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ABSTRACT

R1234ze(Z), which has a global warming potential of less than 1, is a promising alternative refrigerant for high-
temperature heat pumps designed for heat recovery in the industrial sector. The use of titanium as the material for heat
exchangers exposed to acid exhaust is one solution to prevent oxidation. In this study, the pool boiling heat transfer
characteristics outside of horizontal titanium tubes were experimentally investigated for R1234ze(Z). A plain tube and
three enhanced titanium tubes were tested at saturation temperatures from 10 to 60 °C and heat fluxes from 0.55 to
79.8 kW m-2. Compared to the plain tube, the tested enhanced tube exhibited a 2.8 to 5.1 times higher heat transfer
coefficient, on average, in the test range, which could compensate for the disadvantage in the thermal conductivity of
titanium. The enhancement ratio predominantly depends on the saturation temperature and the wall heat flux. At
conditions of higher saturation temperatures and lower heat fluxes, where smaller bubbles are observed, test tubes
with smaller opening width exhibit higher heat transfer coefficients. The experimental results indicate the importance
of fin geometry optimization to the operation conditions.

1. INTRODUCTION

The low GWP (global warming potential) refrigerant R1234ze(Z) is a promising candidate refrigerant for use in
industrial high-temperature heat pumps (Brown et al., 2009). To reduce primary energy consumption, high-
temperature heat pumps are applicable as heat recovery systems to assist steam boilers in the drying process of wood
or paint, the distillation process of beverages, and the cleaning process of machined components (Kondou and Koyama,
2015). In large-scale heat pumps, shell-and-tube heat exchangers made of copper are most widely used. However, the
heat exchangers of such heat pumps designed for waste heat recovery systems are often exposed to exhaust containing
acidic substances. Using titanium as the material is one solution to prevent oxidation in the polluted exhaust. Titanium
is also advantageous to reduce the weight of large heat exchangers for shipping and installation and to reduce costs if
the wall thickness is sufficiently reduced relative to copper tubes. As comprehensively reviewed (e.g., Pate et al., 1990,
Webb, 1994; Thome, 2006), numerous enhancement techniques have been patented and some have been applied to
the pool boiling of the shell-and-tube heat exchangers. The most common technique is a surface with dense re-entrant
cavities produced by a mechanically deformed copper low-finned tube. Similar attempts were made with the titanium
tubes in this study.

The pool boiling heat transfer characteristics outside of enhanced, horizontally oriented, titanium tubes are
experimentally investigated for R1234ze(Z). A plain tube and three enhanced tubes with different re-entrant cavities
are tested in a pressure vessel, and the boiling behavior is observed to determine the optimum tube geometry for
R1234ze(Z) at relatively higher saturation temperatures for waste heat recovery.
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2. EXPERIMENTS

2.1 Experimental setup

Fig. 1 shows the experimental apparatus used to characterize the R1234ze(Z) pool boiling outside the titanium tubes.
This apparatus consists of cooling and heating water loops connected to temperature control baths and a refrigerant
loop of natural circulation driven by gravity. The main components of the refrigerant loop are a condenser and an
evaporator. In the evaporator, the horizontally oriented test tube is immersed in liquid R1234ze(Z) that flows down
from the condenser; meanwhile, heating water flows through the test tube. The test tubes are observed through a glass
window set in the evaporator during the experiment. The temperature of liquid R1234ze(Z) is measured by
thermocouples near the test tube to confirm the state can be justified as saturation. The inlet and outlet temperatures
of the heating water are measured in the mixing chambers by Pt thermometers with uncertainty of +0.05 K. The
volumetric flow rate is measured with a gear type meter installed in the water loop with uncertainty of £0.5% of the
reading value. The temperature change in the heating water over the test tube is kept at 3 K to suppress the tube wall
temperature distribution within 2 K. The tube wall temperature is measured by an electric resistance method. As
illustrated in Fig. 1 (b), the test tube is electrically insulated by an applied constant direct current. The voltage drop of
test tube over the heat transfer length is measured and correlated to the tube wall temperature. From the calibration, it
was confirmed that the correlation of the voltage drop is proportional to the temperature and is able to predict the
temperature within +0.1 to 0.2 K for each test tube. The saturation pressure of R1234ze(Z) is adjusted by controlling
the temperature and flow rate of the cooling water delivered to the condenser and is measured by an absolute pressure
transducer within £0.14 kPa. The heat flux condition is adjusted by controlling the flow rate of the heating water. The
active heat transfer length of the test tube is 400 mm; the resistance (voltage drop) measurement length is 396 mm.
Table 1 lists the dimensions of the test tubes; two plain tubes made of copper and titanium and three enhanced titanium
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Figure 1: Experimental apparatus
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Table 1 Dimensions of the test tubes
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plain-Cu plain-Ti TEO1 TEO02 TEO3
outer/fin tip diameter D,, mm 19.12 19.06 18.54 18.66 18.66
inner diameter Dj, mm 16.92 15.01 15.35 15.35 15.18
wall thickness, & mm 1.1 2.0 1.6 1.7 1.7
fin-root diameter Dyoor, mm - - 16.10 17.83 15.96
surface roughness R, Hm 0.39 0.63 - - -
fin height, mm - 0.37 0.41 0.39
axial fin pitch, mm - 0.70+0.04 0.74+0.03 0.73+0.02
circumferential fin pitch, mm - 0.730.01 0.724+0.01 0.73+0.01
open mouth - narrow > wide
thermal conductivity, Awpe Wm'K! 385 18.9 18.9 18.9 18.9

tubes TEO1, TE02, and TE03 were used. The open mouth width of tube TEO1 is the narrowest and that of TEO3 is the
widest.

2.2 Data reduction
The heat transfer rate over the test tube is obtained from the heat balance of the heating water as,

Owmo = VHZOIOHZO (hl-lzo,i - hHZ0,0 ) = Ologs - (1

where, im0, and Ao, are the enthalpy of the heating water obtained from the measured bulk mean temperature
at the inlet and outlet of the test tube. Quoss is the heat leaked to the ambient, which is correlated to the temperature
difference between the heating water and ambient air. The average heat flux gwan is defined with the outer surface
for the plain test tube and with the apparent outer surface at the fin tip diameter for the enhanced tubes.

Gwan = Oio/ (7D, L) 2)
where, L is the active heat transfer length of 400 mm.

The tube wall temperature Twai,m measured by the resistance method is assumed to correspond to the average wall
temperature over the internal surface to the fin root. Considering the heat conduction through the tube wall, the
reference tube wall temperature at the fin root 7y is corrected by the following equation.

QH2O ln(Droot/Dm) (D +Di)

, D = Toot 3
27 L " 2 ¢)
For the plain tube, the fin root diameter Dy is substituted by the outer diameter Do. Auwbe is the thermal conductivity
of the tube wall. For the copper tube, the value 385 W m'K"! is applied. For titanium tubes, the value provided from
the manufacturer of 18.9 W m'K™! is applied in this study.

Ty =1,

W wallbm

Finally, the average heat transfer coefficient (HTC) is given as,

o= qwall/(Twall - Tsat) €]
where Ty is the saturation temperature of R1234ze(Z). The thermodynamic and transport properties of R1234ze(Z)
and water are calculated by REFPROP 9.1 (Lemmon et al., 2013).

3. RESULTS AND DISCUSSION

3.1 Plain tubes — copper and titanium tubes

First, the differences between copper and titanium tubes are compared with the experimental results of plain tubes. As
listed in Table 1, the distinct differences of these two tubes are the surface roughness, wall thickness, and thermal
conductivity. Because the extensibility of the titanium alloy is not as high as that of copper alloy, the surface of
titanium tubes tends to be much rougher than that of copper tubes. On rougher surfaces, the presence of larger
embryonic bubble diameters produced by increased vapor entrapment in the micro cavities primarily enhances
nucleate boiling (Rainey and You, 2000). However, the thicker tube wall and lower thermal conductivity of titanium
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tubes increases the thermal resistance over the tube wall. The thermal resistance of the copper tube and titanium tubes
(8/ Awbe) are approximately 2.86E-06 Wm?2K-' and 105.8E-06 Wm™K"!, respectively. The thermal resistance of the
titanium tube is 37 times that of the copper tube, which completely compensates for the advantage of surface roughness.
For copper tubes, the temperature difference from the internal to outer surface is approximately 0.05 K. Thus, the tube
wall thermal resistance is negligible, comparing to the boiling site. For the test titanium tube, at a heat flux of 20
kWm and a saturation temperature of 30 °C, the temperature difference between the internal and outer surfaces is
1.9 K. Under these conditions, the average wall superheat, Twai - Tsa, is 3.9 K. Therefore, the tube wall thermal
resistance takes 33% of the resistance from the internal surface to the boiling site. Therefore, for titanium tubes,
reducing the tube wall thickness with consideration of corrosion is important.

Fig. 2 shows the experimentally quantified pool boiling HTC on plain tubes of copper and titanium at saturation
temperatures T of 10, 30, and 60 °C as a function of the heat flux. The horizontal and vertical bars appended to the
symbols indicate the measurement uncertainty of 95 % coverage (Taylor, 1997). As plotted in Fig. 2, at a saturation
temperature of 10 °C, HTC on the titanium tube is higher than that of the copper tube. At a saturation temperature of
60 °C, the HTC of the copper tube exceeds that of the titanium tube. The increased ratio of the HTC to heat flux of
the copper tube is greater than that of the titanium tube. Therefore, the HTC of the copper tube is more sensitive to
the saturation temperature and heat flux than that of the titanium tube.

In Fig. 2, the correlations of Gorenflo et al. (2010) and Ribatski-Jabardo (2003) are also plotted.
Gorenflo et al. (2010): a=o,F, F, IRF (5)

Dyall

F, =07p."% +4py+(14p)/(1- Pus) - Fe=(R,/R,)"", R, =04 [um].

me = I:(prubcctubcﬂtubc )/(pCucCuﬂ’Cu ):|0A25 .
Ribatski-Jabardo (2003): a=fon (@ " D [log(p)] RM S (6)

where M is the molar mass of the refrigerant. The material parameters are recommended as fwm=100 for copper,
fem=110 for brass, and fym=85 for stainless steel. For the titanium tube, fym is assumed as 90 because the
thermophysical properties of titanium alloy are similar to stainless steel. For instance, the temperature diffusivities of
copper alloy, titanium alloy, and stainless steel are, respectively, 95, 6.7, and 4.1 mm?s”'. Additionally, it was
numerically found that the bias is minimized at a material parameter fim of 90.6.

Where Oy = 3. 58|: /O'j| at Prea = 0.1. F, = (qwall/qwallo )(0«95*03%&]0-3) y a0 = 20 [ka,z] .

Table 2 compares the selected correlations to the experimental results for the copper tube and the titanium tubes. The
relative bias, ¢, and the standard deviation S are introduced to quantify the degree of agreement.

N
- 1
:_zgj Z[ 100} [%] (7)
N j=1 1 Peal

B REL mem pe an e RN e S B LA E e e e S L AL E e e T
— 10k Exp. | Cal _| plain tube, R1234z¢(Z) ]
n F 4 Copper (R,=0.39 pm) F Gorenflo et al. (2010) - F E
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q - + %3 T .
g L 4 4 4
B - + + -

-

— 1F E3 E3 E
N E = = ]
. 0.5F F F 3
O - -+~ -+~ -
= r T T. .
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Figure 2: Variation of R1234ze(Z) pool boiling HTC on the test plain tubes of copper and titanium.
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Table 2: Comparison with predicting correlations for the copper and titanium plain tubes

the copper tube (N=79) the titanium tube (N=36)
g [%] S [%] g [%] S [%]
Stephan-Abdelsalam (1980) 33.6 24.5 20.4 9.2
Jung et al. (2003) 8.7 17.2 -2.9 10.5
Ribatski-Jabardo (2003) 12.0 13.3 0.7 5.8
Gorenflo et al. (2010) 4.0 7.9 93.9 38.6

1 —\2 0
ﬁ;(a &) %l ®)
where N is the number of data. Among the selected correlations, the correlations of Gorenflo et al. (2010) and Ribatski-
Jabardo (2003) show the best agreement with the experimental HTC for the copper tube and the titanium tube,
respectively. Nevertheless, the Grenflo et al. (2010) correlation considerably deviates from the experimental HTC of
the titanium tube because the fum in Eq. (5) is not validated for titanium. Some material inherent properties affect
nucleate boiling. For instance, temperature diffusivity determines the recovery speed of the wall superheat of the spot
where the nucleate bubble departed. The surface energy determines the wettability and wickability and affects the
shape of nucleate bubbles. To discuss the effects of the material dependence on nucleate HTC, a further approach and

comprehensive database are needed.

3.2 Enhanced titanium tubes

Fig. 3 shows the variation of R1234ze(Z) pool boiling HTC on the enhanced titanium tubes: TEO1, TE02, and TE03
at saturation temperatures of 10, 30, and 60 °C. TEOI has the narrowest open-mouth of the small tunnels underneath
the fin-tip surface; TEO3 has the widest open-mouth. The symbols indicate the experimental HTC of the enhanced
tubes, whereas the dashed line indicates the predicted HTC by Ribatski-Jabardo (2003) of the titanium plain tube.

The enhanced tube TEO1 with narrowest open-mouth exhibits much higher HTC than the plain tube, even at lower
heat flux. At saturation temperatures of 10 and 30 °C, TEO1 shows a slight decrease in HTC with increasing heat flux.
At a saturation temperature of 60 °C, the HTC of TEO1 increases at heat fluxes up to 10 kWm™ and then plateaus.
This HTC behavior of TEO1 completely differs from the plain tube. In contrast, the enhanced tube TE03 shows similar
tendency to the plain tube. The HTC of TEO3 monotonically increases with increasing heat flux. At heat fluxes above
50 kWm?2, the HTC increment ratio to heat flux seems to decrease slightly. Thus, under the conditions of higher heat
fluxes, the HTC of TE03 exceeds that of TEO1.

Fig. 4 compares the HTC enhancement ratio based on the titanium plain tubes, Genhanced / Oplain, between TEOL, TE02,
and TEO3. The parenthesized numbers in the symbol legend indicate the average value of the plotted. The enhancement
ratio ranges widely from 13 to 2. Over the entire range of the experiment, the tested tubes yield an enhancement ratio
more than double. The enhancement ratio is significant at lower heat flux; then, the ratio decreases as the heat flux
increases. The tunnel structures are beneficial at the early stage of nucleate boiling. The decrement is greater for TEO1

T [T
— F o TEO1 T T Enhanced titanium tubes 1
N A TE02 R1234z¢(Z) gd
NM 10 * TEO03 i LI P =+ ﬁ ﬁ% tg % L gg%ﬁ -
lE C ;% g % F Yy L 3
sk 5 g I I 3
E o S =3 + % % @ 41 i
= L X o 1 1 |
3 L a 1 % -
E 1 S @6 =+ & =+ o‘“’& =
: q Q\ (@) Tew=10°C F P (b) Twa=30 °CF o (©) Tsa=60 c-
0.5 1 Illlll 1 1 l Illlll 1 11 Illll 1 Illlll l/,l 1 Illlll 1 11 Illll 11 Illlll o 1 11 Illlll 1 11 Illll
05 1 5 10 50 1000.5 1 5 10 50 100 0.5 1 5 10 50 100

heat flux, gwan [kWm-2]

heat flux, gwan [kWm2]
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Figure 3: Variation of R1234ze(Z) pool boiling HTC on the enhanced titanium tubes.
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Figure 4: HTC enhancement ratio based on the plain tube. (The parentheses contain the average value.)

but much moderate for TEO3, therefore the rank of enhancement ratio is interchanged between TEO1 and TEO3. In
general, at lower saturation temperatures, most fluids show lower nucleate boiling HTC mainly due to their greater
surface tension. Under such conditions, the tunnel structures of the narrow open-mouth are more beneficial to enhance
boiling heat transfer.

As mentioned above, the narrow open-mouth is advantageous at lower heat flux and lower saturation temperatures.
From the observation of the bubble behavior, the following results are found. Because the narrow open-mouth eases
the holding of liquid refrigerant in the tunnels and increases the degree of superheat in the micro cavities inside the
tunnels, this geometry yields acceleration of the boiling incipience and the nucleate boiling. However, at higher heat
fluxes, the bubbles are generated faster and they stretch out in the tunnels until they depart from the tunnel open-
mouth. The narrow open-mouth interferes with the emerging vapor in the tunnels and the ingress of liquid to the
tunnels. Most likely, some portion of the internal surface of the tunnels is dried-out. Thus, the enhancement ratio of
the boiling heat transfer drastically decreases. These findings coincide with some remarks in previous studies by
Nakayama et al. (1980a and b) and also by Chien and Webb (1998a, b, and c)

4. CONCLUSIONS

Pool boiling heat transfer characteristics outside of horizontal titanium tubes were investigated for industrial high-
temperature heat pumps designed for waste heat recovery. The R1234ze(Z) pool boiling heat transfer coefficients on
a plain tubes and three enhanced tubes were experimentally quantified. The main findings are the following:

e On titanium tubes, thermal resistance over the tube wall is considerably large due to lower thermal
conductivity. Thus, reducing the tube wall thickness with consideration of corrosion is important when using
titanium tubes.

e Among the selected correlations, Gorenflo et al. (2010) showed the best agreement with the experimental
data of the copper plain tube. Nevertheless, this correlation considerably deviated from the data of titanium
plain tubes because the material parameter used in this correlation is not valid for titanium tubes. The
Ribatski-Jabardo (2003) correlation with a material parameter of 90 has the best agreement with the titanium
plain tube.

e Enhanced titanium tubes with tunnels produced by mechanically deforming low-finned tubes exhibited HTC
enhancement ratios based on the titanium plain tube from 13 to 2 over the entire experimental range. The
open-mouth significantly changed the enhancement ratio. To optimize this parameter for a refrigerant, the
saturation temperature and heat flux are important.

e At lower saturation temperatures and lower heat fluxes, the enhanced tube with the narrowest open-mouth
had the highest HTC. The narrower open-mouth eases the holding of liquid and increases the degree of
superheating in the tunnels, which accelerates the boiling incipience and nucleate boiling.

e At higher saturation temperatures and higher heat fluxes, the enhanced tube with the widest open-mouth had
the highest HTC. The wide open-mouth helps emerging bubbles to depart from the tunnels and the ingress
of liquid into the tunnels.
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NOMENCLATURE

D inner diameter (m)

D, outer diameter (m)

Diroot fin root diameter (m)

L active heat transfer length (m)

M molar mass (g mol™)
N number of data (=)

0] heat transfer rate (W)

R, arithmetic mean surface roughness (pm)

S standard deviation (%)

T temperature °O)

14 volumetric flow rate (m3s")

¢ specific heat T kgh

h specific enthalpy Jkgh
p pressure (Pa)
Pred reduced pressure (=)

q heat flux (W m?)

a heat transfer coefficient, HTC (W m?2K")
) tube thickness (m)

3 relative bias (%)

A thermal conductivity (W m'K)
P density (m’kg™)

o surface tension (Nm™)
Subscript

H20 water

i inlet

o outlet

loss  heat loss

wall tube wall

m average, middle

tube test tube

Cu  copper

0 reference value

sat  saturation state

H20 water

cal  calculated

exp experimental
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