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Abstract: Two types of tube bundles are designed, which are,
respectively, composed of six tubes arranged in the boiling
chamber. The nucleate pool boiling performance of smooth tube
bundles and sintered porous surface tube bundles with deionized
water as a medium are experimentally studied at atmospheric
and sub-atmospheric pressures, respectively. The experimental
results indicate that the boiling heat transfer coefficients of the
two types of tube bundles increase with the increase in pressure
under vacuum conditions as they behave under ordinary
pressure. As the pressure varies from 10 to 100 kPa, it also can
be seen that the heat transfer coefficient of the sintered porous
surface tube is increased by 0.2 to 4 times compared with the
smooth one under the same operating parameters. In addition,
the experimental data show that a definite bundle effect exists in
both sintered porous surface tubes and smooth tubes under
vacuum conditions.
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ith the development of modern industry, more and

more energy saving technologies have been used in
various new types of heat exchangers'". A kind of high flux
tube-and-shell heat exchanger usually used as an evaporator
or a reboiler, which has sintered porous surface tube bundles
inside. The boiling heat transfer coefficients of the sintered
porous surface tubes may be over 10 times greater than those
of the smooth tubes'™, and the enhanced heat transfer per-
formance of the porous tubes above atmospheric pressure has
been studied” ~*'; however, the pool boiling heat transfer
performance of the sintered porous surface tubes under vacu-
um conditions has hardly been reported in the available liter-
ature yet. Accordingly, further research should be carried out
in this field.

In this paper, an experimental study of the nucleate pool
boiling of deionized water outside horizontal sintered porous
surface tube bundles is carried out compared with conven-
tional plain tube bundles. The pool boiling characteristics of
porous surface tubes and smooth tubes under vacuum condi-
tions are also analyzed.

1 Experiment and Principle

The thin brass tubes are applied in this testing. The effec-
tive length of the tubes is 200 mm and the external diameter
is 10 mm. The wall thickness is 1 mm and the thickness of
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the porous layer is 0. 2 mm. The porosity is about 60% '°'.

The testing system is shown in Fig. 1. The electrical heat-
ing rod is put into the test tube to heat the liquid out of the
tubes. According to the heat transfer equation o = Q/(AAT)
= q/AT, the boiling heat transfer coefficient o can be ob-
tained. Here, Q is the power of the electric heating rod; ¢ is
the heat flux, which can be calculated based on the superfi-
cial area of the heating tube; the temperature difference of the
boiling heat transfer is equal to the difference between the wall
temperature and the main temperature of the boiling solution.
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1—Test tube; 2—Boiling room; 3—Sight glass; 4—Vacuum valve;
5—Heating rod; 6—Ammeter; 7—Voltage regulator; 8—Regulator;
9—Cooling tube; 10—Cooling water tank; 11—Flowmeter; 12—Vacu-
um pump; 13—Vacuum gauge; 14—Temperature measurement system

Fig.1 System diagram of experimental apparatus

The core component of the experimental device is the
boiling room, as shown in Fig. 2. Four smooth tubes are in-
stalled in the upper part of the boiling room as a condenser
instead of using a separate condenser to reduce the numbers
of pipeline joints and the possibility of the leakage. The wa-
ter vapor generated by the boiling heat transfer makes a con-
densation directly at the top of the boiling room. Thereby,
the vacuum of the boiling room can remain stable.

In the boiling chamber, the distance between the tube cen-
ters is 14 mm. Tubes 1 to 4 are porous tubes, and tubes 5 to
8 are smooth tubes, as shown in Fig. 2. As for a single
tube, tube 1 and tube 5 are used for comparison experi-
ments. In addition, the other tubes are used for tube-bundle
comparison experiments. In order to prevent heat loss, the
two ends of the tubes are sealed with asbestos rope, and the
entire device is wrapped with heat insulation cotton. Deion-
ized water is used as a medium in the experiments.
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Fig.2 Schematic of pipe layed in the boiling chamber

2 Results and Discussion
2.1 Effect of heat load on boiling heat transfer coefficient

Deionized water is heated to a boil under three operating
pressures ( P =10, 15,25 kPa) in this study. The relation-
ships between the boiling heat transfer coefficients of the
porous tubes and the smooth tubes and the heat load g are
shown in Fig. 3.
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Fig.3 Relationship between the boiling heat transfer coeffi-
cients of porous tubes and smooth tubes and the heat load at
different pressures. (a) P = 10 kPa; (b) P = 15 kPa; (c) P =25 kPa

The boiling heat transfer coefficients of the porous tubes
and the smooth tubes increase with the increase in heat load,
and the boiling heat transfer coefficients of the porous tubes
are greater than those of the smooth tubes, so the sintered
surface porous tubes can also enhance boiling heat transfer
under vacuum conditions. The enhanced heat transfer mecha-
nism under vacuum conditions is the same as the mechanism
at atmospheric pressure. As for the porous tubes, the surface
of the sintered surface porous tubes provides a great number
of small-size and long-term stability boiling cores.

When bubbling bubbles are generated, the bubble cores
first form on the heating wall. Only the vaporization core
can grow up to become bubble nuclear when the boiling
temperature difference reaches a certain value. Taking the
boiling heat transfer data ( see Fig. 3) and the morphology
(see Fig.4) into account, it is the bubbles generated by the
concave cavities of the porous tube’ s surface that enhance
the boiling heat transfer coefficient of the porous tubes.

(a)

Fig.4 Plan-view SEM images of smooth tube and porous
tube( 100 x ). (a) Smooth tube; (b) Porous tube

(b)

The results show that the boiling heat transfer coefficients
of the sintered porous surface tubes are higher than those of
the smooth tubes. The enhanced heat transfer scale factor g,
a ratio of the boiling heat transfer coefficient of the porous
tubes to that of the smooth tubes under the same heat flux,
increases from 1.2 to 2. 2 with the increase in pressure. With
the increase in heat flux, ¢ gradually increases and, mean-
while, with the increase in pressure, £ also increases, as
shown in Fig.5.
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2.2 Effect of vacaum on boiling heat transfer coefficient

The boiling heat transfer coefficients of porous tubes and
smooth tubes vary with the vacuum when the heat flux is
equal to 50 kW/m’, as shown in Fig. 6. The experimental
results show that at a certain heat flux density, with the de-
crease in vacuum degree, the boiling heat transfer coeffi-
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Fig.6 The boiling heat transfer coefficients at various
pressures. (a) Sintered porous surface tube; (b) Smooth tube

cients increase. According to the mechanism of pool boiling
heat transfer, the factors that affect nucleate boiling are the
overheating degree of the wall and the number of boiling
cores. With the increase in boiling pressure, the saturation
temperature 7T, of deionized water increases correspondingly,
and the wall superheat AT is reduced, as shown in Fig.7(a).

According to the equation « = ¢/AT, the heat transfer co-
efficients increase with the reduction in A7 when the heat
flux density is constant. As shown in Fig. 7(b), in the high
vacuum degree range of O to 40 kPa, the saturation tempera-
ture of deionized water T, increases significantly with the
rise in pressure, and the superheat degree of the wall drops
sharply with the increase in pressure as well. It is concluded
that the boiling heat transfer coefficient increases fast under
the high vacuum degree conditions, and in the low vacuum
range or at the atmospheric pressure or at the positive pres-
sure, the pressure influence acts less powerfully upon the
saturation temperature of deionized water, so the boiling
heat transfer coefficient levels off gradually.

The heat transfer temperature difference of the porous
tubes is always below that of the smooth tubes. When the
pressure is higher than 50 kPa, the heat transfer temperature
difference of the porous tubes is usually below 1 C, and the
heat transfer temperature difference of the smooth tubes is
usually about 3 C. It is mainly because the cavity radii of
the bubbles generating on the surface of the sintered porous
surface tubes are greater than those of the smooth tubes, so
the boiling superheat of the porous tubes is less than that of
the smooth tubes, and it will bubble at a small boiling heat
temperature difference.

The heat transfer coefficients of the porous tubes are high-
er than those of the smooth tubes, and with the change in
vacuum degree, the heat transfer enhancement factor ¢ in-
creases from 1.2 to 5, as shown in Fig. 7(c). It can be seen
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Fig.7 Variations in temperature difference, saturation tem-
perature and scale factor with pressure. ( a) Temperature differ-
ence; (b) Saturation temperature; (c¢) Scale factor

that with the increase in pressure, high-flux pipes have a su-
perior performance. For the smooth surface, the boiling heat
transfer coefficient is directly proportional to the 0.3 power
of the pressure value. And the boiling heat transfer coeffi-
cient of the high-flux pipes is directly proportional to the
0.5 power of the pressure value'”’, which is more beneficial
in the case of high pressure. In this paper, the enhanced heat
transfer performance of the porous tubes applied in adsorp-
tion refrigeration is increased by 20% .

2.3 Effect of vacuum on the boiling heat transfer coeffi-
cient of tube bundle

Fig. 8 shows the influences of the tube bundle on the boil-
ing heat transfer of porous tubes and smooth tubes when P =
10 kPa. From the figures, the experimental results of pool
boiling of water outside both porous and smooth tube bun-
dles show that a definite bundle effect exists under vacuum
conditions. That is, while heightening the location of the
tube rank, the starting boiling point moves forward and the
boiling curve is shifted to up, and the boiling heat transfer
coefficient increases. However, the negative effect mentioned
in Ref. [8] cannot be found. We can also see from the fig-
ures that the heat transfer properties of the porous tubes are
significantly higher than those of the smooth tubes.



Wang Xuesheng, Dai Jingjing, Cong Jianli, and Chen Qinzhu

342
30
25 = No. 2 porous tube
i > No. 3 porous tube
g 20 © No.4 porous tube
la 15
E 10
E 5
0 1 L 1 1 |
20 30 40 50 60
¢/ (kW » m~?)
(a)
14
u No. 6 smooth tube
12 > No. 7 smooth tube
g 10 © No. 8 smooth tube
|E 8
E 6
.x
3 4
2[
0 L L 1 1 |
20 30 40 50 60
¢/ (kW - m~?)
(b)

Fig.8 The tube bundle effect on boiling heat transfer coeffi-
cients of sintered porous tubes and smooth tubes with different
heat loads. (a) Sintered porous surface tube; (b) Smooth tube

The main reason for the enhanced boiling heat transfer of
tube bundles is that there is natural convection induced in
the tube bundle. After the bubbles formed in the heating tube
divorce from the heated wall, a bubble flow generates be-
tween the tubes and makes the liquid flow move upward.
Because of the density difference, the liquid in the lower part
of the tube moves from the bottom into the tube bundle. The
gas-liquid two-phase flow caused by the bubble can reach a
higher speed, so the convective heat transfer is enhanced. In
addition, some rising bubbles are likely to impact the bub-
bles growing on the tube wall, thereby encouraging their es-
caping from the wall, and the boiling heat transfer gets
strengthened.

3 Conclusion

Compared with smooth tubes, the boiling heat transfer co-
efficients of porous surface single tube and tube bundle are
studied under vacuum conditions. The results show that with
the increase in pressure, the heat transfer coefficients of sin-
tered porous surface tubes ( always higher than those of
smooth tubes) increase and the enhanced heat transfer factor
¢ increases from 1.2 to 5 as well.

In the low range of the vacuum, deionized water saturation
temperature increases dramatically with the increase in pres-
sure, which causes a sharp increase of the boiling heat transfer
coefficient with the change in pressure, and the change rates of
the porous tubes obviously exceed those of the smooth tubes.

Also, as a result of natural convection induced in the tube
bundle, there is a definite tube bundle effect under vacuum
conditions, and the heat transfer performance of porous tubes
is significantly higher than that of smooth tubes.
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