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~ABSTRACT

AN EXPERIMENTAL INVESTIGATION OF
FLASHING PHENOMENA 1IN A DEPRESSURIZED VESSEL
Tibor Javory
|

This experimental investigation examined temperature and

pressure changes in a depressurized vessel.

/
The sudden drop of pressure in the vessei causes a flashing
. 1
phenomena, as could occur in pressurized water reactors.

The fluid used was water and an electrically heated vertical

cylinder element was used to heat the water in the vessel,

Tempe;atures were meésured at different locations in the
vessel and were compared with the saturated temperature corresponding to
the pressure measured in the véssel. During the‘period of the sudden
* pressure droé, the water temperature change in the top region is very
fast and it quickly approaches the saturated temperatufe.' In the
bottom region, the Qater temperature change has a time delay and‘the .
temperature remains generally abéve the saturated temperéture. The .,
heating surface temperature drops accordingly, but, it remains 1 to 5%¢
aBove the water tempefature at the same level.

The measured temperatures were non-dimensionalized.
Integration of the no;-diméhsional‘temperature y%elds thé reciprocal

of temperature sensitivity: The temperatures in the top region are

more sensitive to the pressure changes than those in the bottom region.

&
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' CHAPTER 1 *
' I
INTRODUCTION . o

B A

When a liquid is suddenly decompressed to a pressure below

the saturation pressure corresponding to.its initial temperature,f' !

a rapid transient process, known as flashing, occurs.

From their investigations into increases in surface area
during the flashing of liquids Hooper an& Lee [ 1] observed that
thete is a higher pressure within the 1liquid; than in the space above
it, for a large portion of the brief flasﬁkng period. This behaviour

has been termed the:rule of flashing.

4 .

Hooper and Kerba [2] ;sing thirteen different fluids found
the rule of flashing applied to all the fluids‘tested and ;n empirical
cortelation in terms of ‘fluid properties was presented. Hooper and
Chan [3]linvestigated i?e pressure-time relationship within the fluids,
~during flashing. It was determined that the pres;ure-time relation-

N

ship depended upon the initial temperature and properties of the fluid

being investigated. . .

Hooper, Faucher and Eidljitz performed experimental investiga-
tions into the pressure effects on bubble growth in the flashing of
;upen/ﬁeated vater, and provided evidence to support the "Law of

Flashing" [4].

k)
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' The aforementioned experiments were carried out as researcH
from the point of view of basic phenomena. The time considered was

one to thirty microseconds, a relatively short time.

-

Recent studies of two phase flow (liquid and
vapour) came about as requirements for economfcal design and optimiza-

tion Of the operating conditions of heat transfer equipments. The

necessity for reliability and safety of water cooled reactors accelerated’

studies, ~ ~ @

'

& Ralph, Sanderson and Ward [5] studied post-dryout heat transfer

under low flow, low quality conditions and measured the rate of cooling

of a vertical cylindrical surfate.

-

L]
A theoretical model of low-flow film boiling, heat tranmsfer,

on vertical surfaces, has been investigated by Jens G. Munthe Anderson [6].

L 4

. Based on the assumption of laminar flow for the film, he solved the

continuity, momentum and energy equations for the vapour f£ilm.

[N ' . L

Leonard, Sun and Dix [ 7] formulated empirical equations and
wapplied them to loss of coolant !ccident (L.0.C.A.) analysis of % boiler

=~

water reactor (B.W.R.),

Time dependent temperature distribution in cylindrical fuel

rods, with cladding, was evaluated analytically by E. Lorenzini and

M. Spiga [8] .

. Thermal-hydraulic analysis was carried out in the Idaho )
A .
National Engineering Laboratory [i] [103 [11]. The aim being to determine

the critical heat flux for design criteria, of a water cooled reactor.

—
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<« (\\ A series of tesés (loss of fluid tests) was undertaken involving loss of

'

core coolant and rever3al of coolant flowjb These experiments were !

: o carried out on a semi-scale model of the present day generation pressurized

2 3

water reactor. The test facility was designed for loss of coolant experi-

s

ments up to the equivalent of a double ended pipe rupture.
1

- -

+ w

' ‘ ' ’ £ .
N In this experiment the flashing phenomena studied was different - .

Fa

.

. from thode investigated by Hgoper [},2,3,{]. The flashing was obtained ... _"-

- by making a small opening in a'prgssurized, electrically heated boiler.

¢ o

Such flashing phenomena couid occur in pressurized water reactors. .
N % ¢

' - - <
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.CHAPTER 2 - :

EXPERIMENTAL APPARATUS . . : -

. 4 . , P
'

The 'hpparétus used for investigating the. flashing phenorﬁena

consists of the following compone'nt.s as shown in Figure 1.

1. Glass Boiler Vessel - o : : ’
2. Heating Unit (Chromolox Immersion Heater)

3.. Agplifier (Hewlett Packard Model 8803A) with Sanborn 7700 4 X

s

‘A.X. Record ing System '

«

4, Transducer Indicator (Pack. Variable Reluctance Model CD25)

* 5, Pressure Transducer Kit (Pace. Model K.P.15)

. 1 ’ 1
6. Pressure Recorder * ‘ - '

7. Pressure Gauge

a B -

8. Temperat'ure Indicator (Mercury Thermometer) -

9. - Pressufe Cogtrol Valve Co Coe . °

10. Relief Valve ) ' ¢
11. Inlet Control Valve

.12. Domestic Water Heater A

-

The choice of a glass boiler vessel enabled direct observation

-

* -
of the water level on filling and on completion of ghe test. The water

<

used was from a domestic hot water heater and entered the boiler t:\}o @

. thtee branch lines at a temperature of approximately 83°%. (Figs. 2,3,4).

The Chromolox Immersion Heater 500 W was inserted in the g '

‘

. \
boiler vessel to increase the water \temperature. The heater was

“
s

v
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surrounded by compact carbon powder in a one inch, standard, copper

pipe. This arrangement was to enable a better heat flox distribution
over the surface of the heater cover pipe: Copper-constant thermo-
couples (Ansi symbol T) were placed at three different levels on the
heater;elemeﬁt cover pipe and at the same level, close to the pressure
vessel wall, in the boiler water. Two thermocoupleé were located

inside the copper pipe, on the surface of the heater unit itself, at

the middle ‘of the three levels. (See Thermocouplé Aréangément Fig. 5.)
The copper line from the thermocouples (hot junction) was commected éo

a Hewlett Packard Fgur Channel Amplifiér. The chrome line was soldered .
to another copper “line (cold juncti?n) which returned to the amplifier ,
to complete the circuit. This cold junction was placed in a container

of melting ice and water. From this circuit thej%our channel amplifier

’
received voltage signals lineal with the temperature variations on the =
¢
hot junction of the thermocouples in the boiler.
These electrical input signals were amplified by the amplifier
and automatically registered simultaneously on the moving graph paper. - . {

»
As the recorder used had only four channels, only four of the thermo-

coupies temperatures could.be monitored simultaneously.

o
-

The pressure transducer was connected to the)upper cov

] .
plateiof the boiler by a rubber tube. .The pressure transducer’was a dia-

phragm type, split body design, the pressure acting on Qp_ surface of the

diaphragm. The other surface was open to the atmosphere. The pressure sensed
1 g ’

by the transducer produced an output voltage EroporFional to the pressure



~
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.

and these electrical signals were transmitted to the transducer indicator.
The indicator provided a direct reading of the pressure measurement in

the system and further amp{if 1;=.d the signals to the moving strip chart

récording instrument. 7 ’

’ {
The preséure gauge and temperature indicator were :Lnst;lled on
the upper cover plate of the boiler vessel (Fig. 1). One plug controi'

t

valve was installed in the upper cover plate and had a pipe connection

which discharged into the drain. A relief valve set at 30 P.S.I.

préssure was also installed on this cover plate and the whole boiler

unit placed in a plastic, box type, container as a safety measure.

(

i
|
i
!

ey
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CHAPTER 3

. . TEST PROCEDURES

¢

To heat up the system the inlet and outlet valves were ‘ :
opened and the water from the domestic hot water heater allowed to

flow through the boiler vessel for approximately five minutes.

9,
Mearwhile the pressure transducer vent valve was opened to)

allow complete £filling of the transducer pipe system and then closed.
The outqlet: valve was closed a little ahead of the inlet valve to allow

slight over pressure in the vessel, ensuring that the apparatus was . |

completely filled. The immersion heater was then switched on and the

\
¢ontents of the boiler vessel allowed to heat up and reach a pressurz-
‘ of approximately twenty P.S.I. During this time the pressure trans-

| ' ‘ducer and temperature amplifier rec/orders were calibrated.

The test began when the pressure and temperature graph
recorders were started and began recordiﬂg. To synchronize\the pressure
and the temperature strip chart recording instruments,’ the time indicator

9 P i

for both instruments was pressed twice simultaneously at the start and

completion of the test. After a few seconds the outlet coQ:cil valve

.

was quickly opened manually by fast turns of the knob and the pressure

e i

released. .
. %
Tests were of varying times, from one to five minutes. The:-

sequence of events being the same for all tests. The dctual time

interval considered was from the initial pressure drop until the préssure

4

1
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stabilized at atmospheric pressure. This actual time interval was
arbitrarily divided into a first time interval, from zero to six or
up to ten seconds, and a second time interval consisting of the

remaining seconds.

¢ . Temperat;ure measurements were taken at four selected points.
Four tests were performed with one thermocouple on the surface of the
'upper 1eve'1 (Fig. 5) of t:’tl1e heater unit. For the re;naining tests this
thermocouple was located on the surface of the lower fevel (Fig. 5)

of the heater unit. The other _three thefmocouples w;re placed, two
at,diffex;ent levels on the surface of thle pipe and the third in the
water. This applied to all-tests, except two, where all three thermo-*
couples were placed on the surface of the heater cover pipe, and two

where all three thermocouples were placed in the water.

. " .
Pressure measurements were taken at the same time from the

cover plate opening at the top of the boiler (Fig. 2). From the
recorder chart the pressure measurements could be scaled down as zero

and twenty P.S.I. were previously measured and recérded on the chart.

-

The temperature r'ecij?rdef, recorded in micro-volts through a
pre-determi:nea range which could be shifted manually, higher "or lower,
to acéommodate fluctuations in the temperature. The ran’ge was marked
by hand on the chart, d‘uring the test.. The value f1"om the chart was
added tc; the range value to larrive at the actual micro-volts measured.

The recorder strip chart scale could be changed, but generally twenty

micro-volts per division or ten micro-volts per division was used.

Y

- ATl AP AT T
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.

. v .
The calculated micro-volts were converted to actual celcius

%

temperature from the copper--versus constantan thermocouple table,.

. . 4
where the reference junction point was at 0°C.

A s

The major objective of this experimental study was to measure

rl

P
15

A accurately the temperature and pressure changéé simultaneously at many
t
locations, during a sudden depressurization, and over a limited time .

domain.

Since the temperature could be measured at only four locations
many separate tests.were required. The accuracy of the results from
Qyis procedure could be subject to question. Errors are likely to occur‘?

a

during the changing and setting up of each test.

The press&?% apd temperature synchronization is very important.
For example, it can be seen in Fig. 7 that if the measured temperature at
thermocoﬁple number 4 was measured 4/3 of a second later it would be /
. equal to the saturated temperature corresponding to the m%asured pressure.
Likewise if the recorded pressure was measured one P.S.I. less, the
corresponding saturated temperature would equél the measured temperature
.at thermocouple number 4. These minute chanéés in time or préssure

¥

;. would placé thermocouple number 4 at the boiling point.

) ' N
The pressure measurement coitld be a major cause of error because

of the number of stages involved bétween sensing and recording. The

estimated error, however, from all measured sources is less than 3% for

| .
each test. '

.
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DATA PRESENTATION.AND DISCUSSTON

A
-y

The temperature distribution B the water in the- boiler
was recorded when the water was suddenly decompressed to a pressure

below saturation pressure for each test.

4,1 Distribution of Temperatures in the Water in the Boiler.

Tests 19 and 20

In Tests 19 and 20 the boiler water temperatures in thL

uppeér level (see Fig. 6 and 7) started to drop in approximately one

to -two* seconds. In the $idd1e level, in two to four seconds and
‘ the lower level in four to eight seconds. The.temperatggnfé;;ps

followed the pressure drops very closely. The saturated temperatures

corresponding to the W?Essures at the beginning of the tests (1-10 secs)

. remained above the temperatures measured at all three levels. Even

L.

v

- though the measured temperatures were below saturationrﬁsmberatures,
N\\\\Ehey started to drop because the bubbles produced on the surface of
the heater cover caused convection heat transfer through agitation of

the water. N

The temperatures for the high level location became O to 1°C~
below the middle level temperatures after the first time interval and
2—3°C)be10w the corresﬁonding saturated temperatures, of the recorded

r pressurég, following their-Path. As the iniéial temperatures were

'\ highest in the high level of the boiler, the reduction of pressure

C g AR R T

2o Nk i
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caused temperature drops, first in the high level, followed successively
by .temperature drops in the middle and low levels.

.X
\

The low level Eempeéatures, in the first time iqterval
(1 to 10 sec) did not follow the path of the saturated témperaturesff“‘*
not being affected by heat transfer through agitation., 1In the seconé
time interval (10 to 20 sec) the temperatures rose above the initfal
values by about 1 to 1.2°C ( ee Fig. 6 and 7, T.19 and T.20). In the
‘second interval, also,moﬁ:te&peratures rose above the corresponding
saturated temperatures of the ;ecorded pressures. Boiling, therefore,
occurred at all three levels. Tge high and middle level temperatures,
aftef,some unsteadiness, reached \hé same temperatures as the saturated
temperatures. \

\

’ The temperatures on the suk?acg of the heater element
(thermocdﬁple 15, Fig. 5) reached a sﬁellow peak and then decreased
only gradually. Convection heat transfer in the first interval was

‘low causing a rise in temperature (the gpallow peak). .In the second

\
interval, heat transfer was higher than iﬁ the first interval because

of bubble formation and agitation and the ﬁfmperature, at thermocouple
. " . ;

15, thqrefére dropped. ) ,\

4,2 Distribution of Temﬁeratures on the Heating Element, Outside

\

The temperature distribution was recorded by three thermo-

Cover Surface. Tests 17 and 15

couples located on the surface of the heater element cover. Number 5




0 7 . ,r.
thermocouple placed.at the high, number 3 thermocouple at the middle

and number 1 thermocouple at the low level. A fourth thermocouple

(No. 15) was locatéd on the surface qf the heater element,

»

- Initial temperatures at thermocouple No. 5 (Figs. 8 and 9)
were lower than the saturation temperatures of the corresponding
starting pressures. After one second and up to three seconds, these

temperatures became higher than the saturated temperaturés. They then

became lower than, but very closely followed, the saturated temperatures.

“The middle level temper;;;;es (thérmocouple No. 3) ;tarted
lower than No. 5 temperatures and the saturated éemperatures. After
two seconds they became approximately two degrees celcius higher than
the saturated temperatures and remained like this for the rest of the
time interval. Th$se temper;ture differences, between saturated and

measured temperatures occurred because the heat transfer at the high

‘level was faster, due to heat loss through the glass wall of the boiler

vessel and the top cover plate to the enviromnment. When rapid bubble
production commences on the surface in the middle level the temperature
differences between measured and saturated temperatures must be high
because of lcw‘heat transfer through the boiler vessel wall to the

/

enviromment. -~

)

The low levei temperatures (thermocouple No. 1) started to
dropféfter approximately six to eight seconds and then became higher
than the saturated temperatures and followed their pattern for the rest

of the time interval. In the-first interval, therefore, there was no

4

e bt b

\
i
i
i
1

e

3
i
1
¢
3
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*
boiling because of lower than saturated temperatures. In the second

interval the superheat caused the boiling. Superheat occurs when the

cover temperature and the saturation temperature differences (T-Tsat)

Tt

are positive.

=

. B N '
Temperatures at thermocouple No. 1 in test seventeen were

-

. not inclided in the calculations as the measurements could not be con-

\

sidered valid. There was an almost constant temperature (1°¢c drop only)

throughout the test.

The temperatures on the surface of the heater element at

thermocouple No. 15, followed the same pattern as in previous tests

(19 and 20) and for th:H;;EE*rQQSOns.

4.3 Temperature Distrig%tions of the Low Level. Tests 15 and 16.

See Fig. 10 and 11

The low levéel thermocouples No. 1 and No. 7, (see Fig. 5)

r

Were opposite temﬁgrature measurement locations on the surface of the

heating element cover. The temperatures at these two locations, after
a sudden drop of pressure, dropped moderately and closely followed -
each other. No. 2 thermocouple was in the water at the low level and '’

here the temperature curve rose slowly in the first time interval,
: »

and after peaking,up to seven seconds dropped moderately and followed

the shape .of -temperatures at thermocouples No. 1 and No. 7. The peaking

¢
was due to the relatively undisturbed water, because of low convection

<
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heaé‘transfer‘in thié area. All three temperaturés (1:7,2) in the
first time interval weré below the saturation't;mperatures~;E the
corresponding pressur;s. In the second time intexrval (after 7 seconds)
the temperatures were higher thgn saturation temperatures at all three
thermocouples. This indicates that in the low levél the boiling
started after the first time interyai.

4?# Temperature Distributions of Test 13 and Test 14
~_ )

-

As in previous tests four thermocouples were used. 'For

thermocouple loc&tion see Table 1.

Measured temperatures at thermocouples No. 3 and No. 7
showed similar characteristics to those measured in tests 17 and 18

and tests 15 and 16 respectively. Thermocouple No. 8 is in the water

- at the low level opposite the location of thermoéouple No. 2 which

&
was measured in test 19 and test 20. Measured temperatures at No. 8

thermocoup}e'showedameaéurements similar to those at No. 2 thermocouple.

ey

Although the pressure release was controlled manually and
could therefore be subject to slight variation, the measured temperatures

for all tests exhibited the same patterns.

The height to diameter ratio of the heating element in this
experiment was approximately.twelve to one, resulting in relatively

large temperature differences between the three levels. 1In an actual
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-

pressurized water cooled reactor, the fuel element height to diameter

ratio is much larger and this should be taken into consideration when

comparing this test.

E. 4 : ‘ '
4.5 Non~dimensional Temperature and Non~dimensional Time

Temperatures and pressures were investigated by making use of

formulas as follows:- ' .

a ~
Non-dinmensional temperature .
T = L- Tmin B . .
Tmax - Tmin
. ' » Where T = measured temperature o
Tmin = measured minimum temperature .
\ ' , -
Tmax = measured maximum temperature -7
Non-dimensional pressure
P* - Pmax Il ‘ R ) .
Where P = measured temperature ‘
Pmax = maximum pressure at start of test
. Non-dimensional time
A - M ’
~ ‘ t*: t to
tst - to ‘ ) .
- - L - ﬁ
\ s
) Where t = time .. .
t = time at maximum temperatire )
. tge = time at which temperature became steady (time taken

o

at 20 seconds if not steady by that time).
. ’
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Non-dimensional temperatures were piotted against non-
dimensional times fodr each thermocouple on the tests- performed (se!e
Figs. 14 - 20). These non-dimensional temperatures ‘.and times were
used to obtain a mathematical equation for each thermocouple by a
curve fitting method - the method of least squares regression being
used to obtain the curves. The t:empefat!ure - time curves were inte-
grated to represent the sensitivity of temperature changes. The
sensitivity of the temperature change is affected by the pressure

change.

. ¢

Th"e sensitivity is defined -
| 1

S = . ' 4 bl
| Tdt

1 ‘ o

When the value of (/Tdt) is small the temperature tffbfg
: L
quickly, it is very sensitive to the pressure change.
. " ¥ . VA

. When the value bf ( / Tdt) i#is large the temperature drops
-2

slowly, it {g not so sensitive to the pressure change.

PR ‘

The reciprocal of sensitivity ( _/ Tdt) was plotted against

. noti~-dimensional time (see Fig. 21 and 22).

o

To obtain empirical equations for measured temperature dis-
tributions by thermocouples, three programmes were written for a

Hewlett Packard Calculator, as follows:-

<
.

Programme 1 for a second order polynominal (parabola least
square fitting)

T* = ag+ agt* 4 a;z(t*)2

[PPSR RPN NN | . - ——

o pst A o an BRET
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k-

> Programme 3 is shown in Appendix I.

- 17 -

v

. Programme 2 for an incomplete m and n order ‘polynominal

T* = iao(t’f)m-l— a;(ex)" 41

m and n are constants which may be varied for different

temperature distr ibutions.

o

Programme 3 for third order.polynominal, 2

T* = a_ + a]:t*+-a2(t*)2+ 33("-*)3 |

I
“ M

B

All measured temperatures were tested for all three programmes”
L4 .

to determine the quality of fit achieved by the régression, through
[N .

coefficient (rz) close to one, indicates the best fit.

It was determined that non-dimensional temperatures of the water

in the boiler are best fitted by second order polynominal equations

(Figs 13, 17, 19). | “ . \

’

The /Tdt: was large at the low level and smaller at the upper

the upper cover plates and less heat transfer from lower half of the

boiler (Fig. 22).

Non-dimensional temperatures on the cover surface (Fig. 21) in the

calculation of the regression coefficient (£2). A value of regression

—

and middle levels,; which indicates the influence of large heat loss from

high-level (Fig. 18) are best fitte{é by 1.‘5 order polynominal equations,

in the middle level by incomplete polynominal (m=1, n=3) equations (Fig.

16), and in the low level by incomplete polynominal (m =2, n=3) equations

(Fig. 14).

v

-

*
i
N
H
<
i

R M P et — e e




LA 5
e = - oo ' ,v
. - EE e e
" K . . - 3 3
[
. N . \ e 4
v + . + 14 -
M ‘ P
¥ " R i
‘ . . . - i
ot ‘ 6 %
- 18 - . . L

5 . T
. d .
- . B . B

‘I‘hendet was large in the low level, and smaller in the . 3

middle level, which indicates the effect of heat transfer by con- . }
' A}

vection due. to bubble formation and quantity of bubbles formed.

This was even more evident in the high level (Fig. 21). . "“ , ]
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CONCLUSIONS . 1

Previous experiments ha'}e examined flashing phenomena of
short duration (milliseconds). In the present experiment the flashing 3 .

period was extended to seconds by using a small opening.

’

o
.

Flashing occurred consecutivel&z, starting at the top surface
of the water, then moving down into the water. This was the case for
the entire range of tests. The diffefencds between the measured ’\

surface temperatures and the saturatbd temperatures at the end of

,

‘ t};‘f flashing period was small. The experimental results showed that

R e "

\ , the temperature differences lay on the free convectim\éactdon °£
4

the boiling curve.

Ad g

2,

After integrating the empirical equations of non-dimensional
temperature to obtain the reciprocal of temperature sensitivity, it

;o was determined that on|the fvertical heater element cover the high

DRV TAE Qs F SN S

level was most sensitive to the pressure changes, and sensitivity de-

B A .

creased grai:illy to the low level. In the water the high and middle
levels exhiBited equal seflsitivity with less sensitivity at the low

level.

2
.
?
.
Lo,
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) TABLE NO. 1
. ’
Thermocouple Test No. _
No. Location 13 |16 |15 | 16| 17 ] 18 | 19] 20
- Cover Surface , . i
1 . " Low Level X X X X ‘
3 Middle Level X X
5 High Level - x| x . .
7 Low Level X X X X .
In the Water '
2 Low Level - x | x X X
4 Middle Iﬁ‘evel N X X
6 High Level . ' o x| ox
8 Low Level X X
Heater Surface ‘
15 Low Level x| x| x| =x x | x x | x
‘ ) ) -

' Location of Thermocoup1e$ for all Tests
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