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*" ABSTRACT

Transition bof}ing‘heat flux at preséures-from 101 to 686

- ; \ .
kPa and the reu:;iiri‘}smperature at atmospheric pressure
have been obtain€d for distilled water. o

For trensitien boiling, weter floved in a composite test .
sectxon with 1/1% em 'ID tube heatedoby cartridge-heaters:
The thermocouples vere placed at the outer wall of. the tuber
From' the temperature hlstory of the data thermocouple durxng
a quenchzng process,” the bo111ng curve could be conatructed.,
The trans1t10n heat flux ‘results seemed to be mainly
'affected by pressure and mass flur, L/tut no significant

.;nfluenqe by. inlet subcooling was.obserredi

il ThemgQZetting temperature of a single rod and a three-rod

bundle was investigated by an electric resistance ‘probe. The

o

‘thermocouple inside the rod’ could also provide the
temperature histor} for construct1ng the boxl1ng curve in -
which the rewettlhg temperature was compared with the s1gna1
from the probe. The exper1menta1 results 1nd;cated ‘that the
rewetting temperature for single rod from bolh probe eignal
and beiling curve were close, but not so successful for the

three rod test section.

[
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Chapter I

. INTRODUCTION

Heat  transfer in Eoiling has  been invéstigated
.intensively for the last thirty years. Scientists in this
field have succeeded in explaining many individual phenomena
and in gathering extensive 'inforﬁation. However, the
knowiedge in transition boiling, including the minimum £ilm

boiling point, is limited. The study of transitien boiling

under moderate pressure is important .to the safety:

evaluation of water-cooled.nuclear reactors analysis.

All types of power producing water reactors have coolant

circuits which operate at high pressure, ranging from about

70 bar (6.86 MPa or 1000 psia) in the Boifing Water Reactor
(BWR) and Steam-Generating Heavy Water Reactor (SGHWR)}, to
150 bar (15.4 MPa or 2250 psia) in the Pressu&iieQ-Wghgr
Reactor {PWR). Tﬁe accidental loss of coolant through small

breaches will lead to depressurization in the system. Many

different types of Emergency Core-Cooling Systems aTe used

_for different reactors. One of them is the low pressure
!

Emergency Core-Cooling System (ECCS), which is designed to

operate when the circuit is largely depressurized to reflood

the core region. The knowledge of transition boiling and

PSP LN PRI E SO St
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efficient-emergency core cooling system.

! <
reGetting phenomgna*ks needed in order to design a safe and

~ For this reason, a research péogram was ;a:fiedébut'to
obtain the post CHF heat transfer data ﬁndér different

system préssﬁre, mass ‘flux and sUbéooling, and to detect the .
CHF and rewetting pointé via an électrig resistance proge at

atmospheric pressure.

1.1 POOL BOILING CURVE ' .

‘Figure 1 illustrates the“;ypiéal dependence between the
heat flux, g/A, and the temperature difference, AT,=T,,~Tgy
on a heating surface. . There aré four distinct region; and
two imﬁortant'goints: | ‘

1. The natural convection region AB, where no bpiling is:
observed. The 1liquid is found to be- s}ightly
superheated on the heating surfaqe. Energy is
transported ffom the heating surfaée to the ligquid-
vapour interface by free convection. !

2. The nucleate - boiling region, BC where vapour
nucleation occurs at the heating éurface, grows in
size, and eventually breaks cff. In this regime the
fluid around the hea;ing elem;nt becomes highly

agitated -- much more so than in the case of the free

convection regime. This increased fluid motion tends,
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naturally, to ~intensify the heat- transfer process,

céusing an upturn in"the boiling curve..

~The transition boiling region CD(iﬁe. descending

branch of surface heat flux), with an increase of

L}

surface temperature, charéc;erizing the regipn-

¥

between nucleate and film boiling. Berenson [1] has

-

provided a concise description of the transition
boiling mechanism:® " . "Pransition boiling ~ is a
combination of unstable film boiling and unstable-

- . P
nucleate boiling, alternately existing at any given

location .on a heating surface. The variation in heat

transfer rate with éemperature is primarily a result
of a change in the fraction ef time each boiling
regime exists at a given location:"r AsS illﬁstrated,
in Figure 1, the transitgen boiling region starts at
critical heat flux poing' (point €) and ends at

Leidenfrost point (point D}; or vice versa, depending

‘on whether it 1is heating from. nucleate to film

boiling or a'quenching process, from film boiling to

nucleate boiling.

The film boilindt r;gion DE is where a stable vapour
film covers the entire heating surfacE and vapour is
released from the fiim periodically in the form of
fegu}arly spaced bubbles. Heat . transfer is.

.

accomplishéd principally by conduction and convection

v

*]



5.

{ - ' .
through the vapour film, .with radiation becoming
1] . .

significant as the surface temperature is increased.

Maximum heat flux {point €) is where the maximum

limit-qf_npcleate boiling is reached. The heat flux
at this point is called c¢ritical heat flux. 'There
exists a greaﬁ number of empirical éorrelations of
critical heat flux. Their application, héwever, is

very limited, becéuse' many important parameters

governing, the heat flux are unknown. As a result,

most correlations. are applicable to a specific

geometry, physical and thermal properties of heated

‘surface material, and a  certain range of flow

parameters.

Minimum heat flux (point D) is the lower 1limit of

film boiling, which is determined by analogous

physical phenomena, namely the 'establishment’ and

collapse of a stable vapour film.  Liquid-solid
contacts, under stable £ilm boiling condition were
observed by Bradfield [2], ‘and it was found that the
liquid subcooling and - surface roughness played
important roles " in “the occurance  of contacts;

Recently, Fung [3] and Stewart (4] measured the

'quench_ temperature (rewetting temperature)  upder

forced convection with different quaiities of water

and under different pressures, and concluded that

B N P T TN, §
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only subcooling and pressure affected the minimum

film boiling temperature.

1.2 EVAPORATION IN A VERTICAL TUBE
: e :

The study of the evaporation in a vertical tube has

attracted most researchers in the boiling heat’-transfer

field. Because of its simple geometry, it is easier to

perform experiments and to determine the effect of .

parameters. The'vertical‘tﬁbe has also been widely used in
industrial applications. Figure 2 shows schematially the
various stages of two-phase flow and boiling during the
evaporation of a liquid in a. vertical tube as the heat flux
is increased. In-tube A the heat flux is just sufficient to

bring the fluid up to saturation at the outlet. Tube B has

~

twice amount of this heat input, tube C three times and so

on. The main features shown on Figure 2 are as follows:

A

1. Lines of constant quality (x) are shown, and ‘the

range of quality covered a; fhe flow passes‘through
the tube is increased as the heat input is increased.
2., The line xx denotes the onset of nucleate boiling.
-+ At low heat inputs (tube B), nucleation does not
start until the buik fluid has become superheatedf
At high*heat flux, nﬁcleation occurs near the wall
even vwhen x<Q, correspo:aing te the onset of

subcooled boiling.

aa
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It will be seen that the flov  patterns &evelop
progressively . as the heat input . increases.
Initially, the bubble flowloccurs at ‘the end of a
tube, and as the vapéur content iﬁcreases, . this
changes to slug flow, churn flow, and finally annular
£low. B

As the two phase gquality increases, the wall

temperature decreases because of improved heat

transfer. Ultimately, the wall temperature is

insufficient to sustain nucleate boiling and this is
suppréssed along the line YY. Downstream of this
line, the evaporation is filmwise.

The ligquid film thins §long the channel by heans ofw
evaporation and entrainment of droplets from it,

then the film dries up, giving rise to a region of

poor heat transfer. This region is propagéted

upsfream as the heat flux is increased and ultimately
penetrates the regién of subcooled boiling, where the
' 3,

transition is of a somewhat di;ferent nature.' This
transition, known as 'burnout' is shown as line %XZ on-
Figure 2.

o w _
In the region beyond burnout the wall temperature can
be very high,. and locus VV might be representative of

the melting of the tube.

.
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Figures ;;\\3; ;ﬁd 5 (Collier [5)) illustrate various
aspects of behavior within the regions as shown in Figure
2. Pigure 3 shows the various regions of.flow and heat
transfer as the fluid is evaporated, It also illustrates
how the wai1  and fluid temperature might Var;'alang the
chanéel. Figure 4 shows szhématicallyrthe various reéions
of heat transfer as they occur in terms of heat flux and
guality. Each horizontal iin; on Figure 4 represents a
given level of heat flux. The varipéion of heét transfer
-coefficient with quality at ,each heat flux level is
illustrated in Figure 5. Consider for instance, the
,variétion corresponding to lever (ii). Initiai}y,-the heat
transfer coefficient is approxmately ¢dnstantl corresponding
to siﬁgle-phase forced .convection heat fransfer to the
liquid. When the subcooled boiling region is reached, the

heat transfer coefficient increases.

[
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Chapter II
LITERATURE SURVEY

2.1 REVIEW OF' EXPERIMENTAL STUDIES

2.1.1 Transition Boiling Studies

The most widely used system in forced convective boiling
studies 1is a heat flux controlled system where the heat
output of én electrically heated elément is increased
gradually. Such a system, however, does not pérﬁit the
measurement of transition boiling data. A variety of
temperature controlled systems have been used in transition
boiling studies. Some of them are discussed in the

following paragraphs.

McDonough et al [6] used NéK liqﬁid (an alloy of sodium
and potassium) as heating fluid in a two-fluid system. The
liguid flowed along the shell side of test section while tﬁe
water passed through the Fnconel tube with 0.25" OD and
0.049" wall thickness, The test was conducted at pressures

of 5.5, 8.0, and 13.7 MPa. .From their experiment, the

proposed correlation for water in a round tube is

bao— Py 578
B0 Z —730e’F

Tw — Tone

o



wh'ere‘qbaois the local burnout flux, @, is local transition
boiling heat flux, P is ab;olufe sﬁsteﬁ pressure in kPa, Tw
is local tube wall temperature {°F), and Tp,g 15 the wall
temperature predicted by the Jens and Lottes (7]

" correlation.

Their experiment results indicate that the transition
boiling heat flux is dependent upon pressure, burnoutjhegt
flux, wall temperature and temperature of departure from
'nuclea;e boiling:~f0nce these values are availab;e, the
transition heat fiux can be;calculated. This equation can
only apply to the pressure range of 5.5 to 13.7 MPa (800 -to

2000 psia). Since the burnout heat flux and T depend on

DONB
mass flux and pressure, the transition heat flux is affected
by pressure as well as .by mass flux. Their major aim was to
study the predié;i&n of transition heat flux at the pressure
range mentioned above. They concluded that the observed data
wgre within'35%-of prediction, but the pressure effect was

not mentioned. ] .

Weisman et al [8] used the same method as McDonough's,
but the heating £fluid was meréury instead of NakK.
Pressurized water passed through a 1.02 cm ID tube with S50
cm heated length. The experiment was conducted at pressure
of 1.72 to 5.17 Sars and mass flux from 19 to 190 kg/m2 sec.

The transition heat flux data, which agreed reasonably with



-

their previously proposed correlation [9], indicated that
the transition heat flux increased with mass flux and

pressure within their experimental range.

By using a stabilizing secoﬁda;y coolant inside of an
electrically heated;.tube, Eilibn [10] was able to obtain
transition data with water as a test fluid at pressures
between 115 and 400 kPa and liquid velocities from 0.34 to
1.52 m/sec. High pressure water, as stabilizing fluid‘
flowing inside of 2.25" ID tube with 3" heatedvlehgth, was
used to avoid a dryout temperature excursion. Once the water
temperature, power supply, stabilizing fluid temp&!ature and
heat transfer coefficient were known, the transition heat
flux of test fluid could be calculated. One criterion must
be met for this experiment: The gfadient. (é?%— of
stabilizing c¢oolant should be greater than'Ghe .absoluie
slope of lactual boiling curve at transition regime. The
choice of stabilizing fluids which have sufficiently high
transport properties is very limited. Hence, the flow
parameters of transition boiling are restricted by using

Ellion's method.

More recently, Cheng et al [11] obtained the tramsition
boiling data by a transient method. The test section
basically consisted of a high thermal inertia cylindrical

block (copper or brass), with or .without a flow tube

_14_
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{Inconel, stainless steel, or zircaloy) located along the

+

centre bore. The block was heated by cartridge heaters
ingerted in copper b}ock at some distance from the centre of
the flow channel. By quenching the heated block with water
at afmospheric pressure, " the transition boiling data were
obtained for ‘mass flux from 68 to 203 kg/m2sec and
subcooling. from 0 to 27.8°C.  Their gxpérimental results
concluded that the transition heat flux increases with mass
flux and inlet subcooling, but decreases with kpCp of wall

material.

2.1.2 Minimum Film Temperature Measurement Studies

A number of experiments for the-rewetting temperature and

minimum film boiling temperature have been conducted.

Bradfield [2] observed liguid-solid contacts under
stable film boiling conditions in his expe}imenf. It was
found that th%‘]iquid subco;ling and surface roughness
played "important reoles in the occurence of contacts. The
ligquid-solid contact behavior of water and’ ethanol on flat
hdorizontal copper and stainless steel surfaces at eievated
pressure was also investigated by Yao et al [12]. In their
experiment, the minimum film boiling point was determined by

an increase in the rate of cocling as the wall temperature

decreased and by visual observations as well. Figures 6 and

...15_



7 show their results comparing with others. There was no
conclusive relationship between the minimum £ilm boiling

temperature and the system pressure.

Dua t13] studied the rewetting of a copper tube by a
falling film of liquid nitrepgen.:® The measured rewetting
tempéfature was found to be very close to the Leidenfrost
températurevof iiquid nitrogen on a copper surface. His
experiﬁental .. results indicated that the rewetting
"temperature was not dependent upoh the mass flow rate. Lee
et al [14] studied the propagation of rewettiﬁé by flooding
the heated channels. They concluded that the measured’
quenching temperature was a%f?cted by propagation of'
rewetting fagnt, and therefore was not the true reweFtinJ'

temperature.

Recehtly Stewart [3] and Fung [4] developed a steaay
sgate film’ﬁqiling method, with which axial conduction could
be eliminated. They both concluded that the minimum film
boiling temperature decreased as the quality in the
subcooled region increasgd. At high quality, the minimum
temperature remained relatively constanﬁ. §tewart claimed
that it could also méasure the true queﬁch temperature. He
also found that there was no effect due to mass flux,  and
"the minimum film boiling" temperatﬁre superheat , decreased
slightly aé pressure increased for pressure less’ than 4 MPa

and quality larger than -0.04.

_16-
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2.2 USE OF ELECTRIC PROBES IN TWO PHASE FLOW EXPERIMENT.

- There are basically tvwo -types of elgcﬁbical probes to
measure the conductance and tﬂe cépacitance. .fhe probeé cpﬁ
be .used as measuring techniques in studi;s of ﬁwo-;R;se flow:
behavior, . o | e

_2.2.1" CénductancE Probe .

The most common and convenient eigc;rical probes are
those of the conductance type. The cqndﬁctance to be
hqasuged can . be giﬁher between a  singie'e1ectrode in the
flow and another. electrode on the wall,: or between two
electrodes both locatedcin the stream.

N .
2.2,1.1 Two Electrode Method

-

The two-electrode conductance probé‘is used to detect the
bridging of - two electrodes by a drop. Thus, the chief
application is for droplet flow. By varying the distance
between the two electrodes, it iIs possible to determine the
drop. sizes -which are larger than the span between the

probes.

Hewitt [15] used an electric probe (conductance type) to
determine the éverage value of the film thickness'in upwards

annual flow of air-water mixture. The conductance increased

L}

- 18 -



with increasing film thickness.. ' Figure 8 shows this
arrangement along with a calibration cell.

¥

2.2.1.2 Probe-to-Wall

Through the ‘use of an electric conductahcé probe,
Griffith [16] investigated the location of transition
between slug flow and annular flow.  His probe as shown in
Figur;'Q was used to determine the electrical resiséance
between the centre of.tﬁe pipe and theAwall.' The éfobe was
used to determine whether or not there were bridges of
/{Equid‘across the channel.

With an arrangment similar to that of Griffith, Ragheb
[17]) used the' zirconium-platinum probe (as shown iﬁ'Figure
10) to detect the flow pattern on the verticai heated wall.
Tests were conducted for water at atﬁospheric pressure under
‘flow boiling conditions with G, mass flux, varying from 34
to 102 kg/m? sec. and ATg,,, inlet subcooling, varying from

o

0 to 28°C.

Yao and Henry [12] examined the area and duration. of .

liguid-solid contacts in the film boiling. of saturated
ethanol and water on a horizontal, flat, stainless steel and

copper surface with electrical conductance probes. It was

observed that, - at the atmospheric pressure,: contacts.

occurred over a wide temperature range, and at the elevated

..19_
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pressure, direct liguid-solid contacts in film boiling were

essentially non-existent.
- ‘ j A

2.2.2 Capacitance Probe B : : .

The capacitance probe can measure the void” fraction as

well as film thickness.

2.2.2.1 Void Measurement

The void measurement method was develéped by Bencze and
Orbeck [18] to measure wvoid distribution in different
geometries. The arrangement and its circuit is shown in
Figure 11. There are two conténtric. or parallel plated
elecﬁrodes. The§9 eléctfodes are supplied by a high
frequency potential, aéd the potential is balanced in a
bridge circgit while the sensing tip of plate isAcomﬁletely

in water. Whehever the sensing elect;ode contacts_wi;h‘or
is very close to a bubble, 1its electrical capacitance will
‘be altered qnd the bridge will be thrown off balanée. . This
trigger, an electronic circuit, registers the number of
pefiods of the alterhative current during the time that the
needle tip is ih contact with vapor. In this manner the
local void is ?btained by the following'relation‘

o = n B
. T otf, ‘
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FIG. 1| Void needle with double electrodes and the Capacitance meaturing circuit
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in which n is the total number of pulses registered during
time t and f, is the constant frequency  of the supplied
potential.

L 4

2.2.2.2 Film Thickness Measurement

‘The method for measuring the film thicknéss and wave
profile of falling filﬁs has been used by Dukler -and
‘Bergelin [19] and by Tailby and Portalski [20]. The
capécitance between the wall and a small parallel plate at a
known distapce from‘ the wall was determined. The wvoid
between the conduction liquid\and the small plate could then
be computed from the measured capacitance. The average
liquid annulus thickness is deduced‘ from the computed gap

thickness and total distance between the plate and the wall.

- 25 =~



.Chapter III
EXPERIMENTAL APPARATUS AND PROCEDURES

]
3.1 GENERAL

The present project consists of measufing transition
boiling in a circular tube under low pressures as well as
measuring the reﬁetting temperature vé;' a probe in single

L]
and multi-rod geometries at ‘atmospheric pressure. The
' _experimental procedures and'their_majorzcomponents will be

described in the following paragraphes.

3.2 PRESSURI ZED LOOP FOR TRANSITION BOILING

-

The transition boiling experiment 1is conducted . in a
pressurized containment hﬁparatus which can operate at the
pressure up to 1372 kPa. AThe system 15 pressqgized by argon
gas. Figures 12 and 13 are the preliminary and final loop
configurations. There were some change as the experiment
carried on. In the pressurized loop, the space in the hot
tank was too small. Therefore, during quenching the vapour
pressure built up in the system. In order to alleviate the,
pressuré build-up, the top.of surge tank was connected to ’

the hot tank to provide more space. Another problem of the

_26..
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system in the original design was the oversized preheater.
When water ' was heated, ‘thifi%apour accumulated insidélthe
preheater. It caused the oscil}ation which was observed at
the flow meter. To correct the problem, ‘the .size of
preheater was reduced. A .water filter was installed to
protect the test section from foreign substances which might
cause corrosion of test-sécﬁ&on,suffacc. Figure 14 to 16

show the general view of the experimental apparatus, test

section and control panel, respectively.

3.2.1 Flow Loop

Figure 13 is a schematic flow ‘diagram showing all the
important components that complete the test loop. These
include a surge tank, hot tank, pressure gauge, pump,

preheater, water filter, flow meter, temperature sensor,

test section and the associated valves and piping.

-~

The pressure 1in the system 1is measured by the pressure
gauge which ' has been calibratgd before the expefiment was
conducted. Two identical stainless steel tanks (surga and
hot) are of 5 gallons capacity each. The overall dimensions
are about 35" high and 7" in diameter. " The hot water tank
is powered by a 3-kW immersion heater drawing current via a

thermostat that can be adjusted to the desired water

temperature.
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2

All the connecting pipings are of 1/2" diameter 304
stainless steel tube with 0.040" thickness and 1" diameter
copper pipe of 0.060" thickness. ,Copper is a good
conductor; therefore, it is used in the water jacket heat
exchanger. Stainless steel_bube is used prior to and after
the test section in arder to ' reduce the heat loss of water.
In oréer' to aqcomﬁodate varioust connection sizes in pump,

" valves, and flow meter, some reducers and adapters are used

in those connections.

Valve and tube fittings are of Swagelok design; Swagelok
tube fittings provide a leak-proof, torque free seal at all
tubing connections. The seal consists of two (front and
back) . ferrules. They grasp tightly around the tube,
regardless of wall thickness by ferrules interaction. Since
this interaction moves along the tube axially instead.of a
rotary motion, (free of torque that might otgerwise impact
onto tubings), ferrules provide ;. leak-proof seal under
pressdré up‘td the_burst of the tubing. valves and fitting

are all rated by manufacturer to a higher limit than the

present operating condition.

Water is circulated by a 1/4 HP centrifugal pump from the
hot tank passing through by-pass or test séction and drained
back to the tank. The flow rate is measured by a rotameter

and controlled by a regulating valve. There are two by-pass



)

» L

loops, namely, pump by-pass and test section by-péss. The
pump by-pass is to stqbiliie the fiow when the réqulating
valve is adjusted. The test section by-pass is to have
?ater passiné through it instead of test section in order to
check the reqﬁired inlet water iemperature and to maintain
the flow réte.' Along the test section and its hy-pass loop}
there are two Solenoid ON/OFF valves. They are coh;rolled by
one switch. Either tﬁe test section valve is open or by-
péss valve is open. These valves are also one-way valves to

guarantee no back flow.

3.2.2 ‘Test Section.

A typical Inconel-copper or stainless steel-copper - °

composite test section as shown in Figure 17 consists of a
loné Inconel or stainless steel tube and a copper blocki
- The copper block 1is used in this experiment 'because of its
high thermal capacity for energy stofage, andlbecausé of its
high thermal conductivity. It is able to minimizé thermal
gradients in ﬁhe test section, .thus ensuring .that"the
boiling heat flux at the surface is not limited by
conduction within the test section. Physical dimensions of
the test section along with the thermocouple 1ocations are
given in Figure 13. The tube (Inconel or stainless éteel)

with 1/2" outside diameter is soldered intb 0.514" diameter

center bore of copper block with silver solder (meltinjﬁ

—33_
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temperature 680°C). Heating Iof the test section. is
accomplished by using six cartridge heafers (1/4" diameter
and.250 W). Two thermocouples are soldered on the outer
surface of the tube 180° -apart passiqg through the cdpper 
block. The entire - test section is insulated with high

temperature ceramic fiber.

3.2.3 Experimental Procedure

1. The system is first pressurized ﬁp to 90% of the
desired operating pféssure by introducing argon gas.

2. Water in the hot tank is heated to the required
testing temperature by an immersion heater which is
thermostatically controlled. As the water tgmperéture
rises the pressure in the system increases slightly.

3. The pump is turned on to circulate water around the
-flow loop and the flow rate is adjusted. The flow is
passed through the test section by-pass and drainéd
back to the hot tank.

4. The preheater, which is. also thermostatically

controlled, . is set to the required inlet water
tgmperature;

5. The test section 1is heated to aboﬁt 600°C with
cartridge heaters in the copper block. During
heating, a2 small amount of argon gas is introduced to
minimize ‘the oxidating of the inner wall of test

tube.



6. The system pfgssure is .rising to the targeted
operating value beéause of.steps 2 and 5. As a self
checking procedure, before the guenching test starts,
the system pressure, flow rate, :and the inlet water
temperature are checked to make sure that they are at
the operating conditions.

7. The thermocouples at the wall of tube are connected
to the éluke B2340 data ioéger and a chart recorder.

8. The solenoid valve switch is turned to the ON
position for the flow passing through test section;
automatically the flow to the by-pass woul%?be OFF.

9, The data logger and the chart recogdéffhave been

already operated at the beginning of éach test,

3.3 PROBE EXPERIMENT FOR REWETTING TEMPERATURE

The experimental investigation of Qquenching by an
electric resistance’ probe in a single rod {annulus ~ test-
section) and 3-rod test sections is conducted at atmospheric

pressure.

3.3.1 Flow Loop for Probe Study

Figure 18 is a schematic flow diagram which is slightly
modified from the previous pressurized loop. Instead of

surge and hot tanks, a large supply tank is used, therefore,

_36_
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the heat exchanger is not necegsafy. There are three 3-kW
immersion heaters to heat the water in supply tank. The
rest of components are similar to the pressurized loop.

T

©3.3.2 Single Rod Test Section

-

The annulus transparent section assembly 1is shown in
Fiqure 19. The test section consists of a 3/4" diameter
pyrex tube and a 1/2" diameter copper rod which are arranged
in a concentric manner. Two data thermocquple§ are embedded
length-wise in the copper rod to a depth of 0.020", with
extension leads coming out at the top end of the copper rod
via an Inconel tube. The method of mounting the copper rod
is shown in Figure 20. The suppofting end of the copper rod
is threaded ¢to a stainless steel tube which is also the
cartridge he;ter leads outlet. The wholé test-section

assembly with Inconel and stainless steel tubes attached to

top and bottom ends, respectively, is Swagelok mounted.

_38_
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3.3.3 3-Rod Bundle Test Section

This tes£ section consists of three single rods which are
~made in the same way as single'rod test-section. -Three rods
are placed on a special end connections shown in Figures 21,
22 and 23. At the bottom end of connection, a coné-shaped
end connector is designed in :order to minimize the entrance

eftect,

3.3.4 Procbe and its Circuit

Electrical connection of the electric resistance probe is
shown schematically in Figure 20 and it 1is placed directFy
opposite to the data thermocouple. For the 3-rod bundle,
one probe is placed at the smallest gap between pyrex tube
and one of the rods; the other is placéd at 80° from the
first one. These are called inside probe and‘gf;side probe,
respectively (see Figure 24). The probe itself is made up of
thérmocouple wire with sheath stripped off. Welded junction
and exposed wires are encapsuled by epoxy for added
strength. The probe circuit 1is shown 1in Figure 20 which
includes a 6~V battery and ZO:K ohm resistor. The probe
measures the electric resistance between the tip of grobe
and the wall of the rod. ‘If the wall is dry, the resistance

across A B is infinite and a small voltage drop will

registered across C D. Similarly, 1if the wall is wet, the

resistance is finite and a large ~voltage drop across C D is

noticed.
- 41 -
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FIG.22 3%-ROD BUNDLE TEST SECTION
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Experimental Procedure for Probe Study

Water in the supp%g_.tank," heated to the desired

P o= - . -
tempefature by immersion heatexs which are controlled

.by a thermostat.

Lower and upper voltage levels of\the :probe output

signal are checked by a chért recorder. Low voltage

level representing the air resistance i5 determined
under no flow conditions. By passing water in the
test section for a few seconds, voltage level
representing the water resistance 1s registered.' A
suitable span is chosen to incorporate these two
peints.

The pump is turned on for circulation and adjustment
of the flow rate. The inlet water temperature is
also checked from the test section by-pass.

The test section is heated by the cartridge heater in
the rod. During heating a small amount of argon gas
is passed through to prevent oxidation of test
section surface. ' -
When the temperature of rod (or rods) reaches about
500°C, the heaters and argon gas are turned off. The
flow is diversed to the test section by switching the
appropriate valves.

Chart recorders for tracing the probe signal, data

thermocouple and probe temperature are already

running at the beginning of every run.
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4.1

Chapter IV
EXPERIMENTAL RUNS AND DATA REDUCTION

GENERAL

Experimental runs cqnsist of four test series, they are :

1.

5400 series using the stainless. steel tube and the

copper block as the test section, with runs conducted -

under five different pressures {101, 206, 344, 550,

- and 686 kPa).

5700 & 5800 series usingﬂthe_ Inconel tube and the

copper block as the test section, with runs conducted

under five different pressures (101, 206, 344, 550,
and 686 kPa), three different mass fluxes (68, 136,
and 203 kg/mzsec.), and. two different degree of
subcoolings. ‘

6000 series * using the electric resistance probe in
the single rod test section, with funs conduc;ed foq
three different mass fluxes and two different degree
of subcoolings. |

B000 series using the regiStéhce.probe in Ehe 3-rod

bundle test section.

-k



In 5000 series, the temperature -history of . data

“thérmocqnple (Figures 24 and 25) and the systém pressure are

recogded on a two-channel chart recorder. The data

thermocouple temperature is_also recorded by the Fluke B2340

data logger with desired time interval.

In 6000 and 8000 series, two 2-channel chart recorders -

are used. The resistance probe signal tracg, recorded
through one channel, provides the information of the flow in

the spacé between the wall and the probe. -The data

thermocouple .trace, recorded through the other channel on
A .

the same recorder, gives the temperature history during the
guenching process. The other chart recorder gives the trace
of probe signal and probe temperature. The probe temperature

indicates the fluid temperature, which can be vapour

—tempeEature during. figp boiling, vapour or liguid

-

temperature for transition .boiling, and liquid temperature
-+ .

during nucleate boiling.

4.2 SIGNAL RECORDED FROM THERMOCOUPLé FOR PRESSURI IED
LOOP. . .

Figures 24 and 25 show a typical wall temperature history
at a given system pressure. The temperature dropped

gradually at the -beginning. This indicates the film boiling

region and it is confirmed by the boiling curve. A sudden

drop of temperature then occurs, which indicates the change

. . &

_4\7_ ' ' R



o

34 NSS3AHd

»

W3LSAS VISd OFf HO4 AHOLSIH 3HUNIVYIAWIL 2 914
- o 3ovHl 3IYNSSIHd
I/.
/ S
¥ ]
;./g.r) w
rx,.._.__,.. | \
.—.—..,(r_a
” _i._ ,,,,:‘ |
/..f.,(/ )
3oy, Al
V‘QK 5...f../
lﬂdQ ,.f..
. NO~ . Mon
,Uosw\ ey i
Y3y, _(,.1,_.;.
SANOD3S g |
WL 7 | ‘ri ) o
& ‘ :



3YNSS3IYd

W3LSAS VISdOS ¥HOJ >mo._,.w_I.mmD.r<mu&_2m._. G2 913

N

INIL

32vyL

3¥nsS3Iud

SAONODJ3S 6

=

2

. <

_49_

o



to the transition boiling region on the test section. At

this period, the system pressure increases about 5-10% which
can be obserééd,clearly in Figure 25. For_the same mass

- . .
Elux and inlet subcooling, the drop of temperature during

‘quenching is steeper as the system pressure increases. Q

4.3 SIGNAL RECORDED FROM PROBE EXPERIMENT

Two chart recorders {(each with two channels) record the
\ 3

experimental results for the single rod experiment. Figure .

26 shows an example of the. probe signal and’ the data
thermocouple signal (the thermocouple tip is located about
0.040" from thelfall) 'for a typical rewetting .ruh. The
distance between the probe tip and‘the surface of fhe wall
is 0.005". Different gaévsizes between the probe tip and the
wall ranging from 0.003" to 0.030" have been tested. The
result of test iﬁdicated that the 0.005" gap size gave the

most consistent experiment results.

The data thermocouple signal provides the temperature
history, and the probe signal indicates the resistance
between the probe and test section during the experiment.

The probe temperature signal and the probe signal are

presented in Figure 27 for‘the same run., ° The probe .

temperature signal gives the temperature of fluid around the

probe. For the 3-rod bundle, both chart recorders are used

by
<y
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for recording the outside probe signal (see Figure 24) and

data thermocouple, as well as the inside probe.signal and

.

4.4 DERIVATION OF 1 D MODEL FOR COMPOSITE TEST SECTION

its corresponding data thermocouple.

The boiling curve (heat flux vs<{T, = Tw 'Tsat) is
obtained from the temperature history of 'the thermocouple,
which is logatéd at the outer wall of tube for the composite
test section. Both the chart recorder and data logger
record only the outside wall temperature at the certain time
_intervals.’ Therefore, a mathematic model and computational
technique fis 6écessary for the-constructisn'of the boiling’

curve.

A modified one dimensionai model technigue deveioped by
Cheng et al{2l] 1is uSed'for constructing fhe.boiliﬁg curve
for the composite test section. For a hollow cylinder test
;ection insulated on the outer surface and both ends, heat
transfer from the Eeét‘segpigﬁ to the fluid between time 0
to t is assumed egual to tﬁé change in heat content Q inside
the cylinder mimus heat loss through the outer wall during

the same time interval. Q can be expressed as

r
Qt) = pc b | %Y 2xrT(r,t)dr
‘ P "rig . : 4.1



wnere L represents the length of <the test section. The
function T{r,t) 1is obtained as the sclution o the one-

dimensional Fourier equation in cylindrical coodinates :

2 : ' :
ar _ faf1 11 o
at.‘o’(aé rar) 4.2

and 1is subjected to the following initial and boundary
conditions :

1. T = T(r,0) > . I - I

In general, at t=0, the temperature across the
test section 1is assumed to be constant through the
block.

2. T(ry,t) = Tq 4.4

ro, and Ty are the location and recording 'i;/,d
thermocouple respectively.
T :
AT ) =1 (Tn-Tamp ) 4.5
),

=lout

h is the heat transfer coefficient at the outer

wall.

The SOIhtion of Eg. (4.2) can be obtaineé by reducing it
to a system_ of linear first order differential equation in
t. .This is achieved by discretizing along the r-direction
(éigﬂre 28}, using the apéroximation

aT _Tiale) - T | ’ 4.6

ar|r=r, 2 &r
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FIG.28 NODAL POINTS DISTRIBUTION FOR

COMPOSITE TEST SECTION
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anc

@i . Tl - -1 () - .

§r2 rer, (zkr)z | .
where T (t) represents theﬂ tempgfatpre at the ith nédal
point (1 <= i <= n+1) '

Using Eqs. 4.6 and 4.7 along with 1initial and boundary
conditions, the following system of equations can be

inferred from Ed. 4.2,

3T, . - L.
R e [N LR EL P
(A!‘)Z r]. 2 o i
' _ 1<£i4n
where r. =r._+§=~iar
| 10
T -7 T - T
-k{n_ " n-1 _ “n+l ny . -
_f( Aar ar ) =h( Tn = Tamb ) 4.9
Eq. (4.9) . is a direct consequence of(?q 4.5. Furthermore,

They in Eg. 4. .8 can be eliminated by using Eg.(4.9).

Eq.(4.8) contains a system of n equations with n unknowns

. J N
in T;. Once T; up to T, have been solved and dT, /dt

determined experimentally, the inner wall temperature T

can then ~-be calculated 1in the following Fourier equation

based on the nodal point i = 0

v < (ry - 812 1o, + Wry+ar2)? -r2lpc, dr,

(r,+ar/2 )2-(r0-5/2 ) dt

-T ) ar - k (T -T_1)/§ 0 [kc(T]—To) kt(To_T-T)] ‘10

- ' .
(ar + 5)/2 arot ar -0



-

Eq.(é.i) expressed in terms of summation, becomes
Q = Znéptctf_ [O.ST_]rin - -0_5]’6( rin - 6

’ n-1
. ZHArDCch [O.STO( roo-8) ;T_jri - 0.5T r,

| ")
-
.

=y
L=

The expression of net heat transfer to the fluid, g, 1in

terms of Q-and ‘heat loss 1is

. -dg - -7
9= a4t / A1'n d Aout ( Tn ‘amb Y/ A1n
.o -1 dq "out
T2 nr. Lodt h rn ( T - Tamb ) 4.12

where A,, and Ay, represent the 1inner and outer test

section areas, respectively. .

All c¢alculations are performed via the CSMP computer
packagé‘[22]. Due to its flexibility, power, relative ease
of wuse and elotting capability, CSMP- has gained wide
acceptance recently in solving differential eguations {23].
The Runge-Kutta fixed-step size method has been used 1in
numerical integration with selection of n = 8 and t‘= 0.1
second and 1its convergency checked. NLFGEN (nonlinear
function generation) capability of CSMP i1s used to generate

Ty from experimental data and Derio (derivative) module used



to compute dT,/dt from T, and dQ/dt from Q. A complete
program has been established stﬁrting with T.C. recording
(temperature vs time) as input, and at the end q vs the wall
temperature printed and plotted (for a sample program, see

Appendix I).

4.5 DERIVATION OF 1 D MODEL FOR -ROD

In ordet to construct the beoiling curve for single and
3-rod test sections, a model for rod has been derived.
Based on Figure 29, the one-dimensional Fourier equation .in

cylindrical coordinates for a rod can be expressed as

aT . 327 1 aT
o ezt rar ) 4.13

and 1is subjected to the following initial and boundary
conditions '

1. T(r,0) =T - ‘ - 4.14

where T 'is the initial temperature.

2. T(r,,t) = T
o o 4.15

where ro and To are the location and the recording
of the data thermocouple.

3. 97| _ 4 :
ar leop 4.16

assuming the temperature distribution 1is axially

symmetrical.



Tout -

FIG. 29 NODAL POINTS DISTRIBUTION
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The solution of Eg.(4.13) can be obtained by reducing it
to a system of linear first-order differential eguations in
t. This is achieved by discretizing along the r-direction

using the agproximation

a7 _ Ti1f®) - Ty (t)

3 Zar 4.17
and )

22T _ Ti_](t) - 21.(t) + Ti+1(t)

ar? (ar)Z 4.18
where ar = (r . - ary - 8)/n.
Eq.(4.13) becomes

dT. T, = 2T, + T, T. . -.T. ‘

i i-1 - i i+] -1
& e [T ) e () 4.9
. i

‘.}
where r,=rg - Arg-iar
"
Substituting the third boundary condition (Eg.(4.16)) into

Eqg.(4.17), one obtains

=T 4.20

Tn+1 n-1

Th.1 in Eg.(4.18) is to be eliminated from Eq.(4.20).

Eqg.(4.19) contains a system of n equations with n
unknowns in‘Ti and are readily fo be solved. Theoretically,
Th is located at the center with r = 0, thus it becomes a

singular point. To circumvent this difficulty, T, is
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arbitrarily moved away from the center point with 6 . Once
T, up to T, solved and dT,/dt determined from experimental
data, the outer wall temperature T-.y can be calculated from

the following Fourier equation based on the nodal point at i

= 0
. dT0 (T_] - TLliEEO - (TO - Ty)/ar ey T, - T ) o
v .

r + ar
- a AO

at - © (172)(ar + ar ) -

’ . S

where rdbrout-aro_.
' i

The heat content of the rod now can be expressed as

. Q = Znoch[O.S T_1 rout arg +‘p.5 To(rout - arO)Aro +.0.5 Td(rout" aro)ar
+ T.r{ ar] +« [(& + 0.58r)2 - 62]Locan + @dszcan | 4.22

and heat flux as
-4
q . dt /Aout

1

anoutL

Cl.lQ.
[n g P

4.23

In our computation, for a red of 0.5 in. O.D., n = 5 and o =

. 0.01" are used with sufficient accuracy.

" Starting with data from the thermocouple as input, using

the model computed via CSMP (Appendix II), the boiling curve

can be constructed.
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Chapter V
RESULTS AND DISCUSSION

5.1 PRESSURI ZED TRANSITION BOILING HEAT FLUX

The transition boiling data produced from the experiment
using the method mentioned in the previous chapter are
tabulated in Appendix III. These data are alsc plotted on
the following figures. Figure 30 to 33 show the trend‘due
te the pregsure effect under constant subcooling and mass
flux, while Figure 34 to 37> show the mass flux effect under
constant subcooling and pressure. In all figures the
standard units are used; for example, G in kg/m25, P in kPa
and ATgyp in degree C. Normally aTg,p, refers to degree
supcoaling at the inlet, however Tg,p is used instead of

aATgyp in Figure 30 to 37,

5.1.1 Effect of the Initial Temperature

The initial temperature of the test section has no

_obvious effect on "the actual transition heat flux results.
: .

However, in order to construct boiling curve, stable .film

boiling in the test section must be establishéd at the

béginning of each test. ,As a consequence, the initial

>
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HEAT FLUX W/M?

o INC.-COPPER G=68 TSUB=13.9
- o .
- @ RUN 5835 P=206
i A RUN 5855 P=344
N + RUN 5885 P=550
N .- X RUN 5895 P=686
X
+ X '
+ x
o : ‘+ X
® . 4 + -
o
x+ B TS
o
'S & X
.k
.2- x+ a + .
O — “‘0 U
- a .
~+ ¥ N
- a @ A +
® o X
1 = ; -+ ; .
g é X
- . @ 1
+ 6 & , &
®
o
25.00 65.00 106.00° 146.00 1B6.00  226.00 256.00  306.00  346.00

WALL SUPERHEATED

°C

FI1G.31 EFFECT OF PRESSURE ON TRANSITION
'BOILING HEAT FLUX FOR G=68

- 64 -

rf



HEAT FLUX W/M3?

INC.-COPPER G=136 TSUB=13.9

L]

-~

: 8718940

RUN 5700 P=101

o
. 4 RUN 5730 P=206
7] o . + RUN 5750 P=344
. 2 X RUN 5780 P=550
™ A+ re -
2t L% . ® RUN 5790 P=686
at ' .
o a X
P L P o + o '
®© a X
e + ]
+a .
X @ r'y % .
- F 3
9!—1 = 0 ) + °
o — ¢ h] U] X
o 4 A
e ‘ u] A
_ b s ® + 5 'A
° é X
"= (v x
® f R e o L, o
- o + & ¥ ® x
s et e
-4 * co
o |
25.00  6%.00 106.00  146.00 1B6.00 = 226.00 286.00  306.00  346.00

WALL SUPERHEATED °C

F1G.32 EFFECT OF PRESSURE ON TRANSITION
BOTLING HEAT FLUX FOR G=136

..65_



HEAT FLUX W/M?

: _"o

-] .
- INC.-COPPER G=203 TSUB=13.9
-t .
- ® RUN 5802 P=101
. A RUN 5832 P=206
T ox$ + RUN 5852 P=344
1 i x e X RUN 5882 P=550
A
¢ R x e ® RUN 5892 P3686
A x . ®
x @ +
o4+ %o a X o
' o 4+ X
o A
o o + X
A + X ¢
- . . U]
e 30 A X ®
u-. X@ o
o +
[ 3 & : A4
| © © a4 4 e °® 2 ®
ngK @ (U] 4 ; 5 § ; '
] o0 o
- o o o
. <

28.00 65.00 106.00  146.00  186.00  296.00  266.00  306.00  346.00
WALL SUPERHEATED °“C

'FIG.33 EFFECT OF PRESSURE ON TRANSITION
BOILING HEAT FLUX FOR G=203

~ 66 -



HEAT FLUX W/M?2

..'c AL

4 " INC.-COPPER P=206 TSUB=13.9
i .
- O RUN 5835 G= 68.0
A  RUN 5730 6=138.0
+ + RUN 5832 6=203.0
+
N
A
~ At
A -
R o +
\ o ¢
o +
A 0,‘
- vy
wl +
- @
o ‘.G a
~d +
+ F N
- ] + 4
A O
- ’ © o + : + + + +
‘@
- ()
" ® 2 9 9
o
-
-
\\\
;f- L

26.00  65.00  106.00 146.00 186.00 226.00 286.00  306.00% 346.00

. WALL SUPERHEATED °C

3 FI1G.34 Egﬁggi OF MASS FLUX ON TRANSITION

BOILING HEAT FLUX FOR P=101 Kpa
| :.éjqiii - 67 -

‘I..



HEAT FLUX W/M?

wd '“INC--COPPER.‘P=344 TSUB=r3-9
~o . ' , .
-2 - ’ .
o - | ® RUN 5855 G= 68.0
& RUN 5750. 6=136.0
T + RUN 5852 G=203.0
+ . )
" 4a : N 2 '
A ‘+
o +
o~ ‘+ o A [N
®
0 -
A +
o @ :
+
S__ " at o . ¢ )
T -4 0 .
L. ® +
~- % -
A+
w0 - 0 0
n 5 + * o+ t 4+
o Q o o
- i o
. N 4 A A A ?
-‘o . .
§.00  66.00 106.00 146.00 186.00 226.00 256.00 3D6.00  346.00

WALL SUPERHEATED °C
F16.35 EFFECT OF MASS FLUX ON TRANSITION
BOILING HEAT FLUX FOR P=344 Kpa

‘_68-.



HEAT, FLUX W/M?2

- INC.-COPPER P=550 TSUB=13.9
- ' ® RUN 5885 G= 68.0
: 4 RUN 5780 6=136.0
™ + ' + RUN. 5882 6=203.0
. _ .
) - A+
+
A
. o o o+
+ o
o~ A +
ul A
+
‘ ] U + LY
A A
+
- | o
~ 4g .
o =4 + A
ol ,
a ®
~ o
["- + ‘
ngt a + ) + + + +
*]
- = Q 9 Q [_]
o
ﬂo .
25.00 65.00 106.00 146.00 186.00  206.00  256.00  306.00 346.00

WALL SUPERHEATED °C
FIG.36 EFFECT OF MASS FLUX ON TRANSITION=v-
BOILING HEAT FLUX FOR P=550 Kpa

..69-.

P



HEAT FLUX W/M2-

N

o INC.-COPPER P=686 TSUB=13.9
o | r | -
o ®) RUN 5895 G= 68.0
A RUN 5790 G6G=136.0
b " 4+ RUN 5892 6=203.0
L + : |
s e
o .
B -~ B
(3 b A +
.
.o +
4 ol
o
) +
° % )
o A . A +
A Fo. s+ :
7 a +. * + + +
) - e .
° R -
/
' _//' \ '
-o -
26.00 '66.00  106.00 146.00 186.00 226.00 2656.00  306.00

. WALL SUPERHEATED °C

346.00

F1G.37 EFFECT OF MASS ELUX ON TRANSITION

BOILING HEAT FLUX FOR P=686 Kpa

- 70 -

1\



temperature should be high enough to meet this reéuiremgnt.
Genefally the initial temperature is about 400°C higher than
the saturation temperature of water. Since the saturation.
temperature of water fncreases with pressure, the initial
- temperature for'68§ kPa ?s about 600°C. Hence, for most runs
the initial temperature is set at 600°C,

-

5.1.2 Effect of Inlet Subcooling

L

" The range of inlet water temperature in this experiment
»ié restricted due to following reasons. Firstly, when the
‘qtsgqr temperature reaches the saturated temperature, the
pressure in ;he system is very unstable; hence, it should be
avoided in the experiment. Sgcbndly, _ it the water
temperature is too low, stgble filh b&il%pg Fequires é_much

higher initial temperature to establish. Furthermore, for

low inlet temperature, a violent vibration is observed
. . L

‘during transition boiding. Thus, only two different

subcooling conditions have been performed (i.e. 13.6 and

27.8”&). The effect . due to the inlet subcooiing at these
ﬁwo vaIueS fér' transition beiling is almost ‘negligible,
which contradicts the results obtained by Cheng et al {24]
for _atmospheric"pressure. The reason fof this can be
explained by the .fact' that the heat flﬂg,,isjﬁery much
-affectéd “by the pressure through the -change of water

properties, rather than the inlet subcooling effect.



5.1.3 Effect of Mass Flux

Figure 34 to 37 illustrate the effect oé mass flu
transition boiling.heat flux at a fixed inlet subcoolin ana
-pressure. The transition boiling heat flux increases
slighfiy with mass flux. frénsiti&ﬁc boiling * is an
intermed{ate heat transfer mode occurring between CHF and
minimum film boiling. Since both the CHF and minimum f£ilm
bailing heat flux increase with mass flux, it is expected
that transition boiling heat flux also increases with mass
flux. The observed increase in tragsition boiling heat flux
is attributed to: (i) more efficient removal of bubbles.
around the tube because of the higher'flow, (ii) impgoved
convective heat transfer during film boiling, énd (iii)
improved wall liquid interaction due to a higher turbulence
level of flow. - o

S

The experiment was conducted at the range of 101 kPa to

5.1.4 Effect of Pressure

686 kPa which is a relatively low pressure compared to mOSt
available sources [8, 25, 26]. 'figure 30 to 33 show that
the transition boiling heat flux increases with increasing
pressure (i;e., the heat flux .moves upward at the same

degree of‘wall-superheat for fixed inlet water subcéoling.

' ;ndf@ass flux on tests performed for both stainless steel-

v



copper and Iﬁconel-cépper test _ sections. The CHF points
also move upward and to bpe left with the increase of
pressure. CHF increase with pressure when the pressuge. is
less tgén 25% of critical pressure, which has been cited in
the literature. ~ In this experiment the pressure i1s much
Jower than 0.25 Per . In general the effect of pressure on
film boiling heat transfer in the neighbourhood of minimum
£ilm "boiling point follows the same trend. Yet in some
cases, for example run 5750 in Figure 32, the effect of

pressure is not clear.

As mgntioned before, the transition “heat flux 1is a
combination of wunstable film beiling and unstable nucleate
boiling. The.region of transition.boiling for the quenching
précess starts at point D and ends Point C, as shown in
Figure 1. The' heat flux of unstable film boiling and
unstable nucleate boiling in the transition region is
related to minimum heat flux and critical heat flux points,
respectively." The transition boiling curve will shift up
slightly with pressuré since both the minimum heat flux and

CHF increase with pressure. XN

<

In boi}ing heat trapsfer, physical properties . o& iluidv
play an impoftant “role. Since the physical propertiés of
water are affected by the preéspre, the. boiling heat flux

o : N
will be affected by pressure.‘Experimental data for physical

- 7.3 - \

C-'_



properties of yater along the saturgtion line have been
generalized [27), namely, latent heat of vaporization and
v o - ‘
surface tension (Figure 381}, viscosity, thermal
conductivity, specifié heat and density of water (Figure
39),‘ viscosity, thermal conductivity, spe;ific heat and
density of vapour (Figure 40). From these figures it'éan be
seen that as pressure increases, specific heat of water,
thermal conductivity;-\specific héat, and density of vapour
increase, but all othe? physical properties decrease. It is
_vaious that the increése in thermal cpngggtivity, density,
énd specific heat of vapour, and specific .eat of water and
the decrease 1in surface tension, viscosity of liquid'and

vapour will impréve boiling heat transfer. The decyease in
latent heat of vaporization, thermal conductivit?,- and
density of liquid will decrease boiling heat transfer. The
overall effect of properties due te the préssure variation
reflects each individual property effect; thus it 1is very
difficult to ang}yie. Most correlations are based on actwual:
expefimental resu1ts to -form an empirical or semi-empig{cél_'

correlation.

- - -

In most phenomenallcorrelations,'f many of these physical
properties are important"ﬁerﬁs in the prediction of

3
transition boiling, e.g., )

v
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Tong's correlation [25]:

hpo = 7000 exol.0ORZT e 02: " e [ Hat ]{'F‘“}
: sat i N .
= s2 °

. 8
EEE x_ B oo (1-x) i
#f ,e pQ e P] -

iy

)
[}

Weisman's correlation [7]:

hTB =.5 hCHF.[exp[-.0078( Tw— CHF)]+ exp{-.698( Tw CHF”] '

14 L .93 :
. 093 EEFE} .[coﬂfroexe] [] ) 1-x, [52}2@]
De &y k ol Hg 1 Xa LA

Hsu's correlation [26]: ’ T,
’ )h( L (e 51"
-p -p
] q v :
hep = .62 LIy kil B PN Aexp(-B aT__.)
T8 .r_~. Toat i, \‘ o sat
A= 1456 p->°8 B=3. 758x10 -3 p.1733

as well as the Cheng et al (see 5. 1 6}.

~

5.1.5 . Effect of Wall Properties.

-

The influencé.pf the thermal properties of. heating wall
on the transition boiling heat flux wéé studied by Cheng et
al (28] who reported the transition boilihg data of vater -
'_with copper, sgainlesé steel, brass and Inconel surfacés at
étmospheric pressﬁre. . Their resuits show that transition
heét flux dgcreases.with the in;reasing of kpCp 65 wall. In
this experiment, only stainless steel and Inconel tubes are
" used. Since kpCQ'of’ both méterials are very close, the

effect of wall properties is not noticeable.
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The roughness of surface has some effect on transition.

. -
heat flux, but in this experiment -all the tubes wused are
smooth surface (-f%-< 0.004), Jhence, no conclusion can be

made for this effect.

5.1.6 - Correlation and Comparision - . -

In this section, the measured transition beoiling data are
correlated, and compared with the applicable correlations
and available data. The data for pressurized experiment can

be correlatﬁ& in the form of
ol

¢ = Q5a(—;’;-)\_.t ' ) . 5.1

where ¢ heat flux at the pressure p

¢, heat flux at the atmospheric condition

P pressure
P, atmospheric pressyre

c'- constant

[

The constant in Eg. {(5.1) , was detérmined based on
experimental data.by the SPSS program (Appendix .IV) to be
. 0.3126. ¢4 in EqQ. (5.1) " can be obtained from Cheng's

’
general empirical correlation [22]: . .

- _ =5
6 =9.267x10%aT )7 18910-0-22899x10 % Jkee, 00 00012 aT_

L4

+ 0.00393.G « 2270

koc
-~ : . P
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"Figures 41 and 42 show the predicted pressurized boiling
curves using Eq. (5.1) with the experimental results and

good agreement is observed.

Groeneveld [29] concluded that the agreement between
transition bdiling correlation and experimentai data was
poor due to the scarcity of experimental data. Furthermore,

“these available data covered only a very limited range of

-

conditions. It is difficult to find experimental da£a from
available literature for comparison. The ;ork done by
Weisman et al.is one qf the vgg;DEew studies on the effect-
.of pressure on t&ansition boiling. The results of Weisman
and those of present expetriment are'shown in Figure 43.

Since. both expériment5'~are‘not conducted under the same

L3

conditions, the results of the closest conditions are used

‘for comparison..
]

From Figure 43, ig is observed that ‘the present
exﬁerimental results are highér than; Weisman's. This is
because Weisman's results ;efe_obtaiﬁed via a steady state
me thod wiEh the hot liquid metal. cirqulatiﬁg‘outside .the
test tube and water fioﬁing in .the tube, and the pfesent? m'ﬁ
‘experiment uses a transient method. Normally it is expectea

that the boiling heat flux measured by the transient method
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CHCAT FLyy /M2

;
If..
i

2

|

- ..TRANSITION HEAT.FLUX "
I ® RUN 5832 P=206 =203
&  WEISMAN'S.DATA P=185 G=190

I + RUN 5831 P=206 G=136

|

|

:

1

. .
! o
| A +
!
— . .
e
*1 4 - o *
3 A
- . +
] . A
.
1 . ® .
o ®
n% ~
" -~
i
=1
o -
’ s
25.00 46.00  66.00  86.00 106.06  126.00 146.00 156.00  186.00

WALL SUPERHEATED °C.

F1G.43 COMPARISION WITH WEISMAN'S DATA
~ "BOILING HEAT FLUX FOR G=203
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-

- ) N )
is ‘higher than by the steady state.mefhod. One poss}blg
explanation is due to ghe.fact‘rtbaé during the transiené 1
experiment the flow is not fully;,established, thus - more :
mixing occured. This will result more efficient heat

" transfer, which is similar to the entrance flow region.

A correlation was derived-by Hsu based on post CHF FLECHT

data[26). The correlation is reproduced here &

o 3 /A .
- g 31 v ], -
hrg =62 AT e By 2T o Ae;p( 8 aqsat)

558 -
1733

A= 1456 P

B=3.758x1073 - ]
Hsu's correlation does not deﬁend on quaiity,'but depends on
"pressure. The predicted results of Hsu's correlation and
present experimental data are shown in Pigure 44. . Hsu's
prediction is higher. This may be due to the fact that the
FLECHT tests was conducted‘on a rod bundle. However, it

shows the correct pressure trend in transition boiling

region. - °
' ’
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HEAT FLUX W/M 2

5 O . RUN 5835 P=206 -
B & RUN 5855 P=344.
™ x .+ RUN 5885 P=550
* X~ RUN 5895 P=686
Y . HSU*S PREDICTION
- o
09- -
1= ) '0 x )
e.. I X . X T
“ . ©a ., K ¥
. © . O
. ( .
726.00  66.00 106.00 ~ 146.00 _ 186.00  226.00  256.00  306.00  346.00

TRANSITION BOILING HEAT FLUX

Y &

WALL SUPERHEATED °C

F1G.44 COMPARISION WITH HSU'S CORRELATION

»

_85 -

- ...



5.2 PROBE STUDY :
—— . . .

-

The probe meesunement technique can detect revetting and

maximum heat flux poxnts, as vell as provide some knouledge

’ . )
on boiling phenomena during quepching.

5.2.1 Single Rod Results

The results and observation of probe experiment and their
_‘corresponding boiling curves tqr single rod runs are shown
in Figure 45 to 56. The region‘AB in Figure 45 for 'Run 6022
representing £ilm beiiing shows a gradual rise of voltage
with momentary dry'collisions oi liquid droplets with wall,
as this is_epnarenf from ﬁluciuaeions of the voltage trace.

Jackson and Jen {30), Petruckhov et al {31], and Van Stralen

and Cole [32] all discovered that’ there - was £ilm layef~

thickness fluctuation during the film boiling on a vertical

‘plate or cylinder.

-Iida, Y. [33] found that ‘the thickness of film layer over
a flat copper surface is quite small, with less than 0.05 mm
in pool boiling. If it is true in pool boiling, -it is

expected, .with the intréducing of the velocity component in

flow boiling, that this thickness will be thinner and the’

collisions of = the liguid droplets with wall becomes

' possxble. The region AB of Figure 45 does indicate the'

liquid droplets momentarily hitting the dry wall and causzng

- 86 -
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F1G.4 9 Quench Front Located at One Inch Below Probes
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"F1G.50 quench Front Located Just Below Probes
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N . . |
the probe signal, kp increase and'decrease again. This is

the reason that the signal of region A B is fluctuating.

"The region BC character1zes tran51txon boiling with a
sharp rise of voltage startxng from point B. It .is alsd
observedd:?guaily (ngure 48) that at poxnt B the reuett1ng
front reaches the probe spatlon:‘ Point C is the CHF poznt
‘as witnessed by a steep rise of vblEage. In addition, point
C also signifies' a rapid drop of probe temperature as Seen
from point C; of Figdfe 46. The duration for transition

boiling in this annulus flow lasts only a few seconds.,

Points A', B' and C' are Ehe corresponding points A, B
and C on data thermocauple trace in the Figure 45. [Its
significanée can be explaingd. in conjunction with the
resulting boiling curve of that particular run. The
mathematical model presented in Chapter IV is used for.the
" construction of boiling éu;ve. - From the boiling curve
(Figure 47) the minimum point B''' occurs at Tw ® 243°C and
the corfesponding data thermocouple read;ng from the
computef program is 246°C as ‘compared with B' value of.
251°C. Similarly, CHF point C'*' occurs at T, = 150°C and
corresponding data théé@ocouplefreading from the computer
program is 157°C, which is of tﬁé same value as C*°. The

results of rewetting and CHF points from probe signal are

very close, to those of boiling curve., Notice thht in Figure



47, the {film boiling heat flux at AT, greater than 170°C

does not follow the expected trend. This is due to the -

L]

. experimental system transient effect, hence this .portion of

‘Eﬁe'ﬁoiring curve should -be ignored.

Run 6070 is the repetition of Run 6022. The results are

shown in Figure 51 to 53. Notice that point B''' and C''' in

Figure 53 represent the wall temperature at the minimum and

CHF point, respectively, .based on the probe study after the
correctioh for the distance of thermocouple gnd the wall.
Since the probe has been changed, the probe tip size might
" not bé'exactiy the same as the previous one. As a result;
the Eracings of Runs 6022 and 6070 are not identical. in
analyiing the Point A', B', and C', the tiﬁe lag on the
recorder tréce has been taken into consideration. - The
" overall results are not much different from previous run.
"Figure 54 to 56 are the results for Run 6076, in which the
mass flux is 156; kg/mzsec'and ATguh is 0°C.  The ‘probe
température, wﬁicﬁ is tpe temperature of fluid, dropé much

less during-quenching.than those of previous runs.

¥

5.2.2 3-Rod Bundle Results

A series of experimental runs was conducted for G varied
from 34 - 68 kg/mzsec and ATgyp from 7°C to 13.9°C.. A
typical result of G = 68 kg/m°sec and ATg,p = 13.9°C
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FIG.58 BOILING CURVE OF DISTILLED WATER FOR’ RUN '80S0A, 3-ROC
BUNDLE, AT G=68kgm2s' AND Alg;g=13.9°C -
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FIG.60 . BOILING CURVE OF DISTILLED WATER FOR RUN 8050B, 3-ROC
BUNDLE , AT G=68kgmZs' AND &g =i3.9°C “«

- 104 -



e e S T " el

is" shown i%rFigu;e 57 to 60. There are é;o'thgrmécouples in
each rod and two probes inse:ting into the test section,
namely, the outside probe and inside.probe, és shown -in
Figuke 23. © Figure 57 shows the outside probe :signal
generated for rod #1 (;eé Fiéure 23) w;th the.probe located
close to the outside data.f.C.; and the outside data T.C.
signal. Similarly, the inside probe signal and the inside
data T.C. §ignal are shown in Figure 59. Comparing Figurq
57 (3-rod bundle) with Figure 46 (single rod), the trend of

temperatﬁre history of both tests is very close.

The time for film boiling is shorter in the 3-rod.test
than single rod. This is because the percentage of rodfarea
in fhe flow channel ig-sma{ler for the 3-rod case. However,
the signal of probe élso indicates the fluctuation due to
droplet collision which is similar to single rod. The probe
signal for nucleate bojiling fér 3-rod bundle‘is also similar
to single rod. The same method as was used for the singl?
rod is applied to determine points A, B,C, A', B', and C'.
These are shown on Figure 57 and SS.  The corresponaing
points B''' and C''' are plotted ¥on outside and inside
Boiling curves (Figure 58 and GOj. ‘The two boiling curves
look quite the same, except the inside boiling curve has
slightly higher valuesx of heat flux around  the CHF region.
For the outside. probe aﬁd thermocouple (Figure 57), point B
is the rewe£ting point from the probe _..signal. Its

\
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corresponding B' of thermocouple indicates the temperature
is 273°C. Point C is the CHF point from probe signal and
its corresponding pqint c’ tgmperaturé is 243°C. After the .

correction for the distance between  the thermocouple and
Y

test section wall, peint B''' and C''' are 271°C and 240°C,

respectively, as plotted in Figure 58, Similarly, points A,
B, C, A",B' ,C' ,A""", B''", and C''' are determined based

on inside probe and inside data thermocouple ‘signals. It is

‘obvious that- the minimum points are in good agreement for

both the probe result and the boifing curve. However, the

' CHF temperature from probe signal is much” higher than that

from the boiling curve. The reason may be due to subchannel
effects, thus the flow is much more violent. Baéed on the
experimental'studie§, it seems to indicate that the probe
cannot respond to this violent physical phahomehcq, |

-

5.2.3 Comparison for Minimum Point

‘The present experiment measures the CHF and minimum film
boiiiﬁg points on the copper surface only'for a small range
of mass flux and subcooling. Outside this range, stapie.
film boiling is very hard to éstablisﬁ in this ;xperiﬁenﬁ.
In addizion, the flow is so violent that the probe cannot
respond properly under this physical situation. The
rewetting temperature for single rod test is 251°C for G =

68 kg/mzsec, and ATgyb = 13.9°C; 211°C for G = 136 kg/mzseé,

-106'_



and ATgyup = b°C1 In the three rod test, the minimum
temperature is between 267 to 271°C for G = 68 kg/mzsec and
ATsub= 13.9-"C. . .

!

=3

The empirical corrélation suggested by Stewart [3] is:

. 4
_ 2 x-10
Tnin = 284.7 * 44.11P - 3.72P" - 5755

x£0, P=<9 MPa ' .

. P = pressure ‘in MPa

Tmin = Minimum temperature in °C

For run 6022 (P é_.101'MPa, G = 68 kg/m?sec), the local
qguality x obtained by a heat balance in the flow channel is
©-0.0027. Using the above correlation, the calculated Tmin
is 29s5°c, which is‘ higher than the present‘ experimental
value (251°C). It should be noted that Stewart's correlation
is based mostly on his high pressure experimental data, and
the mass flux term 1is not included because the effect of
mass flux is negligibly small. While the masg flux effect is

an important factor in this experiment, one of the reasons

for this large discrepancy could be due to the different

configurations of test sections.
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Chapter VI
CONCLUSION AND‘RECOMHEﬁDATION

6.1  PRESSURIZED LOOP FOR TRANSITION BOILING

In the present gquenching experiment, the system
épproaches a temperature controlled system. The test covers
a small range of system pressure(l0l to 686 kPa), mass
flux(68 to 203 kg/mzsec) and inlet subcooling{l13.9 to
27.8°C). These test results which show the pressure effect
on traﬂgigion boiling, extend Cheng's previous studj._ The
results from this experiment indicate that wunder Ithe
pressurized condition, the subcooling effect has‘ no
. sig;EEEE‘nt influence on transition boiling, which is
contradic&g&y to the results at atmospheric coﬁaition. " The
transition'%oiling data increase with pressure and mass flux
'within the above meﬁtioned flow parameters range. A
correlation including pressure, mass flux, -subcooling and
surface properties(thermél conductiviy, density and specific
heat) effects has.beeﬁ established for the present testing

conditions.
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L]
*

6.2 STUDIES OF ELECTRIC RESISTKNCE‘PROBE

The probe method in measuring the CHF is 1in good
agreement with the CHF point from the boiling curve for the
single rod experiment. This method is not so successful for
three rod bundle. The ré%sbn for this seems to be due to the
subchannel effect during gquenching. The rewetting
temperature measured by probe méthod is'close to the minimum
film boiling temperature from the boiling curve for both

single and three rod test sections.

6.3 RECOMMENDATION FOR FUTURE WORK

In the present project the transition boiling data at
slightly elevated pressure, CHF and minimum film boiling
points at the atmospheric condition have beén measured. - The
transition boiliﬁg data and probe study results from this
project cover only a small range of flow parameters. It is
advisable to -

1. extend to higher pressures for transition boiling

data. u

‘2. use the probe approach to confirm the minimum and CHF

points for the transition boiling results at elevated
pressure.
3. conduct experiment with different surface propefties

kpCp -
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