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Experiments were conducted on the condensing heat transfer of eleven horizontal tubes with refrigerant
R134a at saturated temperature of 40 °C (1.01 MPa). The tube materials are titanium, cupronickel (B10
and B30), stainless steel and copper, among whom the former four materials are of low thermal conduc-
tivity. The enhanced tubes include integral-fin and three dimensional geometries. The results indicate
that the heat transfer coefficients of the enhanced copper tube are about 1.6-2.1 times of low thermal
conductivity tubes with the same enhanced geometries. Compared with plain tube the mean enhanced
ratio of tubes made from titanium, B10, B30 and stainless steel are 8.48, 8.31, 8.22 and 7.52, respectively.
The reason why low thermal conductivity affects the condensation heat transfer of enhanced structure is

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The enhanced heat transfer tubes have been widely used in
shell and tube condensers of refrigeration and air-conditioning
system. In the past decades, the investigations on condensing heat
transfer of vapor outside horizontal tubes could be divided into
two aspects: experimental measurements and theoretical
predictions. (1) Experimental investigations includes the designing
and study of the high performance enhanced geometries [1-5],
inundation effects of tube bundles [5-8], and influencing factors
in condensing heat transfer [9]. (2) Analytical models [10-12] were
also presented for the enhanced tubes, which take following fac-
tors into considerations: the distribution of temperature from fin
tip to flank, gravity forces and surfaces tensions. It was found that
most of the analytical models are only suitable for integral-finned
tubes and involve many empirical parameters. Numerical simula-
tion for condensation heat transfer is a multiscale problem in that
condensation process is a microscale process and should be simu-
lated by molecular dynamics simulation method while flow in the
condensation film is a macroscopic process and can be predicted
by macroscale method, say FVM [13]. However, such computer
aided direct simulations for condensation process is far from
reaching the level of engineering applications. In addition it should
be noted that most of the experiments and analytical models were
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principally conducted for tube materials with high thermal con-
ductivity such as copper.

Even though enhanced tubes of high thermal conductivity, such
as copper, are widely used in conventional refrigeration system,
there are also some cases where the anticorrosive, anti-impinge,
high strength and hardness materials are needed, such as the air-
conditioning system where sea water has to be used as the cooling
medium. In this case, corrosion prevention is an important factor
for the system designing, and special materials have to be adopted
which are characterized by low thermal conductivity, such as the
cupronickel, titanium and stainless steel. Studies on the vapor con-
densation on enhanced surface structure made from such metals
other than copper are very limited. Following is a brief review on
the related references known to the present authors.

Mills et al. [14] experimentally studied the water steam con-
densation outside horizontal grooved tubes of 19 mm diameter
with 36 external fins per inch. Three tube materials were used in
the research: copper, brass and cupronickel (70Cu/30Ni). At the
downward vapor velocity of 0.6-2.6 m/s, the ratios of heat transfer
enhancements over Nusselt analytical solutions for the three mate-
rials are respectively of 4.0, 3.6 and 2.6.

Shklover et al. [15] studied the condensing heat transfer of
water steam outside one smooth, 3 threaded (41 and 51 fpi) and
one rolled (16 fpi) stainless steel tubes, and they found that the
finely finned steel tubes did not exhibit much better performance
than the smooth tubes. Mitrou [16] experimentally studied the
film condensation of water vapor on various threaded tubes made
of copper, aluminum, Cu/Ni and stainless steel. It was observed
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Nomenclature

A area, m?

a slope coefficient in modified Wilson plot method
b intercept coefficient in modified Wilson plot method
Ci enhanced ratio of inside heat transfer coefficient
Cp specific heat capacity, J-kg 1-K™!

d diameter of tube, mm

e height of outside fin, mm

f drag coefficient

h heat transfer coefficients, W-m~2.K™!

k overall heat transfer coefficients, W-m—2.K~!

L tube’s tested length, m

m mass flow rate, kg-s~!

n index of the fitted heat transfer equations

Pr Prandtl number in Gnielinski’s correlation

q heat flux, kW/m?

r latent heat of refrigerant, kJ/kg

Re Reynolds number

Rw thermal resistance of tube wall

t temperature, °C; height of inside fin, mm
Greek alphabet

13 heat transfer rate, W

! thermal conductivity, W-m~!.K!

Aty logrithmic mean temperature difference
u viscosity of refrigerant, Pa-s

Subscript

i inside of tube

in inlet of tube

ip inside of plain tube

1 refrigerant liquid

) outside of tube

out outlet of tube

p plain tube

S saturation

w wall

that the tube wall thermal conductivity plays an important role in
the condensing heat transfer of steam.

The above mentioned researches are concentrated on the con-
densation heat transfer of water steam, mainly for the power plant
condenser applications. Briggs and Rose [17] adopted a semi-
empirical model for condensation on horizontal, integral-fin tubes
to account for the effect of fin efficiency mainly caused by different
thermal conductivity of tube materials. The model agrees satisfac-
torily with the experimental data of R113 and water steam for typ-
ical fin geometries. For R113, the enhancement ratio was found
almost independent of the fin thermal conductivity when the con-
ductivities were larger than around 50 W-m~'-K~. They also indi-
cated that the best fin spacing for condensation was only weakly
dependent on the fin thermal conductivity. However, the best
thickness of the integral fin was more strongly dependent on the
fin thermal conductivity.

Zhang et al. [18] studied the condensing heat transfer of R134a
and R12 at saturated temperature of 40 °C with low thermal con-
ductivity material of cupronickel. The experimental results of plain
tubes agreed well with Nusselt theory within +10% of R134a and
R12. The condensation heat transfer coefficients of R134a are about
32.6% larger than R12 for the cupronickel Thermoexcel-C tube. The
average enhanced ratios of the copper Thermoexcel-C tube for
R134a and R12 are respectively of 8.08 and 7.20. The cupronickel
tube has average enhanced ratio of 3.42 for R134a, and 3.00 for
R12 at the same test condition. Their results also show great effect
of tube thermal conductivity on condensation heat transfer.

Recently, Fernandez et al. [19-21] studied the condensing heat
transfer of different refrigerant outside Cu/Ni and Titanium tubes.
They investigated the condensation heat transfer of R22, R417A,
R422A and R422D outside Cu/Ni Turbo-C (1575fpm) tube and con-
densation of R134a and ammonia outside a same Titanium inte-
gral-fin (32 fpi) tube. The tubes all have the length of 1895 mm.
Experimental results indicate that the condensation heat transfer
coefficients of R22 are higher than that of R417A, R422A and
R422D outside the Cu/Ni Turbo-C (1575 fpm) tubes in certain
degrees. It is also found that the low enhancement ratios are
caused by different condensate retention fractions outside the
external fins and low thermal conductivity of tube materials. The
flooded fractions are different for the same integral-fin tube with
different refrigerant. For ammonia the flooded fractions on tita-
nium integral-fin tube are from 62.9% to 73.2%, and the enhanced
ratio of condensing heat transfer coefficient ranges from 0.7 to

1.2. While, for R134a, flooded fractions are from 25% to 20% and
the enhanced ratio is from 3.09 to 4.1.

The enhanced tube made from these low thermal conductivity
materials have strong anti-corrosive character and, to the author’s
knowledge, recently they become commercially available because
of the development of metallurgical and manufacturing technolo-
gies. For engineering design purpose more reliable comparison
data are needed. In addition, existing literatures are also lack of
systematic comparison for condensation heat transfer performance
of environmental friendly refrigerant on a series of tubes with low
thermal conductivity having the same enhanced structure.

In this paper, the condensing heat transfer of R134a outside 11
tubes made from anti-corrosion materials is studied. The tube
materials include Ti, B10-Cu/Ni (90-10), B30-Cu/Ni (70-30), stain-
less steel and copper. Both plain and mechanically enhanced tubes
are studied. Particularly, one copper tube manufactured with the
same enhanced geometry as the enhanced B10 tube and another
copper tube with the same enhanced geometry as the enhanced
stainless steel tube are also studied to investigate the influence
of material on the condensing heat transfer.

The rest of the paper is organized as follows. In the second sec-
tion, experimental apparatus is introduced, including the test loop
and the specific structure of the tested enhanced tubes. Then the
test procedure is presented in Section 3. Section 4 provides the
data reduction method and the measurement uncertainty analysis.
The measurement results and discussion are provided in Section 5.
Finally some conclusions are summarized in Section 6.

2. Experimental apparatus

The experimental apparatus consists of two cycles: refrigerant
circulating system and cooling water circulating system. The sche-
matic diagram of the test apparatus and the two cycles are shown
in Fig. 1.

A refrigerant circulation cycle includes the boiler, a condenser,
and two ducts connecting the two vessels, which are all made of
stainless steel. The condenser has the inner diameter of 147 mm
and a length of 1500 mm. The whole apparatus is enwrapped with
rubber plastic of thickness 40 mm for insulation; and the rubber
plastic is coated with aluminum foil to further prevent the heat
loss in the test procedure. In experiment, the refrigerant is heated
by an electrical heater, the power of which can be adjusted from 0
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(1)Boiler; (2)Condenser; (3)Thermocouple; (4)Pressure gauge: (5)Condensate measuring container;

(6)Exhausting valve; (7)Electric heater; (8)Weight-time flow meter; (9)Water pump; (10)Water storage tank

Fig. 1. Schematic diagram of the experimental apparatus.

to 10 kW. As the liquid refrigerant is heated, it boils, and converts
to vapor and rising upward to the condenser. In the condenser, the
refrigerant is condensed by the cooling water circulating system
that flows through the internal side of tested tube fixed in the con-
denser, and then the condensed refrigerant returns to the boiler by
gravity.

After the cooling water circulates through the tested tube, it
flows through a weight-time flow meter to measure the flow rates
of cooling water, and then gets back to the water storage tank by a
centrifugal pump.

A pressure gauge is used to monitor the pressure of the con-
denser, and its range is from 0 to 2.5 MPa, which has the precision
of £0.00625 MPa. Five platinum temperature transducers (PT100),
with a precision of +(0.15 + 0.002|t|) K, are configured in different
part of the condenser to measure the vapor and liquid tempera-
tures of the refrigerant. The temperature and temperature differ-
ence of water flows through the condenser are measured by a
thermal couple and a six-junction copper-constantan thermocou-
ple pile, respectively. The thermocouples and thermocouple pile
were calibrated against a temperature calibrator. The calibrator is
a mercury thermometer that has the precision of +0.2 K. Thermo-
couples are inserted in the central of tube channel and a flow mixer
is positioned in front of thermocouples [22]. A Keithley digital volt-
meter having the resolution of 0.1 puV is used to measure the elec-
tric potential.

The specifications of the test tubes are given in Table 1, where
d, is the diameter of the embryo tube. The test tube name is com-
posed of two parts: before the hyphen is the symbol of tube mate-
rial, and after the hyphen is the symbol of enhanced structure,
where four types of structures are named by C1, C2, C3 and (4,
respectively. There are five materials, represented by B10 (Cupro-
nickel), B30 (Cupronickel), Cu (Pure copper), SS (Stainless steel),
and Ti (Titanium). The cross section geometries of the enhanced
tubes are given in Fig. 2. It worth noting that the cross section
dimensions of the same enhanced type but different materials
are not strictly identical; it is mainly caused by the different hard-
ness of different material, fluctuation of manufacturing process
and different cutting locations for the cross section. The C2, and
C3 are three dimensional enhanced tubes, and the C1 and C4 are
conventional integral-finned tubes.

3. Experimental procedure

After the tested tubes being fixed in the condenser, the whole
system is charged with high pressure nitrogen through the valve
fixed in the condenser, nearly 1.2 MPa, 1.2 times of the saturate
pressure of R134a at 40 °C. Leakage-check is then performed to

ensure the whole system is well sealed at this pressure. This
pressure should be kept at least 24 h and if no leakage is detected
from the whole system the system seal is satisfied.

Then the system is evacuated to the absolute pressure of at least
800 Pa by a vacuum pump. A small amount of refrigerant is
charged into the boiler and then the system is re-evacuated to
the absolute pressure of 800 Pa. Repeated this process several
times until the content of non-condensable gas is reduced to the
acceptable amount. Finally, the refrigerant is charged into the sys-
tem. In the experiment procedure, the amount of the non condens-
ing gas is checked by two measured saturated temperatures: one
measured from the condenser and the other got from the measured
pressure in the boiler according to the thermodynamics table. The
widely acceptable difference between these two temperatures is
0.2 K [23,24], and this rule of thumb is adopted in the present
study. If not, the above charge-discharge process should be
repeated to meet this requirement.

For each data run, at least 3 hours are waited for the system to
reach a steady state. The steady state in this experiment is charac-
terized by following two indicators: (1) the variation of the
required saturation temperature of refrigerant was in the allowed
range, usually £0.05 K of directly monitored result, and (2) the fluc-
tuation of water circulation temperature at inlet of condenser were
within 0.1 K, mostly within +£0.05 K. Then, a group of ten sets of
data is recorded for each data-run.

4. Data reduction and uncertainty analysis

The heat (energy) balance is first examined by the output heat
transfer rate of cooling water and the electric heating power to
determine the accuracy of the experimental measurement system:

The power output from cooling water:

¢’c = mccp(tin - tout) (1)

In this equation, tj, and to, are respectively the inlet and outlet
temperatures of cooling water (K), ¢, is the specific heat capacity
of cooling water corresponding to the mean temperature of inlet
and outlet water (J/kg-K), m. is the mass flow rate of cooling water
(kg/s). The properties of water are taken from [24].

It is required that in the experiment the maximum difference
between the two heat transfer rates of cooling and heating should
be less than 3%. The average of the two heat transfer rates is used
to determine the overall heat transfer coefficients of the tubes. It is
written as follows:

9
k= A, - Aty @)
where A, is the outside surface area determined by the outside

diameter of the embryo tube, and At,, is the log-mean temperature
difference, which is defined as follows:

tin — ¢,
| mt _o;t| (3)
111 < S mn >
tS - tout
where t; is the saturated temperature of refrigerant vapor.

In this study, the external condensing heat transfer coefficient is
separated from the overall thermal resistance:

Aty =

1 A1 1
E = A*] E -+ Rw + "To (4)
In this equation, Ry =5 In%, the thermal resistance of tube

wall. For copper tube this resistance is usually trivial, but for the
low thermal conductivity tube it may become appreciable. And
the influence of low thermal conductivity tubes is firstly reflected
from the thermal resistance of tube wall.



W.-T. Ji et al./International Journal of Heat and Mass Transfer 77 (2014) 194-201 197

Table 1
Specifications of eleven tested tubes.

Tubes Outside Inside Height of Outside Height of Length of test Conductivity of tube
diameter d, diameter d; outside fins per inside fin t section L material at 293 K
(mm) (mm) fin e (mm) inch (mm) (mm) (W-m~ 1K 1) [24,36]

Ti-Plain 19.13 16.19 - - - 1500 22

Ti-C1 19.08 15.94 0.422 38 0.234 1500

B10-Plain 19.00 16.50 - - - 1492 61.5

B10-C2 19.15 16.49 0.678 45 - 1500

B30-Plain 16.00 11.59 - - - 1417 28.9

B30-C3 16.01 11.60 0.732 38 - 1411

SS-Plain 17.92 14.72 - - - 1500 15.2

SS-C4 19.00 15.72 0.868 28 - 1487

Cu-Plain 19.17 16.40 - - - 1463 398

Cu-C2 18.92 16.70 0.674 45 - 1470

Cu-C4 19.09 16.26 0.858 28 - 1449

(a) Ti-C1

(d) SS-C4

(c) B30-C3

(e) Cu-C2

(f) Cu-C4

Fig. 2. Geometry of enhanced tubes.

If the inner heat transfer tube is plain, then the h; can be calcu-
lated by Gnielinski equations [25].

~_ 7% (f/8)(Re —1000)Pr d\ 7] ( Pr\°T
hlp_di1+12~7cf/8>”2<l)ﬁ/31){”@ ) o

(Re = 2300 — 10%, Pr=0.6 — 10°)

While, if the internal surface of heat transfer tube is enhanced,
as tube Ti-C1, then the modified Wilson plot technique is used to
obtain the averaged inner water side heat transfer coefficient, h;.
The principles and advantages of the modified Wilson plot

technique are presented in Briggs and Yang [26]. For the readers’
convenience, the general procedure of this data reduction tech-
nique is briefly described as follows.

At a certain velocity variation interval, assuming the inner heat
transfer coefficient of the enhanced inner surface is represented by
cihip, where hj, is the heat transfer coefficient determined by
Gnielinski equation at the same fluid velocity and thermal proper-
ties for a smooth tube. The experiment is firstly conducted to deter-
mine the coefficient ¢;, which represents the enhancement ratio of
the inner surface structure compared with the internally plain tube.
In this experiment, the electric heating power rate and the heat flux
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of tube should be kept constant such that h, is maintained invariant
during the test. Then Eq. (4) can be written as:

1 1
= ah—ip +b (6)
where:
d, 1
=7c (7)
1
b= ot Rw 8)

By changing the in-tube water flow rate, a group of data is taken
and the data are expressed via the equation of a linear straight line
shown by Eq. (6). By linear fitting, the slope a and the constant
term b can be determined, hence the enhancement ratio of internal
heat transfer coefficient c; is obtained. Fig. 3 shows the Wilson plot
for the enhanced tubes Ti-C1 as an example. The reduced c; of this
tube is 1.52.

According to [23,27,28], the measurement uncertainty is now
estimated. The confidence level for all measurement uncertainties
are assumed to be 95% except indicated individually. The esti-
mated uncertainties of q of the tubes are within 2.4% in the most
range of heat transfer rate, and that of k is within 6.3%. h, is not
directly measured, and the uncertainty of h, is estimated using
the method suggested in [24,27]. The uncertainties in h; is consid-
ered of 20% [25]. The estimated uncertainty of h, for all tubes is
within 32.8%. It worth noting that in the recent published
well-known heat transfer textbooks [29,30], the prediction error
of Gnielinski correlation is regarded as small as 10%. In this paper
we estimate it as 20% to be on the safe side.

5. Results and discussion
5.1. Comparison of the overall heat transfer coefficient of eight tubes

Fig. 4 shows the dependence of the overall heat transfer coeffi-
cients on the cooling water velocity for the three plain and three
enhanced tubes with different materials. Two copper tubes with
the same enhanced geometries as tubes B10-C2 and SS-C4 are also
presented. The inlet temperature of water for the enhanced tubes
and the plain tubes are 35 and 25 °C, respectively. The eight tubes
are all without internal enhanced ribs, so at the same water veloc-
ity the internal heat transfer coefficients are approximately the
same with some minor differences caused by different inner tube
diameters and different reference temperatures. This implies that
the major differences between the overall heat transfer coefficients
are mainly caused by different material thermal conductivity and
condensing heat transfer.

As shown in the figure, the eight curves can be grouped into
three types: bottom, middle and top. The bottom three tubes are
all plain tube without any enhancement of condensation. In the
water velocity range tested, the thermal resistance of outside con-
densation is dominated, hence the overall heat transfer coefficient
only show little increase from water velocity of 0.5 to about 4 m/s.
For this case the resistance of the low thermal conductivity of the
three tubes is not the major part of the total thermal resistance.
The overall heat transfer coefficients of the three plain low thermal
conductivity tubes are basically all around 1000 W/m? K. Carefully
inspection of the three curves can find that at the same water
velocity the magnitudes of the overall heat transfer coefficients
are ranked in the order of B10, B30 and SS, which is caused by
the difference of tube thermal conductivity (see Table 1).

The middle two curves show an appreciable effect of water
velocity on the overall heat transfer coefficient, indicating that

5.0

4.5

4.0

3.5 4

3.0 §

£'x10*/(m Kw™)

2.5+

Wilson Plot

2.0

T T T
0.5 1.0 1.5 2.0 25 3.0 3.5 4.0
hip"x104/(m21<w")

Fig. 3. Wilson plot of tube Ti-C1.

the thermal resistance of the outside condensation heat transfer
is comparable to the water side thermal resistance. And the effect
of the tube thermal conductivity and outside surface structure can
be detected from the difference of the two curves at the same
water velocity.

The top three curves show strong effect of the water velocity.
For example, the increment in the overall heat transfer coefficient
of B10-C2 is 78% from 1.0 to 3.7 m/s, and that of copper tube is
about 126%. This simply shows that for the top three tubes the
water side thermal resistance is dominated. In addition, the three
top curves deviates each other more obvious than the other two
groups, because of for this group, the tube thermal resistance
becomes more important, and the curve of the copper tube ranks
the highest.

5.2. Condensing heat transfer of tubes with different material

In this sub-section the condensation heat transfer coefficient
separated from the overall heat transfer coefficients for the tested
tubes will be presented and compared. In addition the mechanism
why thermal conductivity of tube material does not affect the con-
densation heat transfer outside plain tubes but does affect conden-
sation on enhanced tubes will be discussed in detail.

12
m B10-Plain RI34a
O B30-Plain —An o
101 A ss-Plain T.=40°C .
o B10-C2  P=1.01MPa ¢ ¢
s| @ B3oc3 >
< A SS-C4 >
L g >
& & cu-C2 > > D
és_ > cucs & D g o "
= ¢ D m]
- > g a
< 4 s oo
> O .® 0 ®%%h an &
o N A
2 ° A LAY
o WEAEA QA EuFA QA O01 Hy B N
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00 05 10 15 20 25 30 35 40 45 50
v/ms’

Fig. 4. Overall heat transfer coefficient versus coolant velocity.
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Fig. 5. Condensing heat transfer coefficient versus heat flux of Ti tubes.

60
40 h =119563.5¢15
20 -
194 h =57439.4q 01
¥ 64
N 4
§ +10%
x 24
< 1 o,
08 | B B10-Plain -10%
: A B10-C2 R134a
0.4 v Cu-Plain T =40 °C
02 > Ccu-C2 s
’ —— Nusselt Analytical Solutions P.=1.01MPa
011 — . . . .
6 8 10 20 40 60 80 100

q/Wm?

Fig. 6. Condensing heat transfer coefficient versus heat flux of B10 and copper
tubes with the same external enhanced geometry.

60
40 |
0] 4 .
A A
19 AA AAraa
X 6
N 4l
£ _10%
2 o W
\a = -
< 14
0.8 1
0.6 R134a
0.4 B B30-Plain T =40°C
A B30-C3 S
0.2 4 Nusselt Analytical Solutions P s=1 .01MPa
1) S .
6 7 8 910 20 30 40 50 60 708090

q/ Wm?

Fig. 7. Condensing heat transfer coefficient versus heat flux of B30 tubes.

First, according to the Nusselt analytical solution of vapor lam-
inar film condensation [31,32], the condensing heat transfer of
pure vapor outside horizontal plain tubes is determined by the fol-
lowing equation:

60
40 -
= 0.39
20 h,=1025957.7q
_ 181 h=521186.7q-03
& o
X 2 == S
\O
<’ 14
0.8 |
0.6 | B SS-Plain R134a
0.4 A ss-c4 =
v Ccu-c4 T.=40°C
0.2 1 : =
Nusselt analytical solutions Ps 1.01MPa
0.1
4 5 67 89I 20 30 40 50 60 708090

q/Wm?

Fig. 8. Condensing heat transfer coefficient versus heat flux of Stainless steel and
copper tubes with the same external enhanced geometry.

1/4 3 13
3 rgi; p? N rg; p?
h, = 0.728 (7/11 Lt ~ 0.656 ot (9)

From the above equation, it is observed that the condensing
heat transfer outside plain tube is independent of the material.
From the physical process of condensation it can be understood
as follows. Condensation is driven by the temperature difference
between wall and the vapor. For plain or smooth tube, the outside
surface is at uniform temperature whether the tube material is of
high or low thermal conductivity. Thus for a specified temperature
difference or surface heat flux, the condensation heat transfer coef-
ficient can be uniquely determined by Eq. (9). Our experiments for
five plain tubes with different thermal conductivity also verify this
conclusion. In Figs. 5-8, the lower left part of each figure shows the
results for five plain tubes of different materials. It can be seen that
all the results agree with Nusselt solution very well. It is to be
noted that for the convenience of measurement the heat flux is
adopted here as the dependent variable rather than the tempera-
ture difference, because for the finned tubes the wall temperature
measurement is very difficult.

In order to deepen our understanding of the enhanced tube con-
densation heat transfer with different thermal conductivity the
separated heat transfer coefficients from the overall heat transfer
coefficients of the five enhanced tubes are presented in Figs. 5-8
for the C1 to C4, respectively, with heat flux as the abscissa. From
the figures following features may be noted.

First, a general feature can be found that the separated conden-
sation heat transfer coefficients of all the enhanced tubes decrease
with the increase in heat flux, that is, decrease with the increase in
temperature difference. In term of h « " the values for different
tubes are as follows:

Ti-C1 n=-027
B10-C2 n=-0.14
Cu-C2 n=-0.15

10
B30-C3 n=-0.39 (10)
Cu-C4 n=-039
SS-C4 n=-038

Second, from Figs. 5 and 7 it can be seen that the enhanced Ti-C1
and B30-C3 tube can significantly enhance condensation heat
transfer. Compared with plain tubes of the same material, in the
test heat flux range, the average enhanced ratios are respectively
of 8.48, 8.31, 8.22 and 7.52 for Ti-C1, B10-C2, B30-C3 and SS-C4.
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Third, from Figs. 6 and 8 it is obvious that for the enhanced
structure tubes thermal conductivity has appreciable effect on
the separated condensation heat transfer coefficients. For the
enhanced geometry of C2, the heat transfer coefficients of copper
tube are 1.8-2.1 times greater than the B10 tube (Fig. 6), and it
is 1.6 to 1.8 times of Cu over the stainless steel tubes for the
enhanced geometry of C4 (Fig. 8).

Now attention is turned to the analysis why tube thermal con-
ductivity affects the condensing heat transfer of the enhanced
structure. It is generally recognized that the effect is caused by
the fin efficiency [17,19,33]. Yet detailed analysis has to be per-
formed in order to get convinced explanation. As shown in Eq.
(10) and Figs. 5-8 for the enhanced tubes the condensation heat
transfer coefficient decreases with the increase in heat flux, that
is, decreases with the increase in temperature difference, ts — ty,
where t, t,, are saturated and wall temperature respectively. For
the simplicity of qualitative discussion, it may assume that for
the enhanced structure h o At%2>. Suppose for two enhanced
tubes with the same structure but different thermal conductivity,
the root wall temperatures are the same (below the vapor satu-
rated temperature), according to the fin conduction analysis
[24,34], the fin temperature of the low thermal conductivity will
be higher than that of the higher thermal conductivity, implying
that the temperature difference (ts — t,,) of the low thermal con-
ductivity tube is smaller than that of the higher thermal conductiv-
ity. In this sense the fin local heat transfer coefficient of the low
thermal conductivity tube would be higher. However, the local
heat transfer rate is the production of heat transfer coefficient
and the temperature difference, that is, q = hAt < At3%. The local
fin temperature difference (i.e., the difference between saturated
temperature and local fin temperature) of the low thermal conduc-
tivity tube is less than that of the higher thermal conductivity tube,
so is the fin heat flux. Hence the total heat transfer rate of the
higher thermal conductivity tube will be larger than that of the
low thermal conductivity tube. If we write the Newton’s law of
cooling for the condensation side, we have: Qq ot = AoefrhoAt. Here
for the two tubes with different material, the temperature differ-
ence is the same (saturated temperature minus root tube wall tem-
perature), the effective heat transfer area of the low thermal
conductivity tube will be a bit smaller than that of the higher ther-
mal conductivity tube because of low fin efficiency, while the total
heat transfer rate of the low thermal conductivity tube will be
more appreciably less than that of the higher thermal conductivity
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Fig. 9. Comparisons of experiment result and three prediction models for tube Cu-
C4.

tube, making its averaged heat transfer coefficient being lower
than that of the higher thermal conductivity tube.

Fig. 9 compares the experimental condensation heat transfer
coefficient with that predicted by theoretical models, including
the models of Beatty-Katz [35], Honda [10] and Briggs-Rose [17],
for the integral-fin tube Cu-C4. It is found that Honda and Brig-
gs—-Rose models can predict the experimental results within a
range of +26%. However, the deviations of Briggs-Rose and Honda
model to predict the stainless steel tube SS-C4 are generally in the
range of +50-70%. Beatty-Katz model can predict the stainless
integral tube SS-C4 accurately in the range of —0.7% to 11.2%.

6. Conclusions

The R134a condensing heat transfer of eight horizontal tubes
with enhanced surface structure and made from four low thermal
conductivity materials is experimentally studied in this paper. The
four materials are titanium, cupronickel (B10 and B30), stainless
steel. For comparison purpose one plain and two enhanced copper
tubes with the same fin geometries as B10 and stainless steel tubes
are also tested. Two types of enhanced structures are investigated,
integrated low-fin and three-dimensional fin. The overall heat
transfer coefficients are measured with inner water velocity rang-
ing from 0.5 to 4 m/s. Thermal resistance separation method is
adopted to obtain the condensation side heat transfer coefficients.
Detailed discussion is presented to analyze why the tube thermal
conductivity affects the condensation heat transfer of enhanced
tubes. The major findings are as follows:

(1) For the same enhanced structure the tube made from higher
thermal conductivity has appreciably higher condensation
heat transfer coefficient than that of low thermal conductiv-
ity tube. Within the tested range, the condensation heat
transfer coefficients of copper tube may be 1.6-2.1 times
of those with low thermal conductivity.

(2) Compared with plain tube, the enhanced structure studied
made from low thermal conductivity materials can signifi-
cantly enhance condensation heat transfer, and within the
range tested an enhanced ratio up to eight may be reached.

(3) The separated condensation heat transfer coefficients of the
enhanced structure made from low thermal conductivity
materials decrease with the increase in surface heat flux.
In terms of h o q", the exponent n varies from —0.14 to
-0.39.

(4) The lower fin efficiency resulted from low material thermal
conductivity is the major reason that condensation heat
transfer coefficient of tubes with low thermal conductivity
is inferior to that of higher thermal conductivity.
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