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Abstract

Boiling heat transfer characteristics of freon R-113 are experimentally investigated in a vertical small diameter tube,
D = 1.45 mm and L = 100 mm at a wide pressure range of 19-269 kPa under natural circulation condition. Except the
entrance region of the test section, the flow regime is annular in view of the measured vapor flux. The pool boiling
correlations of Stephan and Abdelsalam and McNelly equally well predict the experimental data within an error of
+20%. No enhancement of heat transfer coefficient is obtained although D/B is less than 1.5, which differs from the

finding of Klimenko.
© 2002 Published by Elsevier Science Ltd.
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1. Introduction

Confined device cooling incorporates several small
and short coolant passages similar to those described in
this paper. Refrigerants may be the preferred coolant
since fluorocarbons possess high dielectric strength,
boiled at moderate pressures with low saturation tem-
peratures, and are compatible with materials commonly
used in electrical and electronic devices.

Ishibashi and Nishikawa [1] presented the effect of
fluid space on the boiling heat transfer using various
annular working fluid space ranging from 0.57 to 83.5
mm at atmospheric and above atmospheric conditions
and reported that the boiling heat transfer depends on
the boiling space with AR as ha AR, Since they used
an annular boiling space in which the inner tube was
heated and the outer one was adiabatic, the heat transfer
characteristics and flow behavior of the working fluid in
the space surrounded by the heated and unheated
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surfaces might be different from that in a single tube.
Klimenko et al. [2] investigated the boiling heat transfer
for a two-phase flow of nitrogen with the mass flux of
60-800 kg/m?’ s in stainless steel tubes having diameters
of 4.0-18.9 mm and above atmospheric pressure in the
range of 150-800 kPa. They reported that for channel
diameters less than 1.5 times the Laplace constant, the
deformation of vapor bubble results in an increase of
boiling heat transfer. However, it is not clear that this
finding can be applied to ordinary fluids or fluorocar-
bon refrigerants since the properties of ordinary fluids
and refrigerants are much different from those of the
cryogenics.

Flow boiling of fluorocarbon refrigerants has been
investigated by many researchers. Wambsganss et al. [3]
investigated the flow boiling of R-113 in a small diam-
eter horizontal tube of 2.92 mm that corresponds to the
diameter to Laplace constant ratio falling between 2.95
and 3.02, at a pressure range of 124-160 kPa with a mass
flux varying from 50 to 300 kg/m?s. They reported that
the majority of their boiling data has the plug and slug
pattern flow regimes. The heat transfer trends show a
dominance of the nucleation mechanism. The pool
boiling correlation of Stephan and Abdelsalam [4] pre-
dicts the measured results well. Bowers and Mudawar [5]
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Nomenclature

B Laplace constant, /a/g(p, — pg), m
D inside diameter of tube, m

G mass flux, kg/m?s

g gravitational acceleration, m/s?

h heat transfer coefficient, W/m?> K

heg latent heat of vaporization, J/kg

Je superficial vapor velocity, 4qZ/(Dhgp,), m/s

s dimensionless vapor flux, j,p%°/[gD(p,—
Pl)]O'5

J superficial liquid velocity, m/s

L heated length, m

P system pressure, kPa

q heat flux, W/m?

AR gap size of annuli, m

T temperature, K

quality

axial distance from bottom of the heated
tube, m

void fraction

liquid film thickness, m

density, kg/m?

dynamic viscosity, Pas

surface tension, N/m

N =

QA = D R

Subscripts
experimental
vapor

liquid
saturated
wall

£ v —wg
o

investigated flow boiling of R-113 in small diameter
tubes of 0.51 and 2.54 mm, that correspond to the di-
ameter to Laplace constant ratio of 0.52 and 2.6, at a
pressure of 138 kPa with a mass flux ranging from 105 to
458 kg/m?s per one channel of 2.54 and 0.51 mm, re-
spectively. They concluded that the heat transfer regime
in their experimental range was the same as in ordinary
pool boiling and the tube diameter effect on boiling heat
transfer was negligible.

The findings mentioned above indicate that for the
enhancement of boiling heat transfer the flow regime
and behavior in a boiling passage should be taken into
account besides the geometric parameter such as the
ratio of tube diameter to Laplace constant. When R-113
is used as a working fluid in a thermosyphon or satu-
rated cooling for electrical and electronic devices under a
natural circulation condition, for very compact devices
the heat transfer space should be as small as possible. So
far the authors’ know no comprehensive investigation
has been performed on boiling heat transfer in a small
diameter tube under a natural circulation condition. The
purpose of our experimental investigation is to examine
the boiling heat transfer regime in a small diameter tube
below and above atmospheric pressures under natural
circulation and to clarify the enhancement phenomenon
by comparing the obtained results with established
correlations.

2. Experimental apparatus and test procedure

A schematic diagram of the experimental apparatus
is shown in Fig. 1 and dimensions of the test section and
locations of the thermocouples are presented in Fig. 2.
The test section (1) is made of stainless steel tube with
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Fig. 1. Schematic diagram of the experimental apparatus.

inner diameter of 1.45 and a length of 100 mm. The
condenser section is made of a glass cylinder (9) and a
cooling coil (4) in which a water coolant with a constant
temperature is circulated. The wall temperature of
heating section is measured at five locations with 0.1 mm
diameter chromel-alumel thermocouples placed on the
outer surface of the tube. Two chromel-alumel sheathed
thermocouples are inserted into the condenser section
and the inlet of test section to measure the vapor tem-
perature and the inlet liquid temperature, respectively.
The system pressure is calculated from the saturated
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(All dimensions are in mm)

Fig. 2. Dimensions of the test section and locations of the
thermocouples.

condition corresponding to the vapor temperature
measured in the condensing section. All temperatures
are measured by calibrated thermocouples and data
acquisition system. Each thermocouple linked to the
data acquisition system is calibrated by a platinum re-
sistance thermometer with a constant water bath. An
auxiliary heater (13) is installed at the bottom of con-
denser section to enable experimental condition to be
saturated since the sub-cooling of inlet liquid gives a
large hydraulic fluctuation like a geyser in the natural
circulation condition. The condenser and the heated
sections are connected with an unheated riser (15) of 50
mm long tube to prevent a back flow from the condenser
directly to the test section. The downcomer (12) is a low
resistance flow path made of an 8§ mm inner diameter
tube. Before the experiments, a resolved gas is degassed
by the following manner. The working fluid is boiled

Table 1

Experimental parameter and their ranges
System pres- Heat flux, ¢ B D/B
sure, P, (kPa) (kW/m?) (mm)
19 8.34-28.05 1.12 1.29
43 13.58-41.0 1.07 1.35
144 22.62-53.03 0.97 1.49
205 31.66-59.70 0.94 1.54
269 34.36-69.39 0.90 1.61

and condensed in the test rig for a few hours. After it is
cooled down a dry type vacuum pump (8) is operated for
a several minutes to remove the resolved gas accumu-
lated in the upper part of the condenser section. This
procedure is repeated three times. The test section is
heated directly by passing DC current, and controlled by
a adjustable DC power supply (5). Four hundred data
per channel are scanned through a data acquisition
system with a scan speed of 0.4 s per one datum. The
experiments are conducted under natural circulation
condition, and the experimental parameters and their
ranges are indicated in Table 1. The experimental heat
flux range covers up to near critical heat flux condition.

3. Experimental uncertainty

Temperature measurement uncertainty is estimated
to be less than 0.2 °C considering thermocouple cali-
bration errors. Uncertainty in evaluating the system
pressure calculated from the saturated condition corre-
sponding to the vapor temperature measured in the
condensing section is less than 1%. The heat fluxes are
determined from the electrical power, supplied to the
test section through two electrodes located at the top
and bottom ends, measured with an uncertainty of less
than 2%.

4. Results and discussion

Fig. 3 presents the time traces of temperature mea-
sured at five elevations of the heated wall, inlet liquid,
and vapor at a typical pressure of 43 kPa (since the
temperature traces show the identical trends at other
pressures). The temperatures are plotted for an arbitrary
period of 160 s after the test rig has come to equilibrium.
They show steady state traces without any fluctuation.
At the other conditions, the temperature traces are al-
most similar to those shown in this figure. Since the
thermocouples for the wall temperature measurement
are attached on the outer surface of the test section, they
can not detect high frequency phenomenon like bubble
nucleation pertaining to a normal pool boiling. The
stable wall temperature traces with small or negligible
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Fig. 3. Traces of heated wall, inlet liquid, and vapor tempera-
tures.

amplitude in the fluctuation indicate a fully developed
nucleate boiling or film evaporation.

Fig. 4(a) and (b) shows average wall temperature
profiles on the heated section along the axial length from
the bottom for system pressures below and above at-
mospheric, respectively. At a low system pressure of 43
kPa (below atmospheric) shown in Fig. 4(a), wall tem-
perature profiles are almost flat below a heat flux of 30.0
kW/m?. A peak of the wall temperature gradually shifts
to the middle elevation of the test section with increasing
heat flux. The reason of this shift has not been cleared
yet, but at a low pressure the burnout is initiated around
the middle elevation. At a high system pressure of 269
kPa (above atmospheric) shown in Fig. 4(b), wall tem-
perature profiles monotonously increase at all elevations
with increasing heat flux except at the highest heat flux
condition with Z = 90 mm where temperature suddenly
increases due to the burnout.
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Fig. 4. Axial temperature profile of the heated wall.

The representative wall temperature is calculated by
averaging simply the measured ones with time, since the
fluctuations are negligible as shown in Fig. 3. To obtain
the heat transfer characteristics in the heated section the
wall temperatures measured at five elevations are aver-
aged to calculate the representative wall temperature.
The boiling curves at different pressures shown in Fig. 5
are qualitatively similar to that for nucleate pool boiling,
except the data at higher heat flux conditions which are
very close to the critical.

The heated section in the present study is long en-
ough compared with the diameter, L/D = 69, and the
flow pattern must change along a heated length. The
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Fig. 6. Relationship between heat flux and dimensionless vapor
flux.

flow pattern must be evaluated since the pattern might
affect the heat transfer. Fig. 6 shows the relationship
between the heat flux and dimensionless vapor flux at
five different elevations at a pressure of 43 kPa. The
same results exist at other pressures. Wallis [6] proposed
that for the annular flow regime the dimensionless vapor
flux is required to be greater than 0.9. Mishima and Ishii
[7] also developed the following dimensionless vapor flux

for the transition between churn-turbulent flow and
annular flow regimes:

o =/(z—0.11) (1)

This transition criterion was confirmed by Wilmarth
and Ishii [8] in vertical rectangular channels with gap
widths of 1.0 and 2.0 mm for air-water two-phase flow.
Within our experimental range the void fraction is pre-
dicted to be 0.72 using the following correlation pro-
posed by Mishima and Hibika [9] developed in small
diameter vertical tubes (D = 1.0-4.9 mm) for an air—
water system:

1
* T 12+ 0.5 exp(—691D) @)

Finally the value of the dimensionless vapor flux for
the transition is calculated to be 0.78 by Eq. (1) as shown
by a vertical line in Fig. 6. This value is very close to 0.9
proposed by Wallis mentioned above. Comparing the
experimental vapor flux with the predicted one, the flow
regime might be annular except the entrance region
below Z = 10 mm of the test section. Therefore, nucleate
boiling in a liquid film or film evaporation without any
boiling might be a predominant heat transfer regime in
the tube.

In a two-phase flow the nucleate boiling is charac-
terized by the presence of active nucleation sites on the
heated wall and in the convective evaporation region
heat transfer is controlled by the local liquid flow rate
and film thickness. In the experiment, liquid flow rate
cannot be measured since it is too small and difficult
to detect with a pitot tube. Therefore, the liquid flow
rate and film thickness are predicted by the following
empirical film thickness correlation of Fukano and
Furukawa [10], developed for a vertical gas-liquid an-
nular flow regime:

0 = 0.0594D exp[—0.34(j/\/eD)"*
x (pyiD/ )" °x"] (3)

In the equation, the liquid flow rate is required to obtain
the liquid film thickness. Since in the present study a
liquid flow rate measurement by a pitot tube in the
downcomer is failed due to much lower pressure differ-
ence than 1 Pa in the pitot tube, the following correla-
tion [11] of slip ratio, S, between vapor and liquid
velocity is used to obtain the liquid flow rate:

pl\/&

S=,/—/= 4

Vol 4)
Klimenko [12] considered the following convective

number, Ncg, for the transition criterion between nu-

cleate boiling and convective evaporation regions using
the available data for water, freons, and cryogenics with
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ranges: pressure 61-1480 kPa, mass flux 50-2690 kg/
m?s, tube diameters 1.63-41.3 mm,

New = G/ + x(p1/ py = Do/ )" (5

and the transition criteria are: nucleate boiling Ncp <
1.6 x 10* evaporation Ncg > 1.6 x 10*.

Fig. 7 demonstrates the classification of the obtained
measured heat transfer coefficients into nucleate boiling
and convective evaporation regions. In the figure NB
and CV stand for nucleate boiling and convective evap-
oration into heat transfer regime, respectively. Accord-
ing to the transition criterion, all measured heat transfer
coefficients are in the nucleate boiling regime. At other
conditions, the results are similar to that shown in
Fig. 7.

Fig. 8(a) and (b) presents the comparison of the
measured average heat transfer coefficients with predic-
tions by the pool boiling correlations of Stephan and
Abdelsalam [4] and McNelly [13], respectively. The
Stephan correlation covers a wide pressure range of 10—
2660 kPa for R-113, which was confirmed by Wambs-
ganss et al. [3] for boiling in a small diameter tube as
mentioned in the introduction. McNelly developed the
boiling correlation on the assumption that the main heat
transfer resistance is concentrated in a thin liquid layer
adjacent to the heated surface. The figures indicate that
both correlations equally well predict the experimental
data within an error of 4+20%. Therefore, negligible
enhancement in heat transfer is obtained although D/B
is less than 1.5, which differs from the finding of Kli-
menko [2].
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Fig. 7. Relationship between local heat transfer coefficients and
predicted convective number of Klimenko [12].
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Fig. 8. Comparison of measured average heat transfer coeffi-
cients with predictions of Stephan—Abdelsalam [4] and McNelly
[13].

5. Conclusions

Experimental investigation of boiling heat transfer in
a small diameter tube at pressures below and above at-
mospheric gives the following results:

1. In consideration of measured vapor flux within the
present experimental ranges, the flow regime is annu-
lar except the entrance region.
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2. Boiling heat transfer enhancement is negligible within
the experimental pressure range, which differs from
the previous finding of Klimenko.

3. Comparisons of measured boiling heat transfer coef-
ficients with existing pool boiling correlations of Ste-
phan and Abdelsalam and McNelly indicate that
both equally predict the experimental data within
an error of £20%.
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