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face heating tests, temperatures on the outside
surlace of the heated tube were measured with
two T-type sheathed thermocouples (diameter is
I mm) located at 100 mm distance from both
ends of the heated tube. The temperatures of
the inside tube surface were calculated by the
one dimensional conduction equation, To install
the thermocouples on the surface two grooves
(width ¥ depth=1 mm > 1 mm/ of 105 mm length
were manufactured on the surface. The water
temperatures were measured with six sheathed
T-type thermocouples placed at the tank wall
vertically from the bottom of the inside tank with
equal spacing (i.e., 180 mm).

For the tests, the assembled part is placed at
the bottom of the tank (Fig. 1. After the tank
is filled with water until the initial water level is
at 750 mm from the outer tank bottom, the water
is heated using four pre-heaters at constant po-
wer (5 kW /heater). When the water temperature
reaches the saturation value (100°C since all the
tests are run at atmospheric pressure), the water is
then boiled for 30 minutes at saturation lempera-
ture to remove the dissolved gases. The tempera-
tures of the heated tube are measured when they
are al steady state while controlling the heat flux
on the wbe surface with input power. To make
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Fig. 3 Test section and its supporter lor inside sur-
lace tests
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the azimuthal angle, one or both sides of the test
section have flanges. The peripheral variation in
heat transfer was determined by rotating the tube
following each set of readings.

The error bound of the voltage and current
melters used for the test are =0.5% of the mea-
sured value. Therefore, the calculated power (vol-
tag < current) has =1.0% error bound. Since the
heat MMux (g”) has the same error bound as the
power, the uncertainty in the heat flux is esti-
mated to be +1.0%. The measured temperature
has uncertainties originated from the thermo-
couple probe itsell and the instrument. To evalu-
ate the error bound of the thermocouple probe,
three thermocouples brazed on wube surface were
submerged in an isothermal bath of £0.01 K
accuracy. The measured temperatures were com-
pared with the set temperature. The deviauon
between the values is within =0.1 K inclusive of
the bath accuracy. The error bound of the data
acquisition system is £0.05 K. Therefore. the to-
tal uncertainty of the measured temperatures is
defined by adding the above errors and its value
is £0.15 K.

The largest heat transfer occurred at g” =30
kW/m* for the outside surface heating tests. For
the case, the maximum temperature difference is
[.8 K between the temperatures at #=45" and
180°.
transfer along the tube periphery is calculated as
0.45 kW/m® This value is just 0.9% of the radial
heat [lux. Moreover, as the heat flux is more or

The one dimensional conduction heat

less than 50 kW/m®, the amount of the peripheral
heat flux is decreasing. Since the amount of
peripheral heat transfer along the outside sur-
face 1s not very large. its effect on the local heat
transfer coefficients has been neglected.

The heat flux along the inside tube periphery
has been evaluated by using one-dimensional
conduction equation. The maximum possible
heat flux is 2.3 kW/m® as the tube wall superheat
(A Tsae) is 4K. The value is about 11% of the
averaged radial heat Mux (40 kW/m?* . This can
results in additional =10% uncertainty in the
heat flux. The axial heat loss from the ends of the
test section is also calculated and is less than
JOW (eg, 24 W at ¢”"=91 kW/m* and =07,
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(#=45") and the maximum bubble coalescence
(#=180°) are expected, respectively. The loca-
tion of the maximum heat transfer is expected to
move to the lower azimuthal angles as the heat
flux increases, Some photos ol saturated boiling
on the outside surface of the tube are shown in
Fig. 5. The density of bubbles is increasing grad-
ually and the lormation ol bubble slugs is ob-
served as the heat flux increases. Observing the

photos of the tube circumference the region of

bubble slug is increasing toward tube sides us the
heat [lux increases.

Figure 4(b) shows variations in local coeffi-
cients on the inside surface. At #=07 and 45" the
intensity of liquid agitation is very weak at lower
heat fluxes. Regions at #=0" and 45" are rela-
tively free from the liquid agitation at low and
medium heat fluxes since bubbles are just moving
upward. Therefore, the major mechanism affec-
ting on heat transfer is the density of nucleation

Fig. 5 Photos of saturated pool boiling on the oui-
side surfuce
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sites. At #=120" the intensity of the liquid agita-
tion is strongly alfecting on heat transfer at lower
heat MMuxes less than 18 kW/m® The source of
the liquid agitation is bubbles coming from the
bottom of the tube. As the heat flux increases
more than 18 kW/m?
boundary of an elongated bubble. The intensity
of the liquid agitation decreases suddenly and
bubbles become coalescing around this angle. At
#=180", the higher coelflicient was observed at 4

this region is nearby the

very low heat flux nearby 0. This is very unusual
regarding the previously published resulis for the
several geometries. The departed bubbles from
the tube bottom and side regions move upward
and coalesce at the uppermaost regions of the tube
inside to generate a very large clongated bubble
underneath the surface. The existence of a micro
liguid layer between the wbe surface and the
elongated bubble and its evaporation 1s the major
cause ol the higher heat transfer coefficient. As
the bubble flows out from the ends of the tube,
environmental liquid rushes into the space and,
accordingly, the active liquid agitation is gen-
erated inside the tube, Theretore, the higher heat
transfer coefficient at low heat fluxes can be
explained by both of the evaporative mechanism
(Hewitt, 1978) underneath the elongated bubble
and the active liquid agitation. As 5<25 kW/m*
the local coefficient is almost constant. This
means that the evaporative mechanism and the
liquid agitation is not enough to remove heat
from the surface. As g” increases more than 25
kW /m? upcoming bubbles from the bottom de-
stroy the lower side boundary of the elongated
bubble and generates a kind of active mixing
movement in the elongated bubble. Thereafter,
gradual increase in the local coefficient is ob-
tained. The intensity of the liquid agitation in-
creases much and this regards as the major cause
of the increase in heat transler at higher heat
fluxes larger than 70 kW/m" Through the heat
(lux regions several photos of pool boiling were
taken and some of them are shown in Fig. 6.
Comparisons ol the present results with Nishi-
kawa et al.{1984) and Jung et al.(1987) as the
plate is horizontally facing downward (#=180°)
or upward (#=0°! show that a similar tendency
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