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In order to test the effect of fin structure on the condensing heat
transfer of refrigerants outside the low thermal conductivity tubes,
condensation of R-134a, R-1234ze(E), and R-1233zd(E) on two
enhanced titanium tubes were experimentally investigated. The
two tubes have basically the same fin density while the fin struc-
tures are different. One tube is a typical low-fin (two-dimensional,
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2D), and the other is a three-dimensional (3D) finned tube. In
experiment heat flux was in the range of 10-80kW-m™=2. It was
found that at higher heat flux, the condensing heat transfer coeffi-
cient (HTC) of 3D-finned tubes was apparently lower than that of
2D-enhanced tubes. The condensing HTC of R-134a for the two
tubes was the highest. R-1233zd(E) was the lowest. It was
shown from experimental results that the condensing HTC for
R-1233zd(E) was notably affected by the change of saturation
temperature outside the 3D-enhanced tube, but was less affected
by the 2D fin structures. [DOI: 10.1115/1.4045139]
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1 Introduction

Shell and tube condensers are widely used in heating, cooling,
and a variety of industrial applications. The requirement on more
compact and effectiveness results in the increased demand for
higher condensing heat transfer coefficient (HTC). Many studies
focused on optimizing the structures of condensing tubes [1,2].
Effect of materials [2—4] was also investigated. Some of them [5]
also committed to studying new refrigerants with the characteris-
tics of environment-friendly, safe, and superior thermophysical
properties.

Titanium is a good material that can be used under some
extreme conditions. Nowadays, the main problem pertaining
to the use of titanium tubes is the poor condensing heat transfer
performance. Further improving the condensing heat transfer of
titanium tubes will be worthy of study. Whether the three-
dimensional structure has great effect on the condensing heat
transfer as that for copper tubes, condensation of refrigerants on
two different enhanced titanium tubes were experimentally inves-
tigated. The two tubes have the same fin density while the fin
structures are completely different. One tube is a typical low-fin
(two-dimensional, 2D) and the other is a three-dimensional (3D)
finned tube. The effect of fin structure for the titanium tubes
was also tested with the environment-friendly refrigerants
R-1234ze(E) and R-1233zd(E).The experimental system, proce-
dure, and data reduction are the same as that in Ref. [4]. Figure 1
shows the schematic diagram of experimental apparatus and pho-
tos of tubes in condensation at different heat flux.

The specific geometric parameters for two tubes are shown in
Table 1. Figure 2 is the geometric structure of two enhanced
tubes. The method in Refs. [4] and [6-8] is used to estimate the
uncertainty of experiment. The uncertainty for A, is less than
0.6%; g is less than 5.4%; k is less than 5.5%. The uncertainty
for Gnielinski equation is estimated for 10% according to
Refs. [9-12]. Then, the measurement uncertainty for external
HTC h,, is less than 15.1%.

2 Results and Discussion

2.1 Reliability Verification of Experimental System.
Experiment for plain tube is first conducted to validate the experi-
mental apparatus. The condensing heat transfer coefficient for
the plain tube is compared with the Nusselt analytical solution.
Nusselt analytical solution [13,14] is shown as follows:

1 1
13 2 1 1302 3
ho = 0729 —/8APL__ ) _ (656 ( 8%1F] )
’/Ildo(ts - [w) ”ldoq

As shown in Fig. 3, the relative deviations are less than 7% for
experimental results of R-134a and Nusselt analytical solution
over the plain titanium tube. From the experimental results on the
plain titanium tube, it is demonstrated that the experimental
results are reliable for the present experimental system and
procedures.

JANUARY 2020, Vol. 142 / 014502-1

1202 YoIB £} UO Jasn i AusioAun Buojoelr uyix Aq Jpd'z0syL0™ L0 2k L IU/L8LLSYO/Z0GYL0/L/ZY L ipd-ajoile/ie)suIeay/B10"awsE uo08]|0o[eNBIpawSE//:dny WOl papeojumod


https://crossmark.crossref.org/dialog/?doi=10.1115/1.4045139&domain=pdf&date_stamp=2019-11-08

»e&
<

>
L]

il

—

»e
L
»&
L]

[k
®

[e2]

Fig. 1 Schematic diagram of the experimental apparatus and visualization observation: (a) schematic diagram of experimen-
tal apparatus: (1) hot water tank, (2) hot water pump, (3) platinum resistance thermometer, (4) digital pressure gauge, (5) con-
denser, (6) exhausting valve, (7) electromagnetic flow meter, (8) cold water tank, (9) cold water pump; (b) global view; (c) local

view
Table 1 Specifications of test tubes
Outside diameter, Inside diameter, Thickness of outside Height of outside Outside fins
Tubes d, (mm) d; (mm) fin, 0 (mm) fin, e (mm) per inch
Plain 15.99 14.85 — — —
2D enhanced (tube No.1) 16.03 13.96 0.424 0.639 31
3D enhanced (tube No.2) 16.07 14.01 0.658-0.782 0.410-0.458 31

2.2 Overall Heat Transfer Coefficient. Overall HTC for R-
134a, R-1234ze(E), and R-1233zd(E) outside the 2D- and 3D-
finned titanium tubes are obtained first. Experimental results for
the overall HTC of three refrigerants are shown in Figs. 4 and 5.

Overall HTC versus water velocity for the 2D-enhanced tita-
nium tube (No. 1) is shown in Fig. 4. As shown in Figs. 4(a)—4(c),
overall HTC of R-134a is the highest. It is 2.6-11.6% higher than
R-1234ze(E), and about 10.2-25.3% higher than R-1233zd(E)
under the same conditions for 2D-enhanced titanium tube. Figure 5
is the overall heat transfer coefficient of R-134a, R-1234z¢(E),
and R-1233zd(E) versus water velocity for 3D finned tube

014502-2 / Vol. 142, JANUARY 2020

(No. 2). As shown in Figs. 5(a)-5(c) for 3D-enhanced titanium
tube, the overall heat transfer coefficient of R-134a is also the
highest. It is approximately 1.3—14.5% higher than R-1234ze(E),
and 14.6%-35.4% higher than R-1233zd(E) with the same experi-
mental condition.

For the 3D-enhanced tubes, the overall heat transfer coefficient
of R-134a, R-1234z¢(E), and R-1233zd(E) all gradually decreased
with increasing of heat flux at same water velocity. However, for
the 2D-enhanced tube, the effect of heat flux on the overall HTC
is not obvious for all the three refrigerants. For different refriger-
ants and different flux, the overall HTCs of the two tubes are also
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Fig. 2 Geometric structure of enhanced titanium tubes: (a) 2D enhanced tube (No. 1), (b) 3D
enhanced tube (No. 2), (c) 2D tube (global view), and (d) 3D tube (global view)

different. For R-134a, the two tubes with different structures
have basically the same performance. For R-1233ze(E) and
R-1233zd(E), at the lower heat flux, HTC of 3D-finned tubes is
larger than the 2D-enhanced tubes. As the increase of heat flux,
the overall HTC of 3D-enhanced tubes are decreasing. At the heat
flux of 40kW/m?, for R-1234ze(E) and R-1233zd(E), the 2D-
finned tubes both have higher overall HTC than the 3D-finned
tubes.

2.3 Condensing Heat Transfer Coefficient. Condensing
HTC versus heat flux is shown in Fig. 6. The results are described
and discussed as follows:

(1) For all the three refrigerants, 3D-enhanced tube has higher
condensing heat transfer coefficient at lower heat flux and lower
heat transfer coefficient at higher heat flux. The turning point is
at 20 kW/m2. As the increase of heat flux, the decreasing rate of
3D-enhanced tube is higher than the 2D-finned tube. It indicates

2.5

O Experimental Result
Nusselt Analytical Solution

Plain tube
R-134a, TS=40 C

1 T M T v L) M L]

10 15 20 25 30 ' 35
q/(kW-m’)

Fig. 3 Comparison between experimental result and Nusselt
analytical solution
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that at lower heat flux, due to the thinning of condensate film by
the effect of surface tension, the three-dimensional structure is
beneficial to the condensing heat transfer of titanium tubes.
While as the increase of heat flux, the condensate outside the
fins is also increasing. For the three-dimensional fins, the fin
structure is complicated and rather irregular. It tends to retain
more condensate outside the finned structures. The amount of
liquid that being retained between the fins should be more than
the 2D-enhanced tubes. The flooded area should also be differ-
ent. Condensate retention will reduce the condensing heat trans-
fer of finned tubes. This is the reason that 2D-enhanced tubes
has higher heat transfer coefficient than 3D-finned tubes at
higher heat flux.

(2) The enhancement of heat transfer for the 3D-finned struc-
tures over 2D-finned titanium tubes is limited. Compared with
copper tubes, the enhancement of 3D fins over the 2D-enhanced
fins for titanium tubes with the same fin density is not obvious.
For the copper finned tubes with the same fin density, the con-
densing heat transfer coefficient is obviously higher than that
made by the material with lower thermal conductivity [4]. In
this study, the condensing heat transfer coefficient of 3D-
enhanced tubes is only 1-9% higher than the 2D-enhanced
tubes at lower heat flux. At the higher heat flux, the heat trans-
fer coefficient is even less than the 2D low-fin tubes. For the
copper tubes in Refs. [15] and [16], this enhancement is in the
range of 20-30% within the heat flux of 10-80kW/m?. For cop-
per tubes, the decreasing rate for the condensing heat transfer
coefficient as the increase of heat flux is not as sharp as the
titanium tubes [15,16].

(3) For the refrigerant R-1233zd(E), as the increase of the heat
flux, the condensing heat transfer coefficient of 2D- and 3D-
enhanced tubes first increase and then decrease. The critical heat
flux is also at 20kW/m?. It can be seen in Figs. 2(a) and 2(b) that
the circumferential groove is deeper between two fins for tube No.
1 comparing to tube No. 2. As heat flux is below 20 kW-m ™2, flow
rate of liquid film is limited. Liquid refrigerant might be kept in
the deep groove, which will result in the growing of liquid film
thickness and being detrimental to the condensing heat transfer
performance.

(4) The condensing HTC gradually decreases with increasing of
heat flux for R-134a and R-1234ze(E) on 2D-enhanced tube
No. 1. Comparing the condensing HTC for testing refrigerants on
tube No. 1, condensing HTC of R-134a is the highest at the same
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Fig. 4 Overall HTC versus water velocity at different heat flux
for tube No.1 (2D enhanced tube)

experiment condition. Figures 6(c) and 6(d) show the condensing
HTC versus heat flux for tube No. 2. Condensing HTC is also
highest for R-134a, and R-1233zd(E) is lowest for tube No. 2. As
shown in the figure, the optimum fin structure for the heat transfer
performance is dependent upon the refrigerant. Compared with
the investigation in the literature, condensing heat transfer for
R-1233zd(E) are all less than R-134a and R-1234ze(E) [17]. The
heat transfer coefficient of R-1234ze(E) is a little bit lower than
R-134a. It is consistent for the present investigation and that from
literature.

As shown in Figs. 2(a) and 2(b) and Table 1, fin height for
tube No. 2 is lower than tube No. 1, and fin density for tube
No. 2 is identical with tube No. 1 in the axial direction.
Because the fins for No. 2 is three-dimensional, three-
dimensional mixing and mass transfer in liquids is different
with No. 1. The three-dimensional enhanced tube will diminish
the heat transfer performance when the film condensate is
thick. The Gregorig effect for titanium tubes is not as effective
as the copper tubes. It is generally consistent with the result in
the literature [4].
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Fig. 5 Overall HTC versus water velocity at different heat flux
for tube No.2 (3D enhanced tube)

2.4 Effect of Saturation Temperature on Condensing Heat
Transfer Coefficient. Figure 7 shows the effect of saturation
temperature on condensing HTC of R-134a, R-1234ze(E), and
R-1233zd(E) over the 2D and 3D enhanced tubes. Saturation tem-
perature is ranging from 35 to 40 °C.

For the 2D-enhanced tube, the influence of saturation temperature
on condensing HTC can be almost negligible for three testing refrig-
erants. Comparing with the 2D-enhanced tube, Fig. 7(b) shows that
condensing HTC is less affected by the change of saturation temper-
ature for R-134a and R-1234ze(E) outside the 3D-enhanced tube.
However, condensing HTC of R-1233zd(E) is apparently affected
by saturation temperature for the 3D-enhanced tube. Condensing
HTC decreases obviously for R-1233zd(E) as saturation tempera-
ture decreased. As mentioned previously, due to the difference in
manufacturing process, outer surface area of 3D enhanced tube
No.2 is larger than tube No. 1. Liquid viscosity increased with
decreasing saturation temperature for R-1233zd(E). Then thickness
of liquid film for saturation temperature of 35 °C should be thicker
than 40°C, a corresponding decrease in condensing HTC should
also be observed for R-1233zd(E) on 3D-enhanced tube No.2 at sat-
uration temperature of 35 °C.
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Fig. 6 Condensing HTC versus heat flux at saturation temperature of 40 °C and 35 °C on tube nos. 1 and 2

As shown above, condensing heat transfer of two different
types of titanium tubes are presented. It is helpful for the designers
to summarize the condensing heat transfer performance of some
new refrigerants. The 3D-enhanced tubes generally have the simi-
lar condensing heat transfer coefficients as the low-fin tubes with
same external fin density at lower heat flux. Generally, the
decreasing rate of condensing HTC for the 3D-enhanced tube
with increasing heat flux is higher. Because of higher viscosity,
the heat transfer performance for R-1233zd(E) is decreasing for
all testing enhanced tubes at lower heat flux less than 20 kW-m 2.
However, the trend of variations of the performance on R-134a
and R-1234ze(E) is similar.

There are plenty of data available for copper tube with simi-
lar geometries and operating conditions [3,4]. However, the
result seems to be not conforming with the tubes of lower ther-
mal conductivity. That is the reason that this study with differ-
ent types of fin structure is conducted. The two testing tubes
have the same external fin density but different fin structure.
Fin height of 2D-enhanced tubes is higher than 3D-enhanced
tube. Normally, larger fin height might contribute to higher
HTC over the higher thermal conductivity tube [18]. While
according to the investigation, the result shows that it is
different for different tube and refrigerant. For R-134a and R-
1234ze(E), the 3D-enhanced tube has a higher HTC. While, for
R-1233zd(E), 2D-enhanced tube has higher HTC than 3D
enhanced tube. The reason might be the effect of thermal

Journal of Heat Transfer

properties of refrigerants. The surface tension for R-1233zd(E)
is about 2 times higher than those of other two refrigerants.
The viscosity is also almost 50% higher. It can be inferred that
the improvement in condensing HTC depends both on refriger-
ant and fin structures.

3 Conclusions

Condensation of R-134a, R-1234ze(E), and R-1233zd(E) out-
side 2D (No.l) and 3D (No.2) enhanced titanium tubes were
experimentally investigated. Saturation temperature was in range
of 35-40°C, heat flux was within 10-80 kW-m 2. Based on the
experimental result, the following conclusion can be drawn from
this study:

(1) Overall heat transfer coefficient for R-134a is the highest,
and R-1233zd(E) is the lowest for the 2D- and 3D-finned tubes.
As heat flux decreased to 10kW~m72, overall heat transfer
coefficient of R-1233zd(E) sharply decreases for tube No.l. The
thermal resistance of tube wall for titanium tube is approximately
four times higher than that of copper tube.

(2) The 3D-enhanced tube generally has higher condensing heat
transfer coefficient at lower heat flux and lower heat transfer coef-
ficient at higher heat flux. The critical heat flux is at 20 kW/m?.
Condensing heat transfer coefficient for R-134a is the highest, and
R-1233zd(E) is the lowest for the tubes with different types of
structures.
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Fig. 7 Effect of saturation temperature on condensing HTC

(3) Compared with copper tubes, the enhancement ratio of 3D
fins over 2D fins with the same fin density is not obvious. Gre-
gorig effect for titanium tubes is not as effective as the copper
tubes.

(4) Condensing heat transfer coefficient is less affected by the
change of saturation temperature for R-134a, R-1234z¢(E) on the
2D- and 3D-finned tubes. However, the effect is notable for
R-1233zd(E) outside the 3D-enhanced tube.
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Nomenclature

A = area (m%)
¢p = specific heat capacity kg "K™h
d = diameter of tube (mm)
e = height of outside fin (mm)
f = drag coefficient
g = gravitational acceleration (m-s™?)
h = heat transfer coefficients (W-m 2K 1)
k = overall heat transfer coefficients (W~m72~K71)
L = tube’s test length (m)
m = mass flow rate (kg-s ")
Pr = Prandtl number in Gnielinski equation
g = heat flux (W-m™?)
R; = thermal resistance of foul (m*>K-W™1)
R,, = thermal resistance of tube wall (mz-K-W_])

014502-6 / Vol. 142, JANUARY 2020

Re = Reynolds number
t = temperature (°C)

Greek Symbols

r = latent heat (kJ-kg™")
At,, = logarithmic mean temperature difference (K)
n = viscosity (Pa-s)
J. = thermal conductivity (W-m K ")
p = density (kg-m~>)
o = surface tension (mN-m)
¢ = heat transfer rate (W)

Subscripts
b = boiling
¢ = condensing
i = inside of tube
in = inlet of tube
ip = inside of plain tube
= liquid
o = outside of tube
out = outlet of tube

p = plain

s = saturation

w = wall
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