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Abstract—To design the divertor plate for the next generation fusion machines which is subjected to high
heat loads on its one side by the plasma, it is essential to evaluate performances of heat transfer efficiency.
However there is little in the literature for predicting of heat transfer coefficients under such one-sided
heating conditions. To establish the heat transfer correlation for water under one-sided heating conditions,
the authors have performed heat transfer experiments on smooth circular and swirl tubes in the regions
from non-boiling to high subcooled partial nucleate boiling. Based on the experimental results, it is
confirmed that the existing heat transfer correlations can be applicable at the non-boiling region. For the
subcooled partial nucleate boiling region, they cannot be available so that a new heat transfer correlation
has been proposed under one-sided heating conditions. Copyright © 1996 Elsevier Science Ltd.

1. INTRODUCTION

The plasma facing component for the next generation
fusion machines such as an International Thermo-
nuclear Experimental Reactor (ITER) is exposed
to severe steady state heat loads on its one side. In
particular, the surface heat flux of the divertor plate
is estimated to be 15-30 MW m~? in ITER-CDA
(ITER Conceptual Design Activities) [1]. Since the
nucleate boiling of the deionized water partially
occurs in the cooling tube of the divertor plate, a tube
with a twist tape for enhancement on heat transfer
and critical heat flux, namely swirl tube, is applied as
the cooling tube. To develop the divertor plates, R&D
including manufacturing and testing of the divertor
plate have intensively been performed in the world [2—
5]. On the other hand, some ideas of the surface heat
flux reduction are proposed for the divertor plate [6-
8]; in ITER-EDA, a dynamic gas target divertor con-
cept is introduced [8]. When this divertor concept
effectively works for reducing the surface heat flux, it
will give the surface heat flux around 5 MW m™2
on the divertor plate. However uncertainties of this
concept such as the possibility of the pressure
reduction as high as a magnitude of four between the
divertor region and the main plasma are still
retained. Therefore, it is necessary to develop the
divertor plate which withstands a high heat flux of
more than 15 MW m~2 for steady-state heating con-
ditions.

To design the divertor plate for ITER, it is essential
to evaluate the heat transfer coefficients under one-
sided heating conditions. Up to now, studies on heat

transfer characterization at uniform heating condition
have been done around the world [9-14]. However,
no confirmation has been recorded on whether or not
these existing heat transfer correlations are applicable
for one-sided heating conditions. Kim et al. [15] and
Milola et al. [16] tried to evaluate non uniform heat
transfer of the swirl tube in both non-boiling and
subcooled boiling regions. Their studies, however,
were included an assumption that the heat transfer
coeflicient is independent on inner wall flux variation.
Because of creating the swirl flow in the tube, it will
be difficult to determine the heat transfer coefficient
along the circumference and the flow direction in the
swirl tube. On the other hand, Schlosser et al. [17]
proposed a heat transfer correlation for one-sided
heating conditions based on the existing correlation
at uniform heating condition. However, they also
informed that further efforts for developing the precise
heat transfer correlation are necessary due to lack of
data.

Therefore, heat transfer experiments of the smooth
circular tube and the swirl tube have been performed
to evaluate heat transfer characteristics under one-
sided heating conditions in regions from non-boiling
to the subcooled partial nucleate boiling.

2. EXPERIMENTAL SET-UP

In the experiments, Particle Beam Engineering Test
Facility [18], namely PBEF, was used. PBEF, which
consists of vacuum chambers, an ion source, a high
voltage power supply system, a cooling water system,
a vacuum pumping system, a control system, and a
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G mass flow rate [kg m™"s ']

k effective variable for forced convection
heat transfer

local pressure [MPa]

heat flux [MW m~?]

local temperature [°C}

ratio normalized by 6*, (=6/6%).

NS

Greek symbols
¥ fraction of total heated length
measured from inlet

NOMENCLATURE

0 angle from top of the tube [degree]
0* angle at the boiling initiation point
measured from top of the tube [degree].

Subscripts
bo nucleate boiling

con forced convection
exp  experiment value
in inlet

out outlet

sat saturation
wall inside wall.

data acquisition system as shown in Fig. 1, can deliver
the intense hydrogen ion beams up to 5 MW for dur-
ations for 0.01 to 10 s. Figure 2 shows a schematic of
the main vacuum chamber of PBEF. This chamber
made of stainless steel has many ports for installing
the measuring equipment and data acquisition system.
Major dimensions of the vacuum chamber are 1.5 m
diameter and 5.0 m high. At top of the chamber, an
ion source is mounted as a heat source. This ion source
has originally been developed for neutral beam injec-
tors of JT-60. As seen in Fig. 2, the ion source consists
of a source plasma generator and an acceleration grid
system. At the plasma generator, hydrogen source
plasma is produced by arc discharge process using
hair-pin-shaped tungsten filaments. Only hydrogen
ions are stably extracted by the acceleration grid sys-
tem at beam energies ranging from 30 to 100 keV with
the beam current up to 50 A which corresponds to the
beam current density of up to 4000 A/m>.

There are three test sections in the chamber, i.e. two
test sections with forced water cooling lines and one
test bed with a remotely handled system. In this exper-
iment, test sample was set in the vacuum chamber as
shown in Fig. 2 to form a horizontal flow. At bottom
of the chamber, a passively cooled ion dump which
consists of many array of copper blocks with cooling
tubes is installed to stop whole particle beams. In the
heat transfer experiments, an additional ion dump is
mounted to handle intense hydrogen ion beams at
steady state because an area of the intense ion beams
is very wide compared with the test sample size. The
additional ion dump, an actively cooled ion dump,
consists of 16 array of swirl tubes with an external fin.

PBEF water cooling system consists of de-ionized
water cooling loops at a pressure of up to 1.5 MPa
and a heat exchanger loop. De-ionized water is pro-
duced with an ion purification system to keep its elec-
tric resistance more than 1 MQ cm™"'. As shown in
Fig. 1, one water cooling loop is used for all beamline
components such as the ion source, ion dumps and
test sections, and the other loop is used for the power

supply system. In the cooling loop for the beamline,
de-ionized water is pumped up to 1.5 MPa with a
circulating pump and cools the beamline components.
High pressurized water up to 2.0 MPa is also available
for the actively cooled ion dump and the test sections
using an additional pump unit. Measured maximum
pressure and flow rate (flow velocity) at the inlet of
the test sample were limited to be 1.6 MPa and 1.25
kgs™' (~16 m s~ "), respectively, due to narrow con-
nection pipes and joints. Temperature control of the
de-ionized water is also temporarily possible at the
range of up to 100°C to evaluate an effect of heat
transfer on different degree of subcooling. In this case,
inlet water pressure is limited to be up to 1 MPa due
to weak heater unit used.

For this experiment, data logging system which has
a sampling speed as fast as 1.0 ms (32 channel) ™', and
an i.r. camera which has a sampling speed of 30 ms
image "' were mainly used as shown in Figs. 1 and 2.
In particular, the data logging system consists of two
parts, i.e. a data logging part with 32-channel high
speed amplifiers for various types of signals from ther-
mocouples, flow meter and pressure gauges, and data
analysing part. In the data analysing equipment, all
data are analysed using original software developed
for this experiment after recording them in its hard
disk memory.

3. TEST SAMPLES

A circular smooth tube as a basic configuration and
circular swirl tube were fabricated in this experiment.
Figure 3 shows a schematic of the test sample. Dimen-
sions of the test samples are 15 mm o.d., 10 mm i.d.,
474 mm in length (length of test section; 400 mm).
Thermocouples were bonded into the test sample at
a pitch circle diameter of 13.0 mm+0.1 mm which
corresponds to a depth of 1.0 mm+0.05 mm from
the surface. The specification of each thermocouple is
high grade type K sheathed with outer diameter of 0.5
mm made of stainless steel (SS316L), which has a
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Fig. 1. System diagram of JAERI PBEF.

response time of several ms and an accuracy of
+0.4% for full scale. To measure temperature profile
along the flow direction, five thermocouples are used.
On the other hand, thermocouple position for tem-
perature measurement along the circumference of the
test sample was determined from the results of the
previous experiments [18]. In the regions of the tube
surface from zero (top of the test sample) to 180°
(bottom of the test sample), nine thermocouples are
circumferentially bonded into the test sample with
every angle of 22.5° at point “d” as shown in Fig. 3.
On the other side, four thermocouples are also bonded
into the test sample with every 22.5° from 11.25° to

78.75° to interpolate the temperature data at the heat-
ing side.

The test samples were made of oxygen free high
conductivity copper (OFHC-Cu) because its thermal
and mechanical properties are well-known. A silver
brazing filler metal with a melting temperature around
720°C which consists of 44-46% of silver, 29-31%
copper and 23-27% zinc was used for matching the
thermal properties of OFHC-Cu bulk material.

The thermal deformation as large as 20 mm at the
center region induced by temperature gradient
between top and rear of the test sample was confirmed
in the previous experiments [18, 19]. To minimize the
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thermal elastic and plastic deformations during heat-
ing, a plate made of OFHC-Cu with a thickness of 4.8
mm and depth of 15 mm was brazed to the test sample
at rear side (bottom of the tube).

; 474 mm
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For swirl tube, a thin tape with a thickness of 0.35
mm made of Inconnel-625 was twisted, and then the
twisted tape was inserted and fixed to a smooth tube
inner wall by cold working process. A tape twist ratio
of 3.0 which is defined as a number of internal diam-
eters for 180° of twist was selected based on the pre-
vious experiments [18]. The binding force between a
twisted tape and an inside wall of the tube, which
was amount of the tensile force divided by the tape
insertion length, was more than 600 N m~' at tem-
peratures in ranges from 20 to 400°. This value is
enough to be fit for a water pressure of up to 4 MPa.
Furthermore, even if the binding force is reduced,
sleeves which protrude from the inside wall at both
ends of the tube will prevent the twisted tape from
slipping off. After fabricating the swirl tube, 0.5 mm
diameter thermocouples were bonded at the identical
positions as the smooth tube.

It is also essential to measure the inlet and outlet
water pressure and temperature for the determination
of the degree of subcooling and pressure drop. A
manifold pipe for test sample with pressure measure-
ment ports was also fabricated and set at both ends
of the test sample. For this purpose, sensors with a
diaphragm were used. This sensor has specifications
that permissible measurable pressure and temperature
ranges are from 0 to 5 MPa within an error of +3%
with respect to full scale and from RT to 200°C,
respectively.
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Fig. 3. Schematic of the test sample for heat transfer experiment.
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4. EXPERIMENTS

4.1. Surface heat flux measurements

For measuring the surface heat flux at the test sam-
ple position, two different calorimetries are applied.
One is a multi-channel calorimeter, and the other is a
water calorimetry. The multi-channel line calorimeter
consists of 11 cylindrical copper chips with each sur-
face area of 2 cm? for volume of 1 cm®. One high grade
K-type thermocouple with a sheath diameter of 1.0
mm is bonded to each copper chip in the rear side
with a depth of 2.0 mm. To obtain almost adiabatic
temperature rise of the cylindrical copper chip during
heating, each copper chip is fixed by a small cylindrical
stud bolt made of stainless steel with a diameter of 3
mm. Therefore, heat loss through the bolt can be
minimized due to its low thermal conductivity com-
pared with copper and be calculated to be a few per
cent (approx. 3%) of the total deposited power. From
quasi-adiabatic temperature rises of 11 copper chips
in line, surface heat fluxes and a beam profile can be
determined [19]. Figure 4 shows typical surface heat
flux distributions at the test sample position measured
with the multi-channel calorimeter for different beam
conditions. The abscissa is the position along the flow
direction where zero position corresponds to the
center of the test sample. Each symbol, O, [, ¢, A
and X in the figure shows the surface heat flux at
different beam conditions. Heat flux profile in the flow
direction is almost Gaussian with a full width at half
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Fig. 4. Surface heat flux distributions at the test sample

position. It is noted that the test sample was set at 1.0 cm

upstream from the center of the PBEF chamber for fitting it
at the beam center.
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maximum (FWHM) of around 120 mm for all beam
extraction conditions because of the beam perveance
matched operation. On the other hand, deposited heat
flux distributions in the cross sectional direction of
the test sample have been measured and confirmed to
be almost flat within a width of +20 mm. In the
experiment, the surface heat flux distribution along
the circumference of the test sample is assumed to be
cosine profile because of a small reflection loss
(approx. 2%) of the hydrogen ion beams.

The other calorimetry, water calorimetry, has been
carried out in order to cross-check the multi-channei
calorimetry described above and to evaluate local
water temperature. From the water calorimetry, only
total absorbed power into the water is measured. Since
the surface heat flux distribution is already measured
by the multi-channel calorimetry, total absorbed
power into the water should be given as a sum of the
absorbed heat fluxes in the test sample [18]. Therefore,
the surface heat flux can be determined. It is confirmed
that the surface heat fluxes by the water calorimetry
are very consistent with those measured by multi-
channel calorimetry within an error of +10%.

4.2. Experimental conditions

To evaluate heat transfer coefficients and an effect
of heat transfer on different degree of subcooling
under one-sided heating conditions for the ITER
divertor plate, experimental conditions are selected as
follows :

Flow velocity ; 42-16ms™'

Local pressure;; 0.5-1.3 MPa

Surface heat flux; 2.0 ~ burnout MW
m—2

Inlet water temperature, °C; 20-80°C

Beam duration; up to 2.0 s.

The experimental procedure is as follows; at first,
water flow velocity and local pressure were adjusted
by the inlet and outlet slot valves. Keeping the water
flow condition, hydrogen ion beams with a low peak
surface heat flux around 2 MW m~? were exposed to
the test sample until all thermocouples reached steady
state condition. Subsequently, the surface heat flux
was increased with a small step around 2 MW m~2 up
to burnout. As the preliminary experiment, it was
confirmed that beam duration around 1.0 s was
enough to obtain steady-state condition. Detail will
be discussed in the next section.

5. EXPERIMENTAL RESULTS

To turn around the experiments, pulse heating
experiments have been done. A pulse duration of 1.0
s was selected to reach steady-state heating condition.
Figure 5 shows typical temperature response mea-
sured with thermocouples. From Fig. 5(a), it is clearly
seen that all temperature signals from thermocouples
reach steady-state condition at a pulse duration of up
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Fig. 5. Typical temperature responses of thermocouples bonded in the test sample.

to 1.0 s. A temperature distribution along the circum-
ference of the test sample after 1.0 s beam-on is shown
in Fig. 5(b). At a surface heat flux of 12.8 MW m~?,
at which nucleate boiling is formed in a region at the
top of + around 60°, temperature difference between
top and bottom of the smooth tube sample reaches as
high as 200 K. Even if such a high temperature gradi-
ent is observed during the experiments, maximum
thermal deformation at the center of the test sample
was confirmed to be less than 2.0 mm.

The absorbed heat at the tube outer surface mainly
moves into the coolant, while some fraction of the
absorbed heat diffuses to the circumference and the
flow direction of the test sample tube. For temperature
distribution in the flow direction under the identical
heating and cooling conditions shown in Fig. 5, it is
found that a fraction of heat absorption at a position
of TP-4 slightly diffuses to the flow direction. However
this fraction is estimated to be around 3.5% compared
with heat conduction to the circumference. Therefore,
the fraction of heat loss in the flow direction is not
considered in the analyses described in next section.
All experimental data are presented in ref. [20] as a
data book.

6. HEAT TRANSFER EVALUATIONS

Based on the temperature distributions obtained
in the experiments, heat transfer coefficients can be
calculated. Figure 6 shows the evaluation procedure
for the prediction of heat transfer coefficients under
one-sided heating conditions. It is in two parts as
follows: (1) finite element thermal analyses using the
existing heat transfer correlations are performed
under the experimental conditions. From the analyses,
temperatures in the test sample and inside heat flux
and heat transfer coefficient can be obtained. Sub-
sequently, circumferential temperature distribution at
the thermocouple position is compared with the exper-
imental results to evaluate the applicability of the
existing correlations to one-sided heating conditions.

(2) Based on the experimental data, inverse analyses
of thermal conduction problems are used to estimate
inside distributions on heat flux, temperature and on
heat transfer coefficient by analysing the surface heat
flux distribution and temperature distribution at the
thermocouple position. In this paper, the latter issue
is presented since the former issue was previously
reported [19, 20].

6.1. Inverse analyses of heat conduction problems

Two-dimensional inverse analyses of heat con-
duction problems have been done using the exper-
imental data to determine heat transfer coefficient
under one-sided heating conditions. Analytical pro-
cedure and model are shown in Fig. 7. Based on the
analyses, the inside heat flux and temperature are
obtained.

To establish inverse analysis code of heat con-
duction problems, a boundary element method
(BEM) was applied [21]. This analytical method is to
solve linear integral equations obtained by the fol-
lowing process : (1) at first, a partial differential equa-
tion of the boundary problem which has unique solu-
tion is translated into integral equation on the
boundary applying Green theorem ; (2) the boundary
is divided into boundary elements defined by linear
equations.

Although an infinitely small distance, DR, as shown
in Fig. 7 (2) can arbitrarily be defined, it should be
optimized to obtain accurate solution. With decreas-
ing distance DR, accurate solution by the inverse
analysis of heat conduction problems would be
obtained: however, the number of the iteration pro-
cesses also increases, resulting in increase of sum of
errors induced by the analytical processes. On the
other hand, with increasing the number of fine bound-
aries, accurate solution by normal heat conduction
analysis would also be obtained, while the number of
unknown values also increases. Subsequently, the sum
of errors induced by processes of inverse analyses of
heat conduction problems should increase. Therefore,
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the optimum values for the number of fine boundaries
and for an infinitely small distance DR should be
found. After optimizing them, the distance DR and
the number of fine boundaries were selected to be 0.1
mm, 64 for boundary along the circumference, and 16
in radial in the analyses. The applicability of this code
was confirmed by simple bench mark analysis within
an error of a few per cent (< 1.5%).

6.2. Heat transfer under one-sided heating conditions
6.2.1. Heat transfer at non-boiling region. For
smooth tube test sample, measured temperature dis-
tribution shows relatively good agreement with
Dittus—Boelter equation [9] taking account of the
ratio of viscosity at bulk temperature to that at the
wall temperature in non-boiling region. Consequently,
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Te Number of Mesh Points
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a @ Well-Known Boundary Ragion
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a=0 (surface heat flux,given)
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Predicted Boundary G2 R2 = R2 - DR
distribution) " o
q=0

Temperature Well-known Region
M @
Fig. 7. Conceptual diagram in inverse analysis of heat con-
duction problems.

Nusselt numbers obtained in the experiments were
compared with the above equations. Figure 8(a)
shows Nusselt number as a function of Reynolds num-
ber. It seems that experimental Nusselt number is
slightly deviated from an original Dittus-Boelter
equation, but experimental data match to Dittus—
Boelter equation with a viscosity factor.

For swirl tube test sample, measured temperature
distribution also shows relatively good agreement
with Gambill equation [11] applied a viscosity factor
at non-boiling region. Figure 8(b) shows the plots of
Nusselt number in the experiments. It is clearly seen
that Gambill equation with a viscosity factor gives
better prediction than the original one.

At the non-boiling region, no differences in heat
transfer coefficients between uniform and one-sided
heating conditions have been confirmed in the exper-
iments due to low surface heat fluxes, low heat transfer
coefficients, high conductivity copper and thicker wall
test samples.

6.2.2. Heat transfer at subcooled partial nucleate
boiling region. Before starting the inverse analysis of
heat conduction, preliminary normal thermal cal-
culations using the existing heat transfer correlations
described above were performed to briefly evaluate
their applicability for one-sided heating conditions.
The result showed that the existing correlations could
not predict the experimental results [19]. Therefore,
wall heat flux and wall temperature are evaluated as
a function of the position in accordance with the
evaluation procedure as shown in Figs. 6 and 7. Fig-
ures 9(a) and (b) show typical inside wall temperature
and heat flux distributions along the circumference of
the smooth tube. In these figures, it is noted that a
nucleate boiling initiation point depends on the sur-
face heat flux and that with increasing the surface heat
flux the wall heat flux at the top of the test sample
increases drastically due to enlarging the heat transfer
efficiency caused by nucleate boiling. On the other
hand, almost similar temperature difference and wall
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heat flux are confirmed at the rear of the test sample
even if the surface heat flux changed from 12.8 to
22.9 MW m 2 To evaluate heat transfer efficiency, a
relation between the inside heat flux and degree of
superheating, (7., — T...), i necessary. Therefore, the
obtained wall heat fluxes can be replotted as a function
of degree of superheating for different surface heat
fluxes as shown in Fig. 9(c). In the figure, the absorbed
surface heat flux in present experimental conditions is
also indicated. A peaking factor which is defined by a
ratio of the absorbed surface heat flux to the wall heat
flux increases with the absorbed heat flux, but does
not reach a ratio of o.d./i.d. which was applied in
order to estimate the wall heat flux of plasma facing
components such as the divertor plate [1]. The wall
heat flux increases nearly linear at non-boiling region,
while it increases non-linear at developing nucleate
boiling region. However, almost linear wall heat flux
was obtained at the absorbed heat flux of 12.8 MW
m 2 because the heat transfer coefficient at non-boil-
ing regime should dominate at that condition. Figures
10 and 11 also show inside heat flux distributions for
different inlet water temperatures at constant values
of flow velocity, local water pressure, and surface heat
flux for the smooth and the swirl tubes, respectively.

Particularly, from Fig. 10 it is found that the inlet
water temperature corresponding to the subcooling
does not affect the wall heat flux at the top of the test
sample in the nucleate boiling region. In Figs. 9(c), 10

15 Smooth Tube/PBEF/ST/SB
T T
V= 55 ms j
[ | P= 062 MPa
[ | q=8MW/m? ]

Lo | /]

= 10

= | ]

=

- - -

> L

g | ]

w 5

3]

2o I i
oL i a
-100 -50 0 50

Twall - Tsat , K

Fig. 10. Relation between superheat and inside heat flux at
the inner wall of smooth tube.
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and 11, a right end point in each curve corresponds
to an inside point at the top of the test sample (6 = 0°).
At the absorbed surface heat flux of 12.8 MW m~?
for the smooth tube, the inside wall heat flux is cal-
culated to be around 14.2 MW % A peaking factor,
which is defined by a ratio of the inside heat flux to
the surface heat flux, is about 1.11. With increasing
the surface heat flux, the peaking factor increases due
to developing the partial nucleate boiling. To evaluate
heat transfer coefficients at nucleate boiling region,
data at point § = 0° are plotted as a function of super-
heat in Fig. 12. Symbols O, @, A and A indicate
heat fluxes at local pressure up to 1.0 MPa and at
local pressure higher than 1.0 MPa for the smooth
tube test sample, and at local pressure up to 1.0 MPa
and at local pressure higher than 1.0 MPa for the swirl
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Fig. 12. Comparison of experimental data and the existing

heat transfer correlations at nucleate boiling region. In the

figure, symbols @, O, A and A indicate the values of heat

fluxes at local pressure up to 1.0 MPa and at local pressure

higher than 1.0 MPa for smooth tube, and at local pressure

up to 1.0 MPa and at local pressure higher than 1.0 MPa for
swirl tube, respectively.
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tube test sample, respectively. Data from the existing
heat transfer correlations are also presented in the
figure. It is clearly seen that the existing heat transfer
correlations can not predict inside heat fluxes at high
superheat region because the superheat range in their
experiments is small compared with the present exper-
iment. Therefore, it may be out of range for the evalu-
ation of heat transfer coefficients in relatively high
superheat region. On the other hand, it is found that
all experimental data for both test samples can be
arranged in a curve as shown in Fig. 12. From the
precise data analyses, we have proposed a new heat
transfer correlation at the subcooled partial nucleate
boiling region as follows,

Tan— Toae = 25.72x ' [ exp (p/8.6) M

where the range of application for equation (1) is
as follows : Tyuy— Toar = 40-90 K, p = 0.5-1.6 MPa;
T = 30-80°C; g < 60 MW m™2 As seen in Fig. 12,
the correlation can predict the wall heat fluxes within
an error of +15% at nucleate boiling region under
one-sided heating conditions.

6.1.3. Heat transfer along the circumference of the
tube. Because of one-sided heating conditions, inside
wall temperatures along the circumference of the test
sample widely distribute, resulting in wide dis-
tributions of heat transfer coefficients from non-boil-
ing to nucleate boiling regions. Therefore, heat trans-
fer coefficients at transient to nucleate boiling region
should be evaluated. Figure 13 shows inside heat
fluxes obtained by the above analytical processes using
the experimental data for the smooth tube. The
abscissa indicates superheat. Symbols O and A also
show inside heat fluxes at surface heat fluxes of 18.2
and 22.9 MW m~? respectively. An area formed
nucleate boiling strongly depends on its surface heat
flux so that it gives different inside heat flux dis-

1P T .
[ Heat Flux at the Tube Outer Surface
| ©0q=18.2MwWm?2
A q=22.9 MW/m?2
o V = 15.8m/s Qe
£ P = 1MPa
b3 i Geon+ QB0
P% )
2 \
w | d
= 1 0,
o '
@ ! r & /n
T S [
e :
10 100
Twall - Tsat, K

Fig. 13. Inside heat fluxes of the smooth tube in the subcooled

partial nucleate boiling region. In figure, symbols O and A

indicate inside heat fluxes at surface heat fluxes of 18.2 and

22.9 MW m~2, respectively. These inside heat fluxes are

obtained by the analytical processes which consist of normal
and inverse analyses of heat conduction problems.
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Fig. 14. A relation between k and angle. In the figure, 6* indicates an angle of boiling initiation point for
different flow velocities. The abscissa in (b) is ratio normalized by #* in which x = 1 means the boiling
initiation point.

tributions even if the same superheat. It results that
heat transfer under one-sided heating conditions can
be indicated as a combination of the effects in non-
boiling and nucleate boiling as follows,

q= k x Geon + (] —k)qbo (2)

where k, g, and gy, are effective variables for forced
convection heat transfer as a function of a cir-
cumferential angle, heat flux for forced convection
flow and heat flux for boiling, respectively.

Figures 14(a) shows measured k-values which are
obtained as solutions that satisfy with ¢ = ¢.,. In the
figure, the abscissa is an angle from top of the test
samples. Each symbol indicates k-value for different
cooling conditions in both cooling geometry as shown
in the figure. It seems that there is no relationship
between data for different cooling conditions. This
reason is attributed to different nucleate boiling
initiation points, i.e. k reaches to unity at different
angles 0*. Therefore, it is necessary to arrange k-
values as a function of the specified angle normalized
by 6*. Figure 14(b) shows replotted k-values as a
function of 6/8*. Figure 15 also shows k-values
obtained at constant cooling and heating conditions
for the inlet water temperatures ranging from 30 to
74°C. From these figures, it is clearly seen that under
one-sided heating conditions a fraction of forced con-
vection heat transfer which is 1 at the nucleate boiling
initiation point decreases with increasing 6/6* and
reaches to zero at 6/0* = 0.1, and that effects of heat
transfer on the subcooling can be indicated only as an
effect on forced convection heat transfer. Further-
more, relationship between k-value and 6/60* seems to
roughly be indicated as a sine curve as follows,

k =(sin(180X—90)+1)/2 (3)

where, X = 0/6*.

1 T T TR rT
o Tbulk=30 QL%
| & Tbulk =45 E:
0 8 a Tbulk =60 %
: o Thbulk =74 ot
1 0
I v=5.5m/
0.6 |—P-0.62MPa o
« q=8 MW/m2 e ]
oa
0.4 24
kS
i ofy
0.2 -
{ﬁ
¥

0 02 04 06 08 1
X =0/0*

Fig. 15. A relation between k and ratio normalized by 6*.

7. DISCUSSION

To determine heat transfer coefficients under one-
sided heating conditions, it is essential to provide the
nucleate boiling initiation point. The determination
of the boiling initiation point, however, can be avail-
able by applying the following process ; at first, rough
boiling initiation point is estimated by the thermal
analysis using the moderate constant heat transfer
coefficient and subsequently thermal analyses using
the previous result are continued until converging the
solution. Easy analysis is also roughly available to
use Bergles—Rohsenow equation [12] at transient to
nucleate boiling region instead of the above process.
In the preliminary results, it was confirmed that this
approach can give us relatively reasonable heat trans-
fer coefficients at transient to nucleate boiling because
of dominating the nucleate boiling heat transfer com-
pared with non-boiling one. In an area that is still
estimated at non-boiling region, it should be noted
that this prediction gives little bit lower heat transfer
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coefficients than that predicted by the present corre-
lation.

The present heat transfer correlation was compared
with correlations proposed by Thom and Jens-Lottes,
and the results showed that the existing correlations
based on uniform heating condition can not be used
at highly subcooled partial nucleate boiling region
such as the ITER divertor conditions described above.
On the other hand, Schlosser ez al. [17] and Yin et
al. [22] recently proposed the following heat transfer
correlations.

Schlosser et al. :
Twall - Tsat = 2265 X q0‘357/exp (p/86)9 (4)

range: p = 1.2-3.6 MPa, g < 60 MW m™
Yinetal.:

Tpun— T = 7195 x g x ' 52/ PO.07? &)

range: P, = 1.0-12 MPa, T,, = 30-150°C, ¢ = 0-16
MW m~2 y = 0.7-1.0.

In a comparison of their correlations with the pre-
sent correlation, it is confirmed that a correlation pro-
posed by Schlosser et al. shows relatively good agree-
ment with the present correlation except at lower
superheat region. This is from the fact that the fraction
of boiling heat transfer is estimated with a large
error because non-boiling heat transfer dominates the
overall heat transfer efficients at that condition. On the
other hand, a large discrepancy between a correlation
proposed by Yin ef al. and the present correlation is
observed. This reason, however is not clear yet, would
be attributable mainly to different experimental con-
ditions which Yin et al. performed the experiment
under uniform heating condition and different heated
length at low heat flux.
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