
PT2"

gauge pressure (bar)

-

PT1& 2 W/OLN2

tine (as)

(® ()

Fig. 4.8 Pressure profiles (a) and its ice debris (b), (c), (), (e), (), (g), and (h)

from test #7 with injection pressure of 3 bar and volumetric ratio 0.15

78



2.5

Water/LN2 volumetric ratio 0.20
Mater injection pressure 3 bar

TCO: 3925

y PT14

PT2

PT1 &2 W/OLN2

tine (ns)

0 500 1000 1500 2000 2500 3000 3500 4000

(9] (h)

Fig. 4.9 Pressure profiles (a) and its ice debris (b), (c), (d), (e), (f), (g), and (h)

from test #8 with injection pressure of 3 bar and volumetric ratio 0.20

19



o1 e u
“cahioed et u
gl

Water/LN2 volumetric ratio 0.05
Vater injection pressure 4 bar

i TC0:29:28

Sl. 5.2002
0:01

tine (as)

(® (h)

Fig. 4.10 Pressure profiles (a) and its ice debris (b), (c), (d), (), (f), (g), and (h)

from test #9 with injection pressure of 4 bar and volumetric ratio 0.05



2.5 —

/N2 volumetric ratio 0.10
Iuter injection pressure 4 bar

TC0:30:33

time (ns)

(b

13kl [
L1 INEIa L

€3]
Fig. 4.11 Pressure profiles (a) and its ice debris (b), (c), (d), (e), (f), and (g)

from test #10 with injection pressure of 4 bar and volumetric ratio 0.10

81



25

Mater/LN2 volumetric ratio 0.15
Mater injection pressure ¢ bar

TCO:01:31

PT1 & 2 W/O LN2

31 52002
18:00

tine (ns)

(b)

TCO:01:07 ‘ , FED:00:59

@
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from test #11 with injection pressure of 4 bar and volumetric ratio 0.15
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4.3 Analyses

4.3.1 Pressure Profiles

From the pressure profiles as obtained without the liquid nitrogen, both
transducers gave virtually the same results. This was expected since there was no
interaction. In effect, this confirmet transducers were working correctly.
When the full experiments %« : &he water and the liquid nitrogen
were used; the pressure Mre elear]

observation. This was b‘ﬁ'—-‘ .

even at the beginning of the
1quid nitrogen at the wall of the
chamber. Since the vapori er than the normal air that filled
the upper part of the en would diffuse at the very slow
ﬁi@ressure at the lower part of

ith PT1 at the beginning of

rate to the upper part
the chamber to be highegl T

the observation confirme

e
Ll

The results obtained frogl"ﬁ_jﬁ;l;

_"_;'..f,;_l:,.- o

iments were summarized as given in
Table 2. In some ezsmriments, the rﬁms‘éub SM ¢ observed. On the other
hand, only the pressuriZafion process was observed in thé other experiments. It must
be stated that, in idé;; fying the pr K€, their}ressure should have been
increasing at the relativgl;alery high ratejand should have occurred early in the

experiment wl'ﬁ %\HC@D%IE}I %ﬁélw E}g’;}sﬂ@as observed that the

pressure spikes Were rarely observec}in the experiments where the low pressure was
o

TERWTRRNIUARIINGD A%

As a side note, it was observed that in each of the experiments where the

pressure spikes were observed, the installation was found visibly shaking, while the
audible sound from inside the chamber could be heard. This suggested that the

interaction in each of these experiments must be quite violent.

Based on the existence of the pressure spikes in the experiments, a diagram for

the possible “Interaction Zone™ is created. This diagram is shown in Fig. 4.14. The
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diagram shows the water injection pressure as its vertical axis and the water/liquid

nitrogen volumetric ratio as the horizontal axis. In the diagram, the solid circles
indicate the experiments in which the spikes were observed. The transparent circles,
on the other hand, indicate the experiments that did not produce the pressure spikes.
For each circle, the time of its inception (the first pressure spike or just the origin of

the observable pressurization) is also described.

€ experiments

Water it Qbserv: ike inception dp
injection | liquid pi Epikit:hﬁmurizaﬁon =

d
pl'CSSUI'C VvO. £ mceptlon max
(bar) ’\\\x\'m (bar/s)

2 AN 0.26
) - B N 0.21
3 1= LA\ g6 25.0
3 = L W10100 2.89
3 e "-:- . \ &6 5.70
3 b2l 2701 1.26
4 O gite/ I 18 6.47
4 f 37 2 23.6
4 0 e L 656 24.8
4 Y20 S 21 16.1
_r_,_._:,:_ilg; '"-}—‘ﬁ .

From the pl;qh)sed diagram of it can be seen that the
experiments with the gh rgetlc pressurizati
the diagram. In addltld;; their inceptior
than those in the experiménts,Jocated in the lower part.

AUYINYNINGING

The rate i which the pressure increased for the spike or the, pressurization in

R R FEU oA B o s

that all but one of the experiments locate in the top part of the diagram have the

ocated in the upper part of

imes of pressurization are also much faster

relatively much higher pressurization rate compared to the experiments in the lower

part.

Based on the diagram of the “Interaction zone,” it is concluded that the
interaction between the water and the liquid nitrogen can be divided into that of the
strong interaction, weak interaction, and without the interaction. As indicated by the

diagram, for the experiments with the same water/liquid nitrogen volumetric ratio, the
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experiment with the higher water injection pressure is more likely to have the strong

interaction. The inception time of the pressurization for the experiment with the
strong interaction, which also indicated the beginning of the interaction, is also
decreased as the water/liquid nitrogen volumetric ratio gets lower. Similarly, the
experiment with the higher water/liquid nitrogen volumetric ratio tended to result in

the higher rate of pressurization.

The reason of the interactio.

as indicated by the “Interaction Zone”
diagram was that the water mjeggo}x press
ratio both affected the void'm. Aé exp@Meeks et al. [38] that the void

the water/liquid nitrogen volumetric

fraction could suppre iJe_racﬁ?\ﬁH‘:r:'ent the process of vapor
explosion in a water/ .\ thi "\larg“é'\ygl ction in the liquid nitrogen
could similarly impe ity of the strong inferaction with the water and

suppress the large press

: Q
-2 \Y
From Fig. 4.2(a -3(a), the water/liquid nitrogen volumetric ratios are
low. The large fraction wain_‘jnaz: ‘and came into contact with the
liquid nitrogen in a very s or'tig_go 'f@mixing of the water and the liquid
nitrogen. This short:‘period -nﬂxif_:g’ p voi fraction. Therefore, the

fragmentation of th‘T

From Eig 4. J% v%f is~high. Fhe first portion of the
water was injﬂeﬁﬁe oﬁ'ﬁpﬁd \:ﬁﬂo‘;md?o the same injection
pressure with volumetric ratio 0.10 . THe*mixi ﬁ’ ter and liquid
hitrogeﬂ‘:ﬁrﬁl)arﬁ' aeﬁﬁmﬁiﬁnﬂﬂi d a large void
fraction ;‘.nd the consequence interactions would be weakened to 16.1 bar/s when

compared to 23.6 and 24.8 bar/s in the case with volumetric ratio 0.10 and 0.15 at the

same injection pressure.

It should be noted that more than one pressure spike could be observed in
various experiments. This was possible if there were many repetitive strong
interactions between the water and the liquid nitrogen. The injection of the water that

resulted in a group of the water lumps that sub-sequently interacted with liquid
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nitrogen was one of the possible scenarios. One of the other possibilities was the

result of the propagation stage of vapor explosion where the high pressure pulse
caused by the fragmentation of a lump of water and its strong interaction with the
liquid nitrogen triggered the fragmentation of the other lumps of water and initiated

their interactions with the liquid nitrogen.

4.3.2 Ice Debris

The presence of the i 1ce\\ b\ﬂ&\)%ber observed after each experiment

had been concluded was smm wa&fo e ice debris for the experiments

e mmenmems that located in the
- 3\ M}qwere partially at the bottom

where the pressure spi
strong interaction zon
of the chamber. A fracii ispersing at the wall on the
upper part of the cham
to be powder liked. The
Some of them even looke
it was observed that erinteﬁf,;;’ vithiuthe water injection of 4 bar and the

water/liquid nitrogen volume rafdi‘mf 501 0. I@Me dispersed ice on the wall than the
other expenments conducted wx‘&r—fhé sanmmg,

) ttpe b&ttom of the chamber tended
$-0f, ¢ice d nb\\(vere jagged and sharp-edged

pressure but with lower volume

g : il o
observed. This was ation ?r pressure release after the
|

experiment was too loiig and the dispersed ice was already melted.

reof UL ANADIWEINT, oo e s e
M} gy XKoo talk bmioh ) it i il

wall of the chamber.

Based on this information, it was postulated that the jagged and sharp edged
shape of the debris was the result of the strong interaction between the water and the
liquid nitrogen. The frozen broken bubble shaped debris suggested that there was the
vapor trapped inside the water droplet that expanded and broke out. It was possible
that this was possibly the normal air that de-dissolved from the water as it was frozen.

However, it was argued that such process should have produced the very fine or the
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sponge-like debris and not the relative much larger bubbles that were observed. For
this reason, the model of jet penetration and entrapment proposed by Kim et al. [29]
might better explain this result.

4.3.3 Pressure Wave Propagation and the Characteristic Sound Speed

In each experiment, the pressure wave would originate from the lower part of

the interaction chamber and travel u e upper part. For this phenomenon, the
issue of interest was the pro f the pressure wave. In general, a
pressure profile as obtain posed of three separate effects. The

first effect was the result
chamber experienced t |

the pressure in the systeat'ev,

ter was injected. The initial difference in

ct at | nitrogen initially filled into the
d fron the\z\qée chamber. This gave rise to
pressure levels measure

P‘l:Z Was the evidence of this effect.

%n]ected water and the liquid
ising in pressure just before the

The second effect was dug
nitrogen. This was ob
first pressure spike was
pressure wave, was the eft ct*,g;f;the‘ @era tion between the water and the

~ . . _-“_ I Ay L it
liquid nitrogen. TN, E’m— {

Two cases at“Volumetric ratio 0. .ﬁg(g) injection pressure are
considered. Fig. 4.2(a)'and 4.5”_(a) show that the prest%re spikes detected by two
pressure transducers mﬂ e same time. While
three cases at ng’[ ﬁ:ﬁm mﬁﬁh 0.10, 0.15 and 0.20
show the pressure spikes with delay.¢

'QW’]ﬂ\ﬂﬂ‘ﬁle UANAINYAY

e experiment at 4 bar(g) injection pressure and the water/liquid nitrogen

volumetric ratio of 0.10 was selected for the demonstration purpose. The pressure
profile obtained from this experiment was modified in order to take out the possible
effects of the heating wall and the initial mixing. The result of the modification was as

shown in Fig.4.16.

To calculate the propagation velocity, it was assumed that the first spikes

observed by the transducers were from the same event. The information from the
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modified profile necessary for the calculation of the propagation velocity was given in
Table 4.3. With the distance of 0.695 meters between transducer PT1 and PT2 and the
time interval between the first spikes from the transducers, the propagation velocity
was estimated to be between 50 m/s based on the inception time (point 1 in Fig. 4.16)
to 22 m/s based on the time of the peak (point 2 in Fig. 4.16).

The magnitudes of the spikes were also considered. It was observed that the

magnitude of the delay spike, the spik asured by transducer PT2 at the top of

‘ e same signal that was detected by
transducer PT1 near the bott arac I gggested that this was possibly
the result of the propagation stag e v"’I or w 1].

eared at PT1 and PT2

chamber, was greater than that of i

4.3.4 Sound Speed

To consider ifitlie obtained propagation velocitywas reasonable, the actual

% i i
sound speed in the water/liqu

that the water fraction was very low compared with the fiquid nitrogen fraction, the

—— ”@ﬁﬁ"ﬁmﬂmﬁﬁﬁig o
ARAINIHRN A

101

For the above relation, the parameters are defined as:
¢ isthe speed of sound of the homogeneous mixture
o 1s the void fraction

p, 1is the density of the liquid phase
¢, isthe speed of sound of the liquid phase
p, 1s the density of the vapor phase

¢, isthe speed of sound of the vapor phase
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The sound speed as given above was plotted against the void fraction using the
data for the liquid and the vapor nitrogen at one bar as shown in Fig. 4.17(a). It can be
seen that the sound speed of the mixture decreases very sharply with the void fraction
from that of the single phase, liquid or vapor. From this graph, it is estimated that the
sound speed in the liquid/vapor nitrogen mixture is 26.2 m/s at the void fraction of 0.5
and would still be under 50 m/s for the void fraction between 0.1-0.9. The sound
speed was again plotted at 2 bar as Fig. 4.17(b). It also shows that the sound
speed in the mixture for the v

velocity of 50 m/s.

Based on the V, ulati

velocities of 22 m/s 5

0 1-0.9 is less than the propagation

luded that the propagation

ined velocities were also
reasonable considerin pIKE, 1 i bc,surred in the mostly liquid

nitrogen, the sound spee

E e

@apor explosion

4.3.5 Comparison with the hlé‘ﬁﬁhp

=TT
"'ed"':f.-f 1.( ;

From the , and their analyses, the
appearance of the pres sure sprkes, e ice essure wave propagation, the

magnitude of the propagated pressure wave, and the comparlson between the wave
velocity to the ture were found to be
comparable anﬁ I\lﬁnﬁ thleﬁﬂuﬂquplosmn as explained
in the refe erature vapor
explosr ﬁm ﬂlﬁm mﬁ ﬁgﬂjm and that the

results obtalned with the study at the low temperature may be applicable to that at the

high temperature.

However, since there were only two pressure transducers in the system and
since the distance between them was not very far, the inaccuracy of the

measurement could give the very misleading result. Therefore, more data obtained
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with better instruments were required for this consideration in order to obtain the

accurate results.
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