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Abstract

This paper presents a non-heating experimental method that simulates the critical heat flux (CHF) phenomenon in
pool boiling. In the experiments, with providing controlled air flow through the holes on a plate submerged in a pool of
water, the liquid sublayer (macrolayer) thickness and bubble departure frequency have been successfully measured by a
conductance probe. The CHF is reasonably predicted by applying the measured parameters to a liquid macrolayer
dryout model. The measured trends of the macrolayer thickness and bubble departure frequency with air mass flux are
also consistent with the present understanding. As a result of this experimental study, it is expected that the non-heating
method would be useful to investigate the various parametric effects on pool and flow boiling CHF, with avoiding the
difficulty in heating and large electric power requirement even for complex geometries. © 2002 Elsevier Science Ltd.

All rights reserved.

1. Introduction

The critical heat flux (CHF) is an important thermal-
hydraulic phenomenon that should be considered in
designing and operating various heat transfer units in-
cluding nuclear reactors, fossil-fuel boilers, electronic
chips, etc. A significant amount of work has been per-
formed over the last four decades to identify physical
mechanisms leading to the CHF, to obtain reliable
prediction models, and to develop enhancement tech-
niques. However, understanding of the phenomenon is
still insufficient in the aspects of detailed CHF mecha-
nisms, effects of various parameters, prediction models
applicable to wide range of conditions, etc.

One of the reasons for insufficient understanding is
the difficulty in conducting CHF tests for complex geo-
metry and/or high heat fluxes. Because the required heat
flux should be supplied to test sections by direct or in-
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direct electrical heating, the CHF of complex or large
structures has not been investigated in detail. The non-
heating simulation of CHF conditions is examined in
this work to resolve this situation.

In developing the non-heating method for pool-
boiling CHF, the liquid macrolayer (sublayer) dryout
mechanism is assumed as the fundamental CHF mech-
anism. It has been suggested by several investigators as
one of the most probable mechanisms of CHF occur-
rence. The model assumes periodic growth and de-
parture of a vapor clot on the heated surface and the
existence of a liquid macrolayer between the heated
surface and the vapor clot. The CHF is postulated to
occur when the liquid in the macrolayer is depleted by
evaporation during the growth of a large vapor clot.
Therefore, the main parameters determining the CHF
are the initial macrolayer thickness and bubble depar-
ture frequency. If we know these two values, we can
calculate the corresponding CHF value.

Previous experiments by Gaertner and Westwater [3],
Gaertner [4], Katto and Yokoya [8], and Bhat et al. [1]
support the presence of the macrolayer under the vapor
clot on the heater surface. Based on these observations,
Haramura and Katto [5] suggested a macrolayer dryout
model for prediction of pool-boiling CHF. They assume

. All rights reserved.
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Nomenclature

Ay total bottom area of vapor stems (m?)

Ay surface area of heater (m?)

d. cavity mouth diameter (m)

f detachment frequency (Hz)

g heat of vaporization (J/kg K)

N active nucleation density (sites/m? or
sites/m)

Tiat saturation temperature (K)

AT wall superheat (K)

qcHF critical heat flux (W/m?)

I initial macrolayer thickness (m)

¢ contact angle between heater surface and
bubble (-)

Py vapor density (kg/m?)

o liquid density (kg/m?)

Ap density difference between liquid and gas
(kg/m?)

o surface tension (N/m)

u viscosity of liquid

Subscripts

f liquid

g vapor

that the CHF occurs when the macrolayer is depleted
before the detachment of overlying vapor bubble or
bubbles:

dCHF = 51P1hfg(1 *Av/Aw)f (1)

where f'is the detachment frequency, d; the initial mac-
rolayer thickness, 4,, the surface area of the heater, and
A, the total bottom area of vapor stems.

Several researchers have tried to measure the mac-
rolayer thickness. Gaertner and Westwater [3] observed
macrolayers using an upward-facing horizontal disk
of 50 mm diameter and discussed the relationship be-
tween the macrolayer thickness and the diameter of
vapor stems in the macrolayer. After him, considerable
measurements have been performed using conduction
probes. In most experiments, the interface of macrolayer
is determined by the position where the void fraction or
bubble frequency changes drastically. From the heater
wall to the macrolayer boundary, void fraction and
fluctuation frequency are nearly constant. Near the
boundary, the void fraction increases drastically while
the fluctuation frequency decreases drastically. From

Driving
Machine

these evidences, they determined the macrolayer thick-
ness.

In this study, the liquid macrolayer thickness and
bubble departure frequency are measured by a conduc-
tance probe while providing controlled air flow through
the holes on a plate submerged in a pool of water. The
feasibility of the non-heating simulation is validated by
applying the measured parameters to Eq. (1) and com-
paring the results with the well-known CHF values. The
effects of the air mass flux on the macrolayer thickness
and the bubble departure frequency are also compared
with the previous understanding reported by others.
This paper also discusses future possible applications of
the non-heating method.

2. Experimental method

Fig. 1 shows a schematic of the experimental appa-
ratus used in this study. The air-blowing surface is made
of a copper plate of 50 mm where the diameter of the
actual air-blowing area is varied from 25 to 40 mm.
Nucleation sites are modeled by the small holes of 0.3 or

Probe
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Water Digital D@Ia
Processing

A/D Converter

Plate

Air Chamber

Fig. 1. Schematic diagram of the experimental apparatus.
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Table 1

Summary of experimental conditions
Test Disk Hole Hole Array
number diameter  pitch diameter

(mm) (mm) (mm)

1 25 1.0 0.3 Square
I 30 1.0 0.3 Square
111 40 1.0 0.3 Square
v 30 1.0 0.2 Square
\ 30 1.0 0.2 Triangle
VI 30 1.5 0.2 Square

0.2 mm diameter, arranged with a pitch of 1 or 1.5 mm
with square and triangular array. Experimental condi-
tions are summarized in Table 1.

The correlations for active nucleation site density by
Wang and Dhir [11] and Paul and Abdel-Khalik [9] are
used to determine the number density of holes. Wang
and Dhir [11] correlated their data of active nucleation
site density as a function of the wall superheat and
contact angle as follows:

N =5x1077(1 — cos ¢)/d’ 2)
where the cavity mouth diameter d, is a function of the
local superheating:
40T
c = 3
pghngT ( )

For water under atmospheric pressure, the contact angle
is about 85°, and the wall superheat is about 10-20 °C.

So, the active nucleation site density would be in the
range of 60,000—4,000,000 sites/m? or 250-2000 sites/m
[2]. In other words, the pitch between active nucleation
site would be 0.5-4.0 mm. On the other hand, Abdel-
Khalik’s correlation is given as follows [9]:

N =1.207 x 1073¢g +15.74 4)

This represents the active nucleation site density of
~1585 sites/m for the CHF value of ~1300 kW/m? that
is expected on the flat plate. The pitch between active
nucleation sites would be ~0.6 mm. The pitch of 1 mm
between drilled holes was determined based on the
above considerations.

The heat flux condition was simulated by controlling
the air-flow rate. Here, the heat flux ¢” corresponds to
the air-flow rate ¥ as follows:

q"A = Vpghs, (5)

Air bubbles from the plate coalesce together and form
large air mushrooms like vapor mushrooms in heating
experiment (Fig. 2). As the air-flow rate increases, the
size of air mushroom increases together. Generally, the
behavior and appearance of air bubbles and mushroom
are very similar with those of vapor.

The void fraction was measured at various distances
from the drilled plate by a conduction probe. The
schematic of the conduction probe is shown in Fig. 3.
The probe tip, the maximum diameter of which is 0.075
mm, is canned by two of steel cans. The gaps between
the tip and supporting cans are filled with epoxy and
Teflon so that the tip and cans are electrically insulated.

1560 kW/m?

1690 kW/m?

Fig. 2. Air bubble on simulated heater plate.
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Fig. 3. Schematic diagram of conduction probe.

If the probe tip is contacted with water, the current path
between the tip and outer can is established with gen-
erating voltage signals in the range of 3.0-5.0 V. If the
tip is contacted with air bubbles, the current path be-
comes open and the voltage signal is dropped to a low
value.

This voltage signals are gathered by using an A/D
converter and a PC with an adequate data acquisition
program (Fig. 1). A typical voltage signal is illustrated in
Fig. 4. Generally, in this study, the voltage signal varied
between 1.0 and 3.5 V. For further analysis, we have to
determine a cut-off voltage that divides air and water
phases. Determination of the cut-off voltage usually re-
quires a calibration based on the knowledge of the ac-
tual void fraction. However, in this study, we do not
need to measure the exact value of void fraction; in-
stead, we examined the difference in the pattern (relative
value) of void fraction distribution between the liquid
macrolayer and the air bubble. Several cut-off voltages
were tested as illustrated in Fig. 5, resulting in an ap-
propriate cut-off voltage of 2.25 V. The relative void
fraction distribution could be measured reliably with
this value.

For given air-blowing area and air-flow rate, the void
fraction distributions were measured at various dis-
tances between 0.02 and 30.0 mm from the drilled plate
by changing the location of the conduction probe.

3.5

3.0 1

2.5

2.0

Voltage [V]

T T T T
0 200 400 600 800 1000

Time [msec]

Fig. 4. Sample voltage signal from conduction probe.

3. Results and discussion
3.1. Measurement of the macrolayer thickness

The measured distribution of void fraction for the
disk of 25 mm diameter (air-blowing area) is shown in
Fig. 6. The void fraction (time-averaged resistance) is
nearly constant and low near the wall, but sharply in-
creases in the distance of 0.1-0.5 mm. The first transition
points of the void fraction, which can be considered as
the macrolayer thickness, are located in the range of 0.1—
0.2 mm. Figs. 7-11 show that the void fraction distri-
butions are very consistent even in different air-blowing
areas, pitches (nucleation site density), hole diameters
and arrays of holes (nucleation site). Therefore, the
macrolayer thickness can be determined based on the
void fraction distribution as in this work.

The major contributor to the macrolayer thicknesses
measured from this study under various conditions (see
Table 1) is air-blowing rate (heat flux). And, the other
parameters, such as hole diameter, disk diameter, pitch
between holes, array formation cannot give much effects
on macrolayer thickness.

Several researchers have measured the macrolayer
thickness in actual boiling of water on horizontally up-
ward-facing plates using various measuring devices and
suggested some experimental or theoretical correla-
tions [3,5,7,10]. Their correlations and the results of the
present work are compared in Fig. 12. It is noted that
non-boiling experimental results in this work agree
reasonably well with previous heating experiments, in
particular considering the difference between steam and
air properties.

3.2. Measurement of the bubble departure frequency

The bubble departure frequency of flat disks has been
measured by the conductance probe. It can be obtained
by analyzing the signals from the conductance probe
located at a sufficiently long distance from the air-
blowing surface (x > 50 mm) as the vapor mushroom
(clot) on the air-blowing surface is smaller than 50 mm.
The measured bubble departure frequency according to
various heat flux is shown in Fig. 13. Some of the
measured frequencies were confirmed by the high-speed
camera recordings.

Haramura and Katto [6] derived a correlation for the
hovering period of vapor mass t4 as:

wa = (3/4m) *{4[(11/16)p + p,)/[g(pr = p )1} 0}
(6)

where v; is the vapor volume generation rate per unit
heater area. Because the vapor volume generation rate is
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Fig. 6. Void fraction distribution (D = 25 mm, P = 1.0 mm, H (hole diameter) = 0.3 mm, square array).
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proportional to the applied heat flux, the hovering time
increases with the increase in the heat flux. So, the
bubble departure frequency is inversely proportional to
the heat flux. This agrees with the measured results
shown in Fig. 13.
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Fig. 13. Bubble departure frequency.

3.3. Estimation of the critical heat flux

From the macrolayer thickness and bubble departure
frequency, we can estimate the CHF using Eq. (1), by
replacing the term A4,/A,, as the measured void fraction
o. Eq. (1) can be rewritten as follows:
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qCHF = 51,01hi‘g(1 - Of)f (7)

The estimation of the CHF is illustrated in Fig. 14. Two
types of predictions are presented in Fig. 14. The circle
represents the prediction neglecting the effect of the void
fraction in the liquid macrolayer; that is, the term
(I — o) is dropped from Eq. (7). The triangle represents
the prediction incorporating the void fraction according
to Eq. (7).

As shown in Fig. 14, the difference between the pre-
dicted heat flux for dryout and the applied heat flux is
reduced as heat flux is approaching to the CHF value.
The CHF condition can be determined by the intersec-
tion points of two lines. It is noted that the CHF
condition can be reasonably established by the present

non-boiling tests but further improvements would be
required from the quantitative viewpoint.

3.4. The role of non-heating experiments

Through this study, we can propose the non-heating
experimental method as a useful alternative for investi-
gating the CHF phenomenon. By the measuring void
fraction, the macrolayer thickness and bubble departure
frequency from non-heating tests, we can roughly de-
termine the onset of CHF on actual boiling systems.

There is no doubt that the prototypic geometry and
fluids should be used in CHF tests as far as possible.
However, the prototypic test could be practically im-
possible in some cases of complex and large geometry,
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due to the difficulties in providing reasonable heat flux
distributions. In this case, the non-heating experiment
can be performed relatively easily to investigate various
parametric trends as well as to get the rough estimate of
the CHF.

The non-heating experiment with air can simulate
only the saturated condition as air bubbles cannot be
condensed in water. The difference of physical properties
between steam and air also deteriorates the accuracy of
the simulation. However, a steam-water system using a
steam generator would allow more accurate simulation
even for the subcooled condition.

By nature, active nucleation site density varies with
the applied heat flux. But, in this methodology, the ac-
tive nucleation site density is fixed. So, the measured
characteristics may be valid at high heat flux conditions
with the comparable nucleation site densities.

Despite these limitations, the non-heating method
would be a powerful alternative in investigating the
CHF mechanisms and parametric effects in both pool
and flow boiling, considering the possibility of the rel-
atively easy simulation tests.

4. Conclusions

In this study, a series of non-heating experiments
have been conducted to model the CHF in pool-boiling
systems. Important findings from this study are sum-
marized as follows:

(a) The measured macrolayer thickness and bubble de-
parture frequency are consistent with previous find-
ings in actual boiling tests.

(b) The measured macrolayer thicknesses are most sen-
sitive to air-blowing rate (heat flux). And, the other
parameters cannot give much effect on macrolayer
thickness as much as air-blowing rate.

(c) Application of the macrolayer dryout model with
the measured values provides reasonable CHF val-
ues, confirming the usefulness of the non-heating
simulation of the pool-boiling CHF.

(d) The non-heating method with further improvement
would be useful in investigating the fundamental

mechanisms and parametric effects in both pool
and flow boiling involving complex geometries.
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