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-ABSTRACT

Two types of electric nesistance probe have been developed
to detect the rewetting of a heated surnface, during quenching

experniments. Measurements of electric resistance were made using

two different methods:

4. Two-tlectrode measurement, through a thermocouple probe

AL. Probe-zo Wall measurement, through a zirconium-platinum

probe.

Forced vertical glow experiments were conducted gon waten
at atmospheric pressune, mass fluxes at 25,000 and 50,000 Lbm/hn- 22
and inlet subcooling ranging from 0 o 70°F. These experiments were
preceded by a pool boiling experiment to relate visually the probe
output signals to different boiling regimes.

The zirconium-pLatinum probe showed many advantages oven
the thenmocouple probe and could detect the onset 04§ rewetting at
440-480°F. The maximum heat glux point was also detected by both
Lypes of probe and was found to be in good agreement with those
available from boiling curves. Several boiling phenomena reconded
by the probes, are discussed. Finally, recommendations are made
for alternative methods of detecting the transition from §4ilm
boiling to nucleate boiling during a quenching process.
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area [ftZ];
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NOMENCLATURE

specific heat at constant pressure [Btu[lbm-oF];
heat transfer coefficient at outer wall
[Btu/hr-£t?-°F];
thermal'conductivity [Btu/hr—ft—oF];
length of test section [ft];
heat content of test section at time t [Btu]

[ 2]
heat flux Btu/hr-£t°];
radial coordinate [ft];
temperature [OF];
Wall superheat (TW-TS) [OF];
time [hr];

. . [ 2 ]

thermal diffusivity ft“/hrl;
regular radial increment [ft];
radial distance between inner wall and location

of T.C. (Fig. 26) [ftl;

density (1bm/ft3}.

Subscripts

amb

Cc

CHF

ambient;
critical point of substance;

critical heat flux;

calc.calculated;

crl

cr2

boiling crisis (at max. heat flux)

boiling crisis (at min. heat £flux)



exp.

in

out

SUB

NOMENCLATURE (cont'd.)

experimental

i th nodal point;
inner wall;
1iquid;
location of T.C.
outer wall;
saturation;
subcooling;

wallg

nodal point at inner wall.
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CHAPTER 1

INTRODUCTION

1.1 - General:

During emergency core cooling in a
water cooled nuclear power reactor, the heat transfer
mode changes from film boiling to transition boiling
at the minimum heat flux point, and from tranmnsition
boiling to nucleate boiling at the maximum heat flux
point. In both cases, the thermal analysis requires
precise knowledge of the conditions of the boiling
crisis (CHF or maximum heat flux) and rewetting.
Although one can obtain these conditions from a
full boiling curve* (Fig. 1), the problem is that the
boiling curves of flow conditions of interest are
rarely available. Hence, an alternative method of

detecting CHF and rewetting points is very important.

*Although the minimum heat flux is depicted as a point
in Fig. 1 (point A), in reality there is a region or

a domain where it occurs [25].
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Since both boiling crisis and rewetting points

are associated with a phase change, in this thesis,
a technique has been developed to detect the phase
change at the heated surface by means of electric
resistance measurements. It can also be used to
check both CHf and rewetting points for an existing

boiling curve.

Systems used for measurement of transition
boiling data can either be steady-state or transient.
In the current study, transition boiling data have
.been measured fhrough a transient system, in which
a copper block was employed as a test section. The
high thermal capacity &f the copper block will permit
longer transition time during a quenching process,
and permits the block to act in a pseudo steady-state

manner.

The high temperatures and severe
transients associated with a quenching process, made
it very difficult to perform electric resistance
measurements at the heated surface, especially
through thick-walled tubes. Therefo;e, two special

types of electric probes are designed for this study,




a thermocouple probef and a zirconium-platinum probe.

* .
Thermocouple junction with the tip removed to expose

the leads.



1.2 - Survey of Literature:

1.2.1- The Maximum and Minimum Heat Flux Points:

It was a well known fact that the heat
flux, q, transmitted from a metallic surface to
boiling water, increases with their temperature
difference AT. However, it was not known whether
heat flux, q, had a maximum and minimum value until
1935, when Nukiyama [l], observed the exisﬁence of
several modes of boiling over an electrically heated
wire submerged in a pool of water. 1In his experiment
it was found that the heat flux, q, reached its
maximum value at point (b) as shown in Fig. 2,
when the wire was heated in pool boiling. Beyond
point (b), the fluid could not accept heat as fast as
being supplied by constant electric heating. Thus,
the heat added was stored partially in the wire,
causing the surface temperature to rise drastically
from (b) to (a), and the wire was melted. On the
other hand, it was shown by experiment - using a
platinum wire to prevent melting - that at very high
temperatures, q could be large due to radiation along

path (a~d). Therefore, Nukiyama expected that q has
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a minimum value between (a) and (b).

Indeed, by decreasing the electric
power, the change of q traced along a smooth curve
(a - ¢), followed by a sudden jump (c - e). He
referred to the dotted line (c - b) as an unstable

region (transition region).

1.2.2 - The Transition Boiling Region:

The work of Nukiyama led Drew and
Mueller {2], to hypothesize the existence of the
transition boiling region. In their study on the
behavior of boiling organic liquids, they could
identify a transition range, just beyond the maximum
heat flux point, in which a mechanism distinct
from film and nucleate boiling exists. They reported

the first data in transition boiling region as shown

in Fig. 3.

1.2.3 - Measurements of Transition Boiling Data

Using the Transient Method:

Transition boiling data in forced




convective flow can only‘be obtained through a

temperature controlled system, or during transient
tests. A number of transition boiling experiments
have been reported in the literature; an excelent

review of which was made by Groeneveld [3].

In the transient system, the test
section is heated to a high temperature before
introducing the flow, thus allowing the film boiling
to establish. By cooling down the test seétion, a
temperature history (cooling curve) can.be recorded.
A boiling curve can therefore be constructed, based
on the temperature history, using inverse heat
transfer method. 1If, however, the temperature
distribution is assumed to be uniform across the
wall (dumped parameter model), a crude boiling curve
can be obtained by differentiating the temperature-

time recording (see Fig. 4).

The "Transient method" has been used by
Iloeje, et al. [4,5] and Collier [61, to obtain
transition data in forced vertical flow. The same
technique was used in pool boiling by Tachibana [7].

The use of the transient method in the case of a
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thick-walled channel, has been reported by Cheng, et al.

[8], who constructed the boiling curve using the

concept of rate of change of heat content within the

test section.

-During a quenching process, the
transition occurs from film boiling to nucleate
boiling, in the manner in which it would occur
during Emergency Core Cooling (ECC) in a nuclear
reactor. This type of transition* is associated
with the collapse of the vapor film next to the
heated surface. In order to predict conditions
at the start and end of the collapse (q min., T min.,
q max., and T max.), it is necessary that its

mechanisms be understood.

1.2.4 - Mechanisms of Collapse:

To predict the process of collapse,
a number of models have been suggested in the

available literature, yet no complete answer exists.

%
Some literature calls this "Leidenfrost" transition

(see ref. [25], p. 115)

e e
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Iloeje et al. [6] isolated three
*
controlling mechanisms for forced convective rewet .
These are, impulse cooling collapse, axial conduction

controlled rewet, and dispersed flow rewet.

1.2.4.1 - .Impulse Cooling Collapse:

At a temperature higher than T *%
rewet

the fluid is separated from the wall by a vapor film.
If the wall temperature is lowered, the film thickness
decreases, so that the crests of the wavy fluid-vapor
interface may contact the wall. These repeated
contacts, during a quenching process, decrease the

wall temperature and allow rewetting.

This model has been proposed by Kalinin [9],
who performed a conduction analysis to obtain the

temperature of beginning and ending of the film boiling

*Surface rewetting refers to the phenomenon of establish-
ing liquid contact with a solid surface whose initial

temperature is greater than the rewetting temperature.

**Trewet is the temperature up to which the surface may

wet.
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crisis (Collapse of vapor film) T, and T,

r2 rl®

In order for his analysis to be useful, the frequency

of contacts before collapse needs to be known. The

difficulty in obtaining such information would appear

to make his solution useless. However, his solution

showed that T and T increase with increasing
cr2 crl

the group parameter q(RCPK)W. Therefore, he conducted

experiments to study the effect of thermophysical

properties of wall material on Tch and chl’

using annular channels made of different méterials,

and cooled by different liquids, in both pool and

forced convective boiling. His data in Fig. 5

was correlated in terms of the ratio |(PC_K)
p “L.

(PCPK)W

The

wall temperatures corresponding to the minimum and
maximum heat flux in forced convective flow, can be

obtained from his empirical relations:

0.25
AT PC K (PC_K)
c;l - 0.1 * 1.5 EPCEK;L + 0.6 (PCEK)L (1.1)
Tc- L P w P ‘w
ATcr2 _ 1.65 (1.2)
AT '

crl
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The dependence of the critical temperatures on the
group parameter WFE;E-is due to the assumption that
the heat transfer over the contact region is
controlled by pure conduction. A local decrease

of the temperature over this region depends on the
rate of heat'supplied from the heater material to
the contact fegion. Therefore, if the material

is highly conductive, the heat supply will be at

such a high rate as to delay rewetting to a lower

temperature.

In general, there are two reasons why
this model seems to be poor. Kalinin did not
reveal any effect of flow velocity on the maximun
and minimum heat flux temperatures. The second

reason is that there may be some error in ignoring

the axjial conduction.

1.2.4.2 - Axial Conduction Controlled Rewet

Based on their visual observation of
the hydrodynamic conditions existing at the minimum
heat flux, Simon and Simoneau [10], suggested that

the transition from film boiling to nucleate boiling




A T s PR A et e 4 e s L e el s e

-15~

is controlled by axial conduction. Wall conduction
transfers heat from the film boiling side to the
nucleate boiling side (Fig. 6) and causes the
surface temperature to drop. Transition will occur
at a position on the wall where the rewetting

temperature is reached.

In their analysis, they assumed that
the rewetting temperature was equivalent Tmin’

and used the theoretical equation of Spieglar et al.

[11]:

The above equation implies that both
minimum heat flux and rewetting temperature are
solely determined by the thermodynamic properties
of the boiling fluid. Experimental results showed
that Tmin varies considerably for the same fluid
and system pressure, and in some cases much higher
than Tc' For these reasons, one would conclude
that Tmin is ﬁot a thermodynamic property of the

fluid.

(1.3)
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1.2.4.3 -~ Dispersed Flow Rewet

The variation of T for the same
min
fluid and system pressure has been discussed by
Iloeje et al.'[6], who attributed this variation
to surface effects, namely scale deposits, and surface
roughness. They took the view that the rewet tempera-
ture predicted by Spiegler et al. [ll] might be

a thermodynamic property, but not Tmin'

In an attempt to encounter all the
observed effects on ATmin’ they proposed a dual mode
heat transfer model. Heat transfer to the flow is

a sum of two components:

l. Heat transfer to droplets of water

hitting the wall.

2. Heat transfer to vapor assuming no

effect of the existence of droplets.

The sum of these two components give the total g

and indicates ATmin' Fig. 7 shows the change of
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each component with wall temperature.

Modelling the collapse in this manner
reflects the effect of mass flux which was absent
in the other two models. At high mass fluxes there
is a greater'mixing of the flow, and it therefore
reduces superheating of the vapor, while it provides
a greater momentum of droplets. All these factors
will increase the heat transfer, and consequently
lead to transition occurring at higher wall superheat.
However, a difficulty exists in predicting the heat

transfer component of the droplets.

1.2.5 - The Use of Electric Probes in Two-Phase Flow:

Electric probes can be used to measure
the conductance, the capacitance and the rate of
electric discharge. The most common and convenient
electric probes are those of conductance type. So
far, two methods for measuring the conductance of
a flow regime are reported in the literature, i.e.,

i) Two-Electrode, and ii) Probe-to-Wall methods.

S
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1.2.5.1 - Two-Electrode Method

G.F. Hewitt [12] used an electric probe-
conductance type~ to determine the average value
of the film thickness in upwards annular flow of
air water mixtures. The probes consisted of
stainless steel rods péssing through the tube wall
and were made flush with the inner surface. The
rods were 1/8" diameter and placed in line. with 1/2"
spacing between centres. Fig. 8 shows this arrange-
ment along with a calibration cell. This set-up
was used to obtain a plot of conductance between
the probes against the film thickness of a solution

of known conductivity. This technique was known as

A.E.R.E method.

1.2.5.2 - Probe-to~Wall Method:

Through the use of an electric conductivity
probe, Griffith [13,14] investigated the location
of the transition between slug flow (liquid bridging)
and annular flow (continuous gas core). His prabe
(Fig. 9) was used to determine the electrical

resistance between the centre of the pipe and the wall.

— e
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The probe was to determine whether or not there

were bridges of liquid across the channel.

Iida and Kobayasi [15] used an electric
probe to study the behavior of vapor void in pool
boiling, 6n a horizontal surface under atmospheric
pressure. They measured the time variation of local
vapor void by detecting the variation 6f the resistance
as a voltage signal through the use of series resonance
circuit. Fig. 10 shows: the construction of the
probe and the experimental apparatus along with the
void signal. By using a three-dimensional micro-
traveller,Theycould obtain void fraction distribution

near the heating surface.

e et e T TR
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CHAPTER 2

THE PROBES

Two types of electric probes are
adopted for this study, a thermocouple probe and a

Zirconium~Platinum probe.

2.1 ~ The Thermocouple Probe

2.1.1- Construction:

An ordinary K type of thermocouple
was used to construct an electric probe. Fig. 1l.a
shows conductor wire positioned in compacted ceramic
insulation (Mg0) and surrounded by a tight fitting
protective metal sheath. The measuring junction of
the thermocouple was cut off first, then the

original insulating material was removed to a depth

of 1/8" (Fig. 11.b) and replaced by high temperature

cement (Fig. ll.c). After the high temperature
cement had set, the probe and surface were polished
to avoid any spot which might have trapped bubbles

during the test.

e,
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2.1.2 -~ Probe Circuit:

Fig. 12 is a schematic diagram of the

probe circuit which includes a 3V battery, a variable

resistance and a chart recorder. The probe measures

the electric resistance of flow phase on the wall.

If the wall is dry, the resistance across AB is

"infinite", therefore, a small voltage drop will be

registered across CD. Similarly, if the wall is

wet, the resistance is finite and a larger voltage

drop across CD is noticed.

2.1.3 - vVisual Experiment:

In order to relate visually, the output
signals from the probe to the collapse of film
boiling (rewetting) and the onset of nucleate

boiling (max. heat flux), the probe was first tested

in a pool boiling environment (Fig. 14). The test

section, as shown in Fig. 13, consists of a copper

cylinder heated by cartridge heaters and a probe

inserted through the cylinder. For the purpose of

Prolonging the quenching time, only a small window

of surface area around the probe was exposed and the

UBIUUSNEEY
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rest was insulated. To measure the wall temperature,
a2 thermocouple was inserted in the test section
very close to the Probe. Temperature and probe

traces were recorded simultaneously on a chart

recorder.

2.1.4 - Signal Recorded from Thermocouple Probe

in Pool Boiling:

Typical signal of the probe in pool
boiling is presented in Fig. 15. The region AB
in the probe trace represents film boiling, which
was observed on the heated surface as a stable vapor
film. When the film collapsed, the voltage rose
suddenly from (B) to (c), characterizing the transition
region. Beyond point (C), the nucleate boiling

started and the voltage level stabilized at a higher

value (C-D).

In some runs, it was impossible to
obtain a stable vapor film at the start of the
quenching process, due to the oxidation of the
copper surface. When this occured, the test section

had to be heated up to 600°F to establish the film
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boiling regime. 1In this case, it was found that
the collapse occured at a higher temperature; By
Polishing and cleaning the surface, using Carbon
Tetrachloride, the vapor film could be re-established

at approximately 450°F.

Some difficulties were experienced
with the thermocouple probe during the experiments;
High temperature cement between the two leads was
washed away after a couple of runs, and vapor then
became trapped in the probe cavity. The probe
leads also oxidized, causing ;he Probe to lose its
sensitivity. When this happened, the Probe tip was
cut off, the original insulating material replaced
by high temperature cement, and the probe tip

repolished.’

f 2.2 - The Zirconium~-Platinum Probe

The difficulties experienced with the
thermocouple probe led to the design of another type
of electric probe that could withstand water conditions
and corrosion. It was found that the -zireonia

(zirconium oxide) has been relied upon to prevent
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corrosion of the CANDU fuel. TFar this reason,

a zirconium wire (0.040 DIA) was used.to construct
the electric probe shown in Fig. 16. To provide
adequate insulation, the wire was coated with
zirconia, which can be formed on the surface by
autoclaving. The tip of the probe was made from
Platinum which was applied to the zirconium wire

by sputtering process under vacuum conditions. -

In the current arrangement, the platinum

tip of the probe and the heating surface are used
as two electrodes (Probe-to-Wall method). An
alternative arrangement, using the same method, is

suggested in Chapter 5.
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CHAPTER 3

EXPERIMENTAL APPARATUS AND PROCEDURES

3.1 - Description of Apparatus:

Fig. 17 is a schematic flow diagranm
showing the essential components of the test loop.
These include a hot-water tank, pump, floﬁ meter,
test section, and the associated valves and piping.
A general view of test apparatus is also shown

in Fig. 18.

The hot water tank is powered by a
3kw immersion heater drawing current via a thermostat
that can be adjusted to the desired inlet temperature.
The water is circulated by 1/20 HP centrifugal pump
and drained back to the tank. Pipings of the whole
set-up are 1/2" copper pipe and are joined by
soldering. The flow rate is measured and adjusted
by a rotameter (0.48 G.P.M. max. capacity). Water
temperature in the tank is measured by a thermocouple
placed at the tank outlet. For accurate determination

of water inlet subcooling, another thermocouple is
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Placed near the inlet of the test section.

3.2 - Test Section:

. The test section assembly, as shown in

Fig. 19, consists of a copper block and two end
fittings. Physical diﬁensions of the test section
along with the thermocouple and probe locations

are given in Figs 20,21,22. A centre bore.of 1/2"
is drilled in the copper block to allow the flow

to pass through. The test section is insulated by
FIBERFAX insulation. Heating of the test section

is accomplished by using two cartridge heaters

[1/4"D, 300 w].

In order to check and adjust:the probe
tip location on the inside surface, the test section
has to be removed and installed frequently. For
this reason, a simple design is chosen for mounting
the test section. Inlet and outlet test sections
are connected by means of two stainless steel unions
to two glass tubes. The glass tubes will reduce heat

losses to piping and permit flow visualization.




FIG. 19

TEST SECTION ASSEMBLY
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3.3 - Experimental Procedures:

1 - Water in the storage tank is first heated
to the desired temperature by an immersion
heater which is thermostatically controlled.
By means of a thermocouple, the approximate

initially desired value is obtained.

2 .- Lower and upper voltage levels of the
probe output signal are checked'by chart
recorder. Low voltage level representing
air resistance is determined under no-flow
conditions. By passing the flow in the
test section for a few seconds, voltage
level representing water resistance is
registered. A suitable span is chosen to

incorporate these two points.

3 - Pump is turned on for circulation and
adjustment of the flow rate. The flow is

drained back to the storage tank.

4 - Test'section is heated to the desired

temperature.
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5 - At the start of the quenching test,
the cartridge heaters are turned off;
After a short period (60 secondé);
the flow is diverted to the test section
by closing the drain valve. - This delay
period prior to the introduction of the
flow, will allow a more uniform temperature

distribution in the test section.

6 - Chart recorder is already running at the

beginning of every test run.
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CHAPTER 4

EXPERIMENTAL RUNS AND DATA REDUCTION

4.1 - General

Experimental runs consist of two test

series; they are:

% .
1. P200 series (Run Nos. P200-P299)

using the thermocouple probe described

in Fig. 11.

2. P300 series (Run Nos. P300-P399)
using the zirconium-platinum probe
described in Fig. 16. (The P100 series
numbers have been reserved for a
preliminary test section reported in

reference [16]).

Letter 'P' which appears before a run number designates

for the use of é '"Probe’.
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In each series, runs were conducted
for two different mass fluxes (0.25x105 and
0.5x1051bm/hr.ft2) and different degrees of subcooling.
In every run, readings of the thermocouple and the
electric probe were recorded simultaneously on a

two channel chart recorder, running at a speed of

10 sec,/in.

The probe trace, through one channel,
provided information about different flow ﬁhases
existing on the wall. From its trace, one could
detect the start and end of vapor film collapse.
The thermocouple trace, through the other channel,
gave the temperature-time history, from which the
boiling curve could be constructed. Since both
traces were recorded simultaneously, changes of the

flow phase could be related to heat transfer modes

on the boiling curve.

4.2 -~ Signals Recorded from the Thermocouple Probe:

Using the same circuit of Fig. 12

the probe outpuﬁ was obtained under flow boiling

conditions during a quenching process. A typical
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probe trace, along with thermocouple trace, obtained

in run No. P203, are presented in Fig. 23.

Based on the probe trace, some general

observations can be made:

i ) Fluctuations in the film boiling
region (A - B), as will be discussed later in 5.1,
appear to be due to the effect of mass flux which
was absent in the pool boiling experiment tsee Fig. 15).
ii) The mean value of voltage fluctuations,
represents the phase resistance on the wall defined
as time average. This value is shown to be slightly
higher than the voltage level (0 - A) representing

the air before introducing the flow.

iii) In region (B - C), the voltage
le§e1 rises drastically, indicating transition from
film to nucleate boiling. During this period,
flow oscillations in test section were observed
from the glass tube, where slugs of vapor were seen
to force the fl;w toward both up-and-down-strean

directions.
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During the oscillations, flow meter

readings fluctuated, at the same time, the thermocouple

located near the inlet of the test section, picked up

the temperature of vapor slugs instead of subcooled

liquid.

iv) Beyond point (C), the voltage
starts to stabilize at a value indicating the onset of

§table nucleate boiling. At this stage, ;hé slug flow was

seen through upper glass tube, as shown in Fig. 24

According to the above observations,
the start and end of the collapse of vapor film were

chosen as points (B) and (C) respectively. These

points were then marked on the corresponding boiling

curves,

4.3 -~ Signals Recorded from the Zirconium-Platinum Probe

Fig. 25 shows a typical signal recorded

from the zirconium-platinum probe. Some observations

based on this signal can be made in the following:

1. Fluctuations in film region AB are very




FIG.24 TYPICAL FLOW REGIMES IN BOILING TWO-PHASE FLOW

OBSERVED THROUGH UPPER GLASS TUBE
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small and mean electrical resistance
measured is very high; indicating
less liquid contact with the wall.
This is believed to be due to the use
of the wall as an electrode (Probe~to

Wall measurement).

2. A local rewet appears in region B1l.B,
followed by a sudden rise in the voltage,
from B to C, characterizing the transition
from film to nucleate boiling. In this
region, oscillations were observed

through the glass tubes.

3. In region CD, the voltage stabilized at
an approximately constant value

representing the nucleate boiling region.

4.4 - Construction of Boiling Curves:

In order to obtain the boiling curves
(heat flux-vs. wall temperature) from the temperature
history as recorded from a thermocouple located near

the wall, one has to solve the so-called inverse heat




~53-

transfer problem. The inverse problem is one for
which internal boundary conditions are described

and the desired quantity is a surface condition
(heat flux or wall temperature). This type of
Problem could be solved using the method of Burggraf
[17], who obtained an exact solution in the form of
rapidly convérgent series. This solution involves

the determination of third order derivative of

T .
o]

In this thesis, the mathematical model
and computational technique developed by Cheng, et al.
[18], is used to construct boiling curves. This
method involves the calculation of heat flux by
solving the Fourier transient equation and using
the concept of rate of change of heat content

within the test section.

For a hollow cylinder test section
(Fig. 21) insulated on outer surface and both ends,
heat transfer from the test section to the fluid
between time O to t is assumed equal to the change
in heat content Q inside the cylinder minus heat

loss through the outer wall during the same time

e e WRTEERS
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interval. Q can be expressed as;

r
out

Q(t) = pch v/~ 2nrTdr (4.1)

.
in

where L represents the length of the test section.

The function  T(r,t) is obtained as the solution to

the one-dimensional Fourier equation in cylindrical

coordinates:

3T _ .y 32T 15T (4.2)
ot = a( arz * r or )

and’is subject to the following initial and boundary

conditions:

(L) T = T(r,0) ... In general, at t = 0, (4.3)

the temperature across the test section is

linear with about 8°F difference.

(2) T(r ,t) = T eee T and T are the location
o o o o

and recordings of T.C., respectively. (4.4)

(3) -2y - _ h(T_ - Tamb) ... h is the heat

out (4.5)

I _ﬁ_____.._‘lm
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transfer coefficient at the outer wall and its

determination will be explained later.

The solution of Eq. (4.2) can be
obtained by reducing it to a system of linear

first-order differential equations in t. This

is achieved by discretizing along the r-direction

(Fig. 26), using the approximation:

ar| _ Taer(®) - Ty, (0)
or 2Ar
=ri

and

T(_ 141 (8
d9r < _ry (Ax) ¢

HZTL Ti—l(t) - ZTi(t) + T

where Ti(t) represents the temperature at the

ith nodal point

(1 < i sn=+1) and Ar =

[rout - (rin * Aro)]/

Using Eqs. (4.6) and (4.7) along with

initial and boundary conditions, the following system

of equations can be inferred from Eq. (4.2),

.6)

.7)

n.
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T [Ii—l 2Ty * "E'i+1]+ R T Ml S Yy 6.8
dt (Ar) 4 r, 2Ar .
1 < i <n
where ri = rin + Ar 4+ iAr
and
T - T T - T '

_k n n-1 + n+l n _ -

2 ( Ar Ar ) = h(In Iamb) (4.9)

Eq. (4.9) is a direct consequence of Eq. (4.5).

Furthermore, T
n+l

in Eq. (4.8) can be eliminated

by using Eq. (4.9).

Eq.
equations with n
solved. Once Tl
dTo/dt determined
temperature T_l

following Fourier

point i™0

(4.8) contains a system of n
unknowns in Ti and are readily
up to Tn have been solved and

experimentally, the inner wall
can then be calculated in the

equation based on the nodal

Tl B To To - T-—1
dTO (x - AT - ALO o Tl - T_l
dt ~ 3 (AT + AT ) - ( Ar Aro ) (4.10)

SRS 8
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Eq. (4.1), expressed in terms of summation, becomes

Q _'ZHPCPLEO.ST_l rinAro + O.5To(rin + Aro)Aro

n-1
+ 0.5T (r, + Ar )Ar + (jii T,rg o+ 0.5T r )Ar] (4.11)

The expression of net heat transfer to the fluid, q,

in terms of Q and heat loss is:

=——dL -—
d Gt By — DA (T

out n Tamb)/Ain

hr

- - —1 49 _ __out -
2 r, L dt r (Tn Tamb) (4.12)
in in
where A, and A represent the inner and the
in out

outer test section area, respectively.

Al]l calculations are performed via
CSMP computer package [19]. Due to its flexibility,
power, relative ease of use and plottipg capability,
CSMP has gained wide acceptance recently in solving
differential equations [20]. The Runge;Kutta

fixed-step size method has been used in numerical

e




-59-~

integration with selection of n = 8 and At = 0.1
sec and its convergency checked. NLFGEN function
generation (nonlinear function generation) capability
of CSMP 1is used to generate To from experimental
data and DERIV (derivative) module used to cbmpute
dToldt from“To and %% from Q. A complete
program has Been established starting with T.C.
recordings (millivolts vs time) as input, and at

the end d vs the wall temperature printed and
plotted (for a sample program, see Appendix). The
conversion table for millivolts Vs temperatures

has been built in the program to expedite the

conversion.

The heat transfer coefficient h at
the outer wall of the test section has been determined
experimentally under a no-flow condition*.. Its
value stays nearly constant at 6 Btu/hr-ft2-°F for
most of the temperature range operated. For

simplicity, a constant value of 6 Btu/hr-ft2-°F

has been assumed in the computation. However, a

variable expression of h as a function of temperature

* See reference [24] Appendices I and II for details
of this experiment.
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can be simply incorporated within CSMP capability

by using the function generation.

The proposed method to construct a
boiling curve from quenching data is only valid
when no axiai conduction exists. 1In reality,
there is always some axial conduction occurring,
e.g. imperfect insulation at the end of the test
section. More severe axial heat loss could occur
due to the possibility of nucleate boiling.present
just outside both ends of the test section and
injtiate rewetting fronts [7]. These rewetting
fronts could:then travel back into the test section,
thus interfering with the spontaneous rewetting
phenomenon inside the test section. However,
in the present experimental set-up, the test section
is connected to the piping by means of a thin-walled
stainless steel tube, a stainless steel union and
a élass tube. The relatively low conductivity and
the thin wall of the stainless steel tube will
minimize heat losses from the test section. Also,
the glass tube will further reduce heat losses to

the piping.
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During the q;enching process in the
current study; the heaters are shut off. 1In order
to prolong the quenching time, especially the
duration of transition boiling time, the heaters
could be left on. From the analysis point of
view, this rgduires a modification of the Fourier

equation by incorporating the proper heat source

term.
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CHAPTER 5

DISCUSSION OF RESULTS AND CONCLUSIONS

-The present measuring technique not
only detects rewetting and maximum heat flux points,
but also provides some knowledge on boiling phenomena
during a quenching process. Therefore, before
making a comparisdn between the probe results
and boiling curves, several observations based on

the probe signal in different boiling regimes are

discussed.

5.1 - Liquid-Solid Contac® in Film Boiling Regime:

There has been considerable debate
as to the existence of liquid-solid contact in
stable film boiling regime. A physical evidence
of the existence of such contacts was provided
by the signals obtained from both types of probe
in film boiling. As shown in Fig. 25 (region AB),
fluctuations in -probe trace indicate clearly the
intermittent liquid hitting of the wall under

forced vertical flow condition.
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Since these fluctuations were absent
in pool boiling experiment (see Fig. 15; region AB),
it is reasonable to believe that the liquid hitting
is due to the mass flux which causes gréater mixing
of the flow and greater momentum of the droplets.
Liquid-solid contact can either be attained by
droplets entrained in the vapor film, or by the
wavy liquid-vapor interface; depending on the vapor

film thickness and wall roughness.

The vapor film thickness has been
measured, in pool boiling, by Iida, Y. [15]. He
found that the thickness of the film layer over a
flat copper surface is quite small; and less than
0.05 mm ( < 0.002"). TIf this is true in pool
boiling, it is then expected, with the introduction
of the velocity component in flow boiling; that this
thiqkness will be less and the liquid-solid contact

becomes possible.

5.2 - Synchronized Recording of Vapor Slugs:

Vapor slugs formed on the wall were

detected by the electric probe and thermocouple

P —Jm
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simultaneously. The thermocouple indicated a local
wall temperature rise, while the probe géve a

sudden drop in voltage. This synchronized recording

is shown in Fig. 27.

Fiori and Bergles [21] reported a similar
finding onFthe effect of such slugs passing over
a thermocouple through synchronized temperature
recordings and photographs. Fig. 28 is the:surface
temperature trace, showing the dry spots and

quenching slugs.

5.3 - Bubble Formation and Nucleation Density

in Nucleate Boiling Region:

Beyond point C (Fig. 23,25), both types
of probe showed an increase in phase resistance
on ;he wall up to point Cl, where it starts to
decrease assymptotically. One likely explanation
for this trend is that due to the onset of bubble

*
formation the contact area decreases, causing higher

This should not be confused with the onset of nucleate

boiling in heating an originally cold surface.

B e L
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FIG.27 SYNCHRONIZED RECORDINGS OF VAPOR SLUGS
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resistance on the wall. However, further decrease
in surface temperature (from Cl to D), reduces
bubble density and vapor void, causing lower

resistance on the wall.

A similar trend was detected by Bradfield
[22], when he measured the change in surface contact
in quenching a chrome-plated copper cylinder. Fig. 30
shows his area ratio curve, where the nucleéte
boiling region is marked by the region of decreasing

contact .area;

It should be pointed out, however,
that the nucleation density is not the only factor
controlling the resistance on the wall during
a nucleation process. In fact, the decrease of
liquid temperature, during this process, causes an
inc:ease in the resistance on the wall, ie. producing
an effect opposite to nucleation density. The sum
of the two effects (nucleation demsity and liquid
temperature) gives the total resistance measured
by the probe. Since this total resistance, as

recorded by the probe, continues to decrease (see
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Fig. 25, region C1D), it can be concluded that the
decrease in the resistance due to bubble density
effect offsets the increase in the resistance

caused by the temperature decrease.

5.4 - Advantages of Using Probe-to-Wall Measurement

Probe-to-Wall measurement showed very
small fluctuations in the signal of film region AB
(Fig. 25), indicating less liquid contact with the
wall. This could be to the use of the wall as an
electrode. 1In this case, resistance measured involves
the flow in direct contact with the wall, which 4s
vapor. In the two-electrode method, the two electrodes
were surrounded by a ceramic material (Mg0) whose
thermal conductivity is much lower than the material
of the wall. It is then possible for the ceramic
surface of the probe to be at a much lower temperature
than the copper wall, allowing local rewet on the

probe tip while the wall is still blanketed by vapor.

Another possible explanation for the

small fluctuations, is that the resistance is

ey

e




-70~

measured across a circumference of circle separating
the two electrodes. A sketch of the coﬁduction
across this circumference, compared with the case
of two-electrode-measurement, is given in Fig. 30.
It can be seen from Fig. 30(a) that one droplet
hitting the probe surface between the two electrodes,
may be enough to provide large voltage rise. If,
however, this droplet fell on the probe surface

of Fig. 30(b) a slight voltage rise will be noticed,
since only a few conduction lines are established
between the two circular electrodes. Based on this
fact, one may expect that the more liquid hitting

of the probe, the higher is the output voltage,

i.e. the output voltage will be proportional to

the liquid-solid contact area. This feature may
explain the gradual increase of such contacts detected
by the zirconium-platinum probe in film boiling

(see region B1.B) of Fig. 25.

5.5 - Rewetting and Maximum Heat Flux Points:

Results of the P200 series, using the
thermocouple probe and the P300 series using the

zirconium-platinum probe are presented in Figs. 31-34.
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Solid points (B and C) in Figs. 31-32, and (B,Bl and
in Figs. 33-34, are obtained from the probe signals,

and their meanings were explained in Chapter 4.

Before making any specific remarks,
one would like to point out that the P300 series
boiling curves are slightly shifted to the right
of P200 series, though':they were measured‘under the
same conditions. This difference is believed to
be due to surface effect. For example, oxidation
and deposition of foreign matter on the heating
surface enhance heat transfer. Berenson [23]
observed this effect when he cleaned and lapped

the surface (see run No. 10, Fig. 35).

On the basis of P200 and P300 series

results, some remarks can be made in the following:

1. Both methods - temperature and
electric measurements - gave identical locations of
maximum heat flux (point C), at a surface temperature
of approximately 280°F in both series, within the

range of the parameters used.

C)
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2. The two types of probe showed that
a significant collapse of vapor film occurred in the
transition boiling region of low degree of surface

superheat (region BC).

3. The onset of local rewetting
(point Bl), was detected in the P300 series only.
According to Figs. 33 and 34 , the liquid-solid
contact appears at 440°F - 480°F; for mass fluxes
0.25 and 0.5x10° 2, ‘

lbm/hr.£ft These points are

*
suggested as the rewetting or Leidenfrost points.

4., Since the liquid-wall contact area
remained quite small up to point B, compared with a
significant collapse of the vapor film (from B to C),
it is possible that the film boiling exists in region
BBl. This phenomenon has been observed by Iida [15].
»He classified the three boiling regions (nucleate,

transition, and f£ilm) on the boiling curve, according

*
Leidenfrost temperature of a heated surface is the
temperature above which the liquid is prevented

from wetting the heated surface.
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to the vapor void structure detected by means of an
electric probe. .This classification is shown in
Fig. 36, where film boiling (region iii? occupies

a part of the transition region of high degree of
surface superheat. Therefore, it appears that the
transition‘from film boiling (dry surface with
momentarily liquid-solid contact) to the transition
boiling (partially wetted surface) does not occur
at T .

min

5.6 - Conclusions

1. The applicability of electrical
probes for detecting phase change on a heated
surface has been studied under forced vertical

flow conditions.

2. Probe-to-Wall measurements have
been shown to be more informative than two-electrode
measurements, especially in detecting liquid-solid

contact in the f£ilm boiling regime.

3. The zirconium-platinum probe has

proven to be advantageous over the thermocouple




AN e

N A

-79-

probe due to its reliability and corrosion resistance,

and it is recommended for future work.

4. Maximum heat flux points detected
by the two types of probeare in good agreement with

those available from boiling curves.

5. Onset of rewetting was detected

by the Zirconium~-Platinum probe at 440° —-480°F,

5

for mass fluxes 0.25 and 0.5x10 lbm[hr.ftz.

6. Intermittent liquid-solid contacts

were detected in the film boiling regime.

5.7 - Suggestions for Future Work.

1. Due to the limited range of flow
parameters employed in the experiment, no correlation
equation has been attempted to generalize the wall
surface temperatures at the rewetting and maximum
heat flux points. It is recommended for future
studies that the 2irconium-platinum probe be
employed to determine such correlation, using a

wider range of parameters.
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2. An alternative arrangement for
detecting the transition process, using the zirconium-
Platinum probe is suggested in Fig. 37. 1In this

arrangement, the vapor film is not disturbed due

to the smooth wall at the point of measurement.

3. It would also be very informative

to detect the pressure change in the vapor film
during the transition. This may be obtained, using
the arrangement of Fig. 38. It is expected that
the rupture of liquid-vapor interface, at the

onset of rewetting, will produce a sudden change

in the pressure of the vapor film.

4. In the present experimental set-up,

inlet and outlet test section contact the fittings

directly. These fittings need to be replaced by
an insulated bracket so as to minimize axial

conduction.
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APPENDIX

A SAMPLE COMPUTER PROGRAM
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