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Condensation heat transfer of R245fa was investigated in a shell-tube condenser. The copper tube had an
inner diameter of 14.70 mm with a 1600 mm heat transfer length. Mass fluxes and vapor mass qualities
covered ranges of 198.8e504.7 kg/m2s and 0.291e0.976, respectively. Condensation heat transfer co-
efficients are increased with increases of mass fluxes and vapor mass qualities. The horizontal position
yielded minimum condensation heat transfer coefficients. Deviating from the horizontal position en-
hances condensation heat transfer. The condenser is suggested to operate at weakly inclined flow to
reach better thermal performance. Flow patterns and liquid height signals explored the condensation
heat transfer mechanisms. The flow is stable for inclined down-flow but becomes unstable for inclined
up-flow, which was caused by the vapor-liquid interface wave. Non-dimensional parameter analysis
identified the competition between inertia force and gravity force. The vapor-liquid interface wave is the
mechanism to enhance condensation heat transfer for inclined up-flow, while the decreased liquid film
thickness on the tube bottom enhances heat transfer enhancement for inclined down-flow. A correlation
based on the Froude number of vapor phase successfully matched the experimental data. This study is
useful for the condenser design and operation such as applied in Organic Rankine Cycles.

© 2017 Elsevier Masson SAS. All rights reserved.
1. Introduction

Many engineering applications need better understanding of
phase change heat transfer of organic fluids in tubes or heat ex-
changers. Topics include evaporation or condensation heat transfer
coefficients, pressure drops, critical heat fluxes, flow instabilities
etc, which significantly influence fabrication cost, operation, and
efficiency of energy conversion systems. Air-conditioning or
refrigeration industries widely use organic fluids to complete the
refrigeration cycle [1e4]. Most refrigeration facilities have power
capacities in the range of 1e10 kW [5,6], at which small diameter
tube such as 8.0 mm is widely used. Another progressing applica-
tion is the organic Rankine cycle (ORC) for low grade energy utili-
zation [7,8]. ORCs are useful to increase energy utilization efficiency
and reduce carbon dioxide (CO2) emission. Compared with refrig-
eration application, large scale utilization of ORCs needs larger
uying.Yan@nottingham.ac.uk
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diameter tubes for heat transfer and conversion.
Both engineering areas are looking for better organic fluids.

Organic fluids shall have good physical/chemical properties to have
high heat transfer coefficients, low pressure drops and low envi-
ronment impact, comprehensively. R245fa (1, 1, 1, 3, 3-
pentafluoropropane, CF3CH2CHF2, molecular weight of 134) is a
preferred fluid, having zero Ozone Depletion Index (ODI) and lower
Greenhouse Effect Index [9]. Thus, it has potential to expand its
application in various industries [10e12]. R245fa has a saturation
temperature of 15.14 �C, 9% latent heat and 25% surface tension
force of water, at atmospheric pressure.

Studies on R245fa phase change hat transfer are not enough to
support industry applications, especially in larger tubes or heat
exchangers [13]. Some R245fa condensation heat transfer studies
are reported in capillary tubes below or around 8.0 mm for
refrigeration applications. Cavallini et al. [14] investigated
condensation heat transfer in a 0.96 mm capillary tube at 40�C
saturation temperature with fluids of R32 and R245fa. They found
that, even though R32 has higher liquid thermal conductivity than
R245fa by 34%, the two fluids almost have identical condensation
heat transfer coefficients with similar mass fluxes and vapor mass
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qualities, due to increased shear stress on the tube wall induced by
higher vapor velocity for R245fa. Al-Hajri et al. [15] experimentally
characterized condensing flows of R134a and R245fa in a single
microchannel with a cross-section of 0.4 mm by 2.8 mm (aspect
ratio of 7:1) and a length of 190 mm. They showed that the satu-
ration temperature and mass flux have significant effects on both
heat transfer coefficients and pressure drops, but the inlet super-
heating degree has little or no effect. Ghim and Lee [16] showed
that even though n-pentane has larger liquid thermal conductivity
and latent heat of evaporation than R245fa, its easy combustion
characteristic limits the application in ORCs.

In fact, phase change heat transfer is related to flow patterns in
tubes. Lips &Meyer [17] measured condensation flow patterns and
heat transfer of R134a in a 8.38 mm inner diameter tube. The flow
direction is from vertical down-flow to up-flow. Stratified-wavy
flow was dominant at low mass fluxes and vapor mass qualities,
under which heat transfer was sensitive to inclination angles. Heat
transfer was insensitive to inclination angles in annular flow
regime at high mass fluxes and vapor mass qualities. Condensation
heat transfer coefficients reached maximum for downward flow at
q ¼ �15�~-30� and minimum for upward flow at q ¼ 15�. Mohseni
et al. [18] investigated flow patterns and heat transfer of R134a in a
tube with 8.38 mm in diameter, they found that condensation heat
transfer coefficients reached maximum at q¼ 30� (up-flow) for low
vapor mass qualities but reached maximum at the horizontal po-
sitionwith high vapormass qualities. Thus, conclusions byMohseni
et al. [18] and Lips & Meyer [17] are different. Gupta et al. [19] gave
non-dimensional parameters in two-phase systems, such as Rey-
nolds number (inertia force relative to viscous force), Froude
number (inertia force relative to gravity), Bond number (gravity
force relative to surface tension), capillary number (viscous force
relative to surface tension), and Weber number (inertia force
Fig. 1. The experim
relative to surface tension). Gravity force is involved in Froude and
Bond numbers. The tube diameter is involved in all the dimen-
sionless parameters except capillary number. Flow patterns are
strongly dependent on inclination angles, so as to affect conden-
sation heat transfer.

In summary, few studies are reported on R245fa condensation
heat transfer in larger diameter tubes or heat exchangers. This
paper investigated condensation heat transfer in a shell-tube
condenser (heat exchanger). The cooling capacity is up to 15 kW,
which may be the maximum limit in laboratory scale. The whole
heat exchanger was running at inclination angles from �30� (in-
clined down-flow) to 30� (inclined up-flow). We found that
condensation heat transfer coefficients reached minimum values at
the purely horizontal position. Both inclined up-flow and down-
flow enhance condensation heat transfer. In order to understand
the mechanisms, we performed flow visualization studies. The
inertia force, gravity force and interface wave are competed with
each to obtain the peculiar condensation heat transfer distributions
regarding the inclination angle effect. For inclined up-flow, the
interface wave is the mechanism for heat transfer enhancement.
Alternatively, the inclined down-flow weakens the liquid film
thickness at the tube bottom to account for the heat transfer
enhancement. Our findings suggest the slightly inclined condenser
position to improve the thermal performance of R245fa
condensers.
2. The experimental details

2.1. Experimental setup

Fig. 1 shows the experimental setup, consisting of a forced
convective R245fa fluid loop, a regenerative heat exchanger, a
ental setup.
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helical coiled tube evaporator, a shell-tube-condenser test section,
a chiller water cooling system, and a post-condenser. R245fa liquid
in the reservoir was circulated by a hydraulic diaphragm pump,
ensuring no lubrication oil in R245fa. Initially, non-condensable gas
was removed from the loop and then R245fa liquid was charged
into the loop. Pumping flow rate was specified by setting pump
frequency and diaphragm displacement. A by-pass line makes it
easy to adjust pumping flow rate. An accumulator at the pump
outlet stabilized fluid pressure. Liquid levels in the reservoir and
accumulator were maintained by adjustable nitrogen gas pressure,
noting that nitrogen gas and R245fa liquid were separated by a
membrane to ensure no-condensable gas in R245fa. The fluid
pressure at the main condenser test section was maintained at
about 505 kPa, corresponding to its saturation temperature of
63.1�C. Because our experiment needs higher heating power up to
70 kW, a regenerative heat exchanger was installed before the
Fig. 2. The condenser test section (1: shell tube, 2:closure head, 3: copper tub
evaporator to recover heat from the condenser outlet. Then the
R245fa fluid was further cooled to liquid in a post-condenser by
cooling water.

A helical-coiled tube evaporator heated R245fa liquid by an AC
(alternative current) electrical power. The evaporator tube had a
stretched length of 20.0 m and received a maximum heating power
of about 54 kW. The high AC voltage was converted to low AC
voltage by a transformer converter. The evaporator was electrically
insulated from other components of the loop. Two copper plates,
acting as electrodes, were welded on the curved tube. The curved
tubewas wrapped by thick thermal insulationmaterial. The voltage
and current were measured to obtain the power. The evaporator
had subcooled liquid at the inlet, with Tr,1 as the temperature. Tr,2
was the outlet temperature, being equal to the two-phase satura-
tion temperature at the outlet. A special test rig was fabricated to
have the rotating function. The condenser test section was tightly
e, 4: R245fa outlet, 5: tube sheet, 6: cooling water inlet, 7: R245fa inlet).



Table 1
The experimental running parameters.

Parameters Range

mass flux, Gr 198.8e504.7 kg/m2s
inlet vapor temperature, Tr,in 63.1 ± 0.3 �C
inlet vapor pressure, P r,in 504.6 ± 5.0 kPa
inlet vapor mass quality, xin 0.291e0.976
heat duties of test section, Q 7.5e15.1 kW
heat flux on the inside wall surface, q 33.78e68.0 kW/m2

cooling water mass flux, Gc 296.7e302.3 kg/m2s
cooling water inlet temperature, Tc,in 25.1 ± 0.5 �C
Inclination angle, q �30� to 30�
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bonded on the test rig. Inclination angles of condenser flow di-
rection with respect to horizontal position are freely adjusted to
have an angle uncertainty of 0.5�. The horizontal flow, inclined up-
flow and inclined down-flow refer to q¼ 0�, positive q and negative
q, respectively.

A chiller water loop condensed the two-phase mixture in the
test section. The loop included a chiller, a mass flowmeter and two
jacket thermocouples. The chiller generated a stable chiller water
flow rate, mc, measured by a mass flow meter. The heat was dissi-
pated by a fan to environment. The inlet and outlet temperatures of
the chiller water were measured by two thermocouples of Tc,in and
Tc,out. The outlet R245fa mixture was further condensed to sub-
cooled liquid by the regenerative heat exchanger and post-
condenser. The later was cooled by tap water. The tap water was
circulated to an outdoor cooling tower, with the maximum cooling
capability of about 72 kW.

2.2. Test section

Fig. 2 shows the shell-tube condenser heat exchanger. The
pressure vessel had inside and outside diameters of 48.50 mm and
57.08 mm, respectively. It was made of 304 stainless steel. The heat
exchanger had a total length of 1850 mm, including two closure
heads. The two streams of fluids flow in the condenser in a counter-
flow way, with R245fa mixture flowing inside the three tubes and
cooling water flowing in shell tube. Each copper tube had an inside
diameter of di ¼ 14.70 mm and an outside diameter of
do ¼ 19.02 mm. The effective heat transfer length was
Le¼ 1600mm. The three tubes were arranged in the shell vessel in a
triangle way, with a distance of 21.70 mm between two tubes from
center to center.

Fig. 2a shows the R245fa vapor inlet cross section, marked as A-
A, and the flange cross section, marked as B-B. In order to ensure
uniform distributions of R245fa two-phase mixture in the three
tubes, the R245fa mixture entered the closure head tangentially.
The flange tightly combined the closure head and the pressure
vessel and separated the R245fa fluid and cooling water by a tube
sheet, on which there were three holes to penetrate the three
copper tubes. Between copper tube and tube sheet was the elas-
tomeric O-ring for sealing purpose. Before the condenser heat
exchanger was ready for experiment, leakagewas carefully checked
to ensure no fluid penetration from one side to another.

Ten cross sections were equally divided along the flow length of
1600 mm. The distance was 177.8 mm between two neighboring
cross sections. Cross sections 1 and 10 referred to cooling water
outlet and inlet, corresponding to the R245fa fluid inlet and outlet,
respectively, (see Fig. 2). In order to see the uniformity of cooling
water temperatures at the outlet and inlet cross sections, three
thermocouples were symmetrically distributed inside the shell
vessel, marked as Ti,c,left, Ti,c,right and Ti,c,b, in which i refers to the
cross section number (i ¼ 1 or 10), c, left, right and b mean cooling
water, left corner, right corner and bottom position, respectively.
However, on each cross section from 2 to 9, there was only one
thermocouple to measure the cooling water temperature, marked
as Ti,c,b (see Fig. 2c). On each cross section from 1 to 10, three
thermocouples were welded on the outside copper tube wall,
marked as Ti,w,t, Ti,w,s and Ti,w,b, in which i,w, t, s and b referred to
cross section number, wall, top, side and bottom position, respec-
tively. All thermocouples were penetrated through miniature holes
on the pressure vessel wall and ensured no leakage for such
packaging.

In order to explore the complicated condensation heat transfer
mechanism, a single glass tube was arranged parallel to the
condenser heat exchanger. The R245fa mixture either flowed
through the heat exchanger or the glass tube. The R245fa flow can
be easily switched between heat transfer and flow visualization
measurements by valves. We note that for the flow pattern mea-
surements, high speed images were taken through the glass tube,
which was treated as the adiabatic flow pattern cases. The glass
tube had identical inside diameter to the copper tube. It can be
rotated for the inclination angle variations. For condensation
experiment, it is necessary to remove non-condensable gas in the
fluid. The present paper used the non-condensable gas removing
method reported in Ref. [13]. The good agreement between the
measured pressure and saturation temperature at the test section
inlet indicated negligible non-condensable gas in R245fa liquid.

This work covered the following data ranges (see Table 1): mass
fluxes of R245fa in the range of 198.8e504.7 kg/m2s, vapor mass
qualities in the range of 0.291e0.976. Nine inclination angles were
tested including 0�, ±5�, ±10�, ±15�, ±30�, in which q ¼ 0� repre-
sents the horizontal flow, positive and negative angles refer to the
inclined up-flow and inclined down-flow, respectively.

2.3. Calibration experiment

The thermal efficiency calibration experiment was performed to
obtain the evaporator (helical coiled tube) and condenser effi-
ciencies. The calibration experiment was performed under the
single-phase liquid convective heat transfer condition. R245fa has
lower specific heat than water. In order to reach similar wall tem-
perature condition as that for R245fa two-phase flow, the calibra-
tion experiment used water as the working fluid, instead of R245fa.
The evaporator thermal efficiency was

heva ¼ mwCp;w
�
Tw;2 � Tw;1

�
UI

(1)

wheremw and Cp,w are themass flow rate and specific heat of water,
respectively. Tw,2 and Tw,1 are the water temperatures at the evap-
orator outlet and inlet, respectively, U and I are the voltage and
current, respectively. During the calibration experiment, Tw,1 was
kept about 30�C. The heating powerwas adjusted so that Tw,2was in
the range of 60e70 �C, which had similar temperature level as that
of the R245fa for the real two-phase experiment. The calibration
experiment yielded the measured evaporator thermal efficiency
was about 0.91 (average value). The maximum and minimum
evaporator efficiencies are 0.916 and 0.903, respectively. For data
reduction, the average value was used.

Similar procedure was performed to obtain the condenser effi-
ciency, which was written as

hcon ¼
mw;sCp;ðw;sÞ

�
Tðw;sÞ;out � Tðw;sÞ;in

�
mw;tCp;ðw;tÞ

�
Tðw;tÞ;in � Tðw;tÞ;out

� (2)

where the subscripts (w, t) and (w,s) mean the water in tube side
and the water in shell side of shell-tube heat exchanger
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(condenser). The measured average condenser efficiency (hcon)
reached about 0.98.

The flow resistance and heat transfer calibration experiment
directly used R245fa as the working fluid. The measured friction
factors of R245fa liquid in turbulent flow regime, reasonably agreed
with the Blasius expression [20], with the deviation less than
10.43%. The measured Nusselt numbers matched the Dittus &
Boelter correlation well [21], with the relative difference less than
6.37%.
3. Data reduction and uncertainty analysis

3.1. Inlet and outlet vapor mass qualities (xin and xout)

The condenser inlet enthalpy (ir,in) and quality (xin), come from
the evaporator efficiency (heva, see Section 2.3):

ir;in ¼ ir;1 þ
UIheva
mr

(3)

xin ¼ ir;in � il;in
ilg;in

(4)

where ir,1 is the R245fa enthalpy at the evaporator inlet, il,in and ilg,in
are the saturated liquid enthalpy and latent heat of evaporation
based on the inlet pressure, respectively.

The condenser outlet parameters were computed in terms of the
condenser efficiency (hcon in Eq. (2)). Heat received by the cooling
water in the shell tube is

Q ¼ mcCp;c
�
Tc;out � Tc;in

�
(5)

Heat flux based on the inner copper tube wall surface is

q ¼ Q
3pdiLe

(6)

where Le is the effective heat transfer length, 3 represents the three
copper tubes. The outlet mixture enthalpy and quality are

ir;out ¼ ir;in �
Q

mrhcon
(7)

xout ¼
ir;out � il;out

ilg;out
(8)

where il,out and ilg,out are the saturated liquid enthalpy and latent
heat of evaporation based on the outlet pressure, respectively. We
note that xin and xout are determined based on the inlet and outlet
pressures of R245fa. Both pressures determine latent heat of
evaporation of ilg,in and ilg,out in Eqs. (4) and (8). Because the two
pressures came from the measured values, yielding accurate pre-
dictions of xin and xout. For instance, the inlet pressure measure-
ment involved the uncertainty of 0.2%.When the inlet pressure (Pin)
varied from 505 kPa to 506 kPa, ilg,in was changed from 165.52 kJ/kg
to 165.42 kJ/kg, yielding the relative error of xin of �0.19%.
3.2. Heat transfer coefficients and pressure drops

The R245fa condensation heat transfer coefficient h is based on
the average vapor mass quality, written as xave ¼ 0.5(xin þ xout).
Thus, h is computed as [22]:
h ¼ 1

1
hto

� di
2kw

ln
�
do
di

�
� di

do

1
hc

(9)

where kw is the thermal conductivity of the copper tube, hto is the
total heat transfer coefficient, and hc is the heat transfer coefficient
of cooling water. The determination of hto and hc can be seen in
Ref. [13].

The present paper also involved pressures drop, which was
correlated based on the Chisholm method [23], in which the two-
phase multiplier ratio fl is defined as

fl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
DPTP;f
DPl;f

s
(10)

where DPTP;f andDPl;f are the two-phase friction pressure drop and
friction pressure drop if liquid flows alone. The Lockhart-Martinelli
parameter X is

X ¼
ffiffiffiffiffiffiffiffiffiffiffi
DPl;f
DPg;f

s
(11)

where DPg;f is the friction pressure drop if vapor phase flows alone.
Finally, the following equation is written to correlate the two-phase
friction pressure drop.

f2
l ¼ 1þ C

X
þ 1
X2 (12)

The C values are correlated based on our experimental data using
Eq. (12).

OMEGA K-type thermocouples were carefully calibrated, having
0.1�C uncertainty. Two DMF-1-DXmass flowmeters, one for R245fa
and the other for cooling water, measured mass flow rates of the
two fluids, having the accuracy of 0.1%. Both AC voltage and current
had the uncertainties of 0.1%. IPC was used as the data acquisition
system, having 100 channels for signal processing. Uncertainties of
vapor mass qualities and heat transfer coefficient were evaluated in
terms of the error transmission theory [24]. Heat transfer coeffi-
cient (h), vapor mass qualities (x) and heat fluxes (q) had the ac-
curacies of 5.47%, 5.86% and 5.43%, respectively.
4. Results and discussion

4.1. Comparison of our experimental data with available
correlations

This section compared our experimental data with available
correlations in the literature. We define the deviation parameters
first

e ¼ hpre � hexp
hexp

� 100% (13)

eR ¼ 1
n

Xn
1

	
hpre � hexp

hexp



� 100% (14)

eA ¼ 1
n

Xn
1

	��hpre � hexp
��

hexp



� 100% (15)



Fig. 3. Comparison between measured and predicted heat transfer coefficients and pressure drops.

Fig. 4. Comparison of condensation heat transfer coefficients for MTLP (measured tube at the lower position) and MTTP (measured tube at the top position), a: MTLP arrangement,
b: MTTP arrangement, c: comparison at Gr ¼ 200 kg/m2s, d: comparison at Gr ¼ 400 kg/m2s, q ¼ 0� .
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en ¼
("Xn

1

ðe� eRÞ2
#,

ðn� 1Þ
)1=2

� 100% (16)

where e is called deviation, eR, eA, en are called average deviation,
mean absolute deviation and standard deviation, respectively, n
was the number of data samples. The smaller the deviations, the
correlations are more accurate to match our experimental data.

Fig. 3a shows the comparison between our condensation heat
Fig. 5. Condensation heat transfer coeffi
transfer coefficients and the correlation by Würfel et al. [25]. Data
with five inclination angles including q ¼ 0�, �5�, 5�, �15� and 15�

are presented. The three deviation values eR, eA and en reached
32.13%, 32.19% and 8.37%, respectively, showing larger deviations.
Ref. [26] noted that the effect of gravity force on condensation heat
transfer is not well understood and needs further investigation.

Fig. 3b shows better match of our condensation heat transfer
coefficients at horizontal position (q ¼ 0�) with the predictions by
both Shah [27] and Dobson & Chato [28]. The deviation eR
is �17.93%, which is acceptable for phase change heat transfer.
cients versus vapor mass qualities.



Fig. 6. Condensation heat transfer coefficients versus mass fluxes.
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For horizontal position, f2
l based on our two-phase frictional

pressure drop is well correlated by the Chisholm method with
C ¼ 12 (see Fig. 3c). Fig. 3d shows that our measured two-phase
friction pressure drops are well matched the correlation of Laoha-
lertdecha & Wongwises [22]. C ¼ 12 is also suitable for the friction
pressure drop prediction at inclined positions (q ¼ �30�-30�). The
total pressure drop DP includes three components of DPf (friction
pressure drop), DPa (acceleration pressure drop) and DPg (gravity
pressure drop): DP ¼ DPf þ DPa þ DPg . When DPa and DPg are
computed using the homogeneous model of two-phase flow [29],
and DPf is predicted by Eq. (12) with C ¼ 12, the maximum dif-
ference between predicted total pressure drops and measured ones
is 15%, which is acceptable for two-phase flow. Therefore, the
present paper focused on the investigation of the condensation
heat transfer.

We note that most of available studies used the single tube as
the test section to investigate condensation heat transfer of
refrigerant [16e18]. The results are difficult to be directly extended
in a condenser (or call heat exchanger) with multi-tubes. This is
because flow rates of refrigerant in different tubes may be different,
depending on the inlet fluid plenum. This paper directly used the
shell-tube condenser having three tubes as the test section. In order
to ensure quasi-uniform flow rate distribution in different tubes,
significant improvement was performed for the inlet fluid plenum
design (see Fig. 2a), in which vapor tangentially entered the inlet
fluid plenum. This design is expected to improve the flow rate
distribution. An indirect method verified the effectiveness of the
inlet fluid plenum design. During the calibration experiment,
condensation heat transfer coefficients were obtained when the
measured tube was at the top location (MTTP) and at the lower
position (MTLP in Fig. 4). Condensation heat transfer coefficients for
MTTP deviate less from those for MTLP, at Gr ¼ 200 or 400 kg/m2s
(see Fig. 4). The maximum difference of h is 4.87%. This calibration
indicated quasi-uniform flow rate distribution in the three tubes,
showing small effect of gravity on the flow rate distribution by
using the tangential enteringmethod. Thus, results in this paper are
suitable for the condensation design of both single-tube and multi-
tubes.

4.2. Condensation heat transfer coefficients

Fig. 5 shows condensation heat transfer coefficients, h, versus xin
or xave. Condensation heat transfer coefficients are quasi-linearly
increased with both xin and xave. Different h ranges are used in
different subfigures to show increased condensation heat transfer
coefficients by raising R245fa mass fluxes Gr. The increased h with
both vapor mass qualities x and mass fluxes Gr indicates the inertia
force effect on condensation heat transfer. Fig. 5 shows the hori-
zontal position (q ¼ 0�) possessing lowest condensation heat
transfer coefficients among the three inclination angles of q¼�30�,
0� and 30�. The difference of heat transfer coefficients among the
three inclination angles is larger at lower mass flux of Gr ¼ 200 kg/
m2s, but becomes smaller when Gr is increased. Gravity force plays
an important role to influence heat transfer at low mass flux, but
the gravity effect is weakened at larger mass flux, showing
competitive balance between inertia force and gravity force. Fig. 6
demonstrates the quasi-linear relationship of h against Gr.

Much attention is paid to h dependent on q in Fig. 7. Three inlet
vapor mass qualities of xin ¼ 0.4, 0.6 and 0.8 are shown. We plot h/
hq¼0� versus q, representing condensation heat transfer coefficient
at any inclination angle q related to that at the horizontal position. It
is found h/hq¼0�>1 if the inclination angle deviates from the hori-
zontal position. Both weakly inclined up-flow and down-flow
enhance condensation heat transfer, with q ¼ �30� to 30�. Sec-
tion 4.3 will give the mechanism.
4.3. Flow pattern observations

Five flow patterns were observed: stratified-wavy (SW),
stratified-smooth (SS), intermittent flow (I), churn flow (C) and
annular flow (A). The flow pattern definition can be found in Taitel
& Dukler [30] and Taitel et al. [31]. The stratified-smooth (SS) flow
happens when the liquid layer height signal is stable. If the liquid
layer thickness signal becomes oscillating, the stratified-wavy (SW)
flow is called. When the wave crest of the stratified-wavy flow
reaches the top of tube wall, the intermittent flow (I) occurs. The
SW and I flows involve apparent interface waves, which are
explained later. The smaller surface tension force and larger tube
diameter destroy the occurring criterion of bubble flow and slug
flow, thus, the two flow patterns are not observed here.

Fig. 8 demonstrates flow pattern maps at q ¼ 0�, �15�, 15�, �30�



Fig. 7. Effect of inclination angles on condensation heat transfer coefficients.
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and 30�. Fig. 8a shows flow pattern map for horizontal position, in
which annular flow (A), intermittent flow (I) and stratified-wavy
flow (SW) are included. The determined transition boundaries are
roughly matched those predicted by Hajal et al. [32]. Fig. 8bec
identified the effect of inclined up-flow and down-flow on flow
patterns. At q ¼ �15�, three flow patterns appear as annular flow
(A), stratified-wavy flow (SW) and stratified-smooth flow (SS)
(Fig. 8b). Instead, the inclined up-flow possess intermittent flow (I)
and stratified-wavy flow (SW) (Fig. 8c). The inclined up-flow be-
haves more unstable. Fig. 8dee yields similar conclusion. The in-
clined down-flowof q¼�30� has the A and SS flow patterns, except
a small SW regime, but for inclined up-flow, SW and C flow patterns
appear, showing “turbulent” characteristic (see Fig. 8e).

The unstable behavior at the inclined up-flow is related to the
vapor-liquid interface wave. The dynamic liquid films at the tube
bottom were acquired with high speed images by analyzing the
gray gradient of videos. The non-dimensional liquid height (hl/di)
and standard deviation of the dimensionless liquid height (sl) are
defined as
ðhl=diÞave ¼
1
n

Xn
1

ðhl=diÞ (17)

sl ¼

8>>><
>>>:
Pn

1
�
hl


di � ðhl=diÞave

�2
n� 1

9>>>=
>>>;

1=2

(18)

where the subscript ave means the average value and n referred to
the number of data samples. The bottom wall and top wall corre-
sponded to hl/di ¼ 0 and 1, respectively, di was the inner tube
diameter. The larger standard deviation of hl/di shows more un-
stable vapor-liquid interface.

Fig. 9 shows hl/di versus time at q ¼ �15�, 0� and 15�. The
average hl/di values are increased from 0.381 to 0.476, showing the
increased liquid heights when the inclination angles are increased
from q ¼ �15� to 15�. On the other hand, the standard deviation of



Fig. 8. Flow pattern maps at five inclination angles (A: annular flow, I: intermittent flow, SW: stratified-wavy flow, SS: stratified-smooth flow, C: churn flow).
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the dimensionless liquid height (sl) gets small value of 0.017 at
q ¼ �15�, behaving very stable, but sl reached larger value of
0.109 at q ¼ 15�, behaving unstable interface for inclined up-flow.
4.4. Connection of condensation heat transfer with flow pattern
observations

This section gave the connection between condensation heat
transfer coefficients and flow patterns. Non-dimensional parame-
ters involved in two-phase systems are [28].

Fr ¼ G2

r2l gdi
(19)

Frl ¼
G2ð1� xaveÞ2

r2l gdi
(20)

Frg ¼ G2x2ave
r2ggdi

(21)
X ¼
�
1� xave
xave

�0:9�rg
rl

�0:5
 
ml
mg

!0:1

(22)

Bd ¼
g
�
rl � rg

�
di

s
(23)

We ¼ G2di
rls

(24)

where Fr, Frl, Frg, X, Bd and We are the Froude number, Froude
number of liquid phase, Froude number of vapor phase, Martinelli
number, Bond number and Weber number, r, m and s are density,
viscosity and surface tension, respectively, g is the gravity
acceleration.

Here, Froude number was in the range of Fr ¼ 0.178e1.185,
indicating important roles of both inertia force and gravity force.
Bond number was Bd¼ 17554, indicating negligible surface tension
effect compared with gravity. Weber number was in the range of
We ¼ 47e571, indicating less importance of surface tension
compared with inertia force. This analysis shows the system gov-
erned by inertia force and gravity force to yield the Froude number
dominant mechanism.

Flow patterns have strong connection with condensation heat



Fig. 9. The liquid height signal versus time at Gr ¼ 201.6 kg/m2s and x ¼ 0.247.
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transfer. For inclined up-flow, a negative gravity force component
acts on the flow direction, resisting the inertia force induced mo-
tion and increasing the shear stress on vapor-liquid interface. This
triggers vapor-liquid interfacewave to behave unstable nature. Two
mechanisms are competed to determine condensation heat trans-
fer coefficients. First, the increased liquid layer thickness on the
tube bottom deteriorates condensation heat transfer. Second, the
unstable vapor-liquid interface enhances condensation heat
transfer due to the strong mass and momentum exchange across
the vapor-liquid interface. The comprehensive effect yields
enhanced condensation heat transfer with inclined up-flow than
with horizontal flow. For inclined down-flow, the gravity force
component along the flow direction is co-current to the inertia
force, accelerating the liquid layer motion. The decreased liquid
layer thickness on the tube bottom accounts for the condensation
heat transfer enhancement for inclined down-flow compared with
horizontal flow. The analysis yields smallest condensation heat
transfer coefficient at horizontal position with q from �30� to 30�.
Both inclined up-flow and down-flow increase condensation heat
transfer coefficients.
4.5. Correlation of condensation heat transfer coefficients with
respect to q

This section gave our h correlation versus q. Because q has a
narrow range from �30� to 30�, h is correlated as a linear rela-
tionship with q.

h
hq¼0�

¼ 1þ aq (25)

Because minimum h is reached at q ¼ 0�, our correlation yields two
regimes for q > 0 and q < 0, respectively. We recall the Froude
number Fr ~1, but the Froude number of vapor phase, Frg, repre-
sents inertia force related to vapor density, having a range of
18.2e688.1. For inclined up-flow, Frg influences liquid layer thick-
ness on the tube bottom and vapor-liquid interface wave, to
determine condensation heat transfer. For inclined down-flow, Frg
influences liquid layer thickness on the tube bottom to affect
condensation heat transfer.

We plot a versus Frg in Fig. 10a for q > 0 and Fig. 10b for q < 0.
values of a are decreased with increases of Frg, consistent with our
understanding that the inclination angle effect disappears at large
Frg. We also show that the a values are larger for smaller inclination
angles. For example, the data points at q ¼ 5� are above those at
other inclination angles. Using the arc unit of q and for 0<q�p

6, a is

a ¼ aq¼p=36 þ
q� p=36

p=6� p=36

�
aq¼p=6 � aq¼p=36

�
(26)

where aq¼p=36 ¼ 4:9845
Fr0:3794g

and aq¼p=6 ¼ 2:4602
Fr0:5162g

.

For �p
6 �q < 0, a is

a ¼ aq¼p=36 þ
q� p=36

p=6� p=36

�
aq¼�p=36 � aq¼�p=6

�
(27)

where aq¼�p=36 ¼ 5:0826
Fr0:4067g

and aq¼�p=6 ¼ 4:4522
Fr0:5534g

.

Equation (26) determined a based on the linear interpolation
with respect to q in terms of the curve fits at aq¼p=36 and aq¼p=6, for
inclined up-flow. Alternatively, a was determined in terms of the
curve fits at aq¼�p=36 and aq¼�p=6, for inclined down-flow (see Eq.
(27)). Because a in Eq. (25) has a linear relationship with q,
condensation heat transfer coefficients h has a parabolic curve
versus q. We gave our measured h compared with predictions in
Eqs.(25)e(27). The correlation well reflects the change trends of h
with respect to q. Fig. 10cef shows the comparisons for four cases
with different Gr and xin. Containing 240 data points, the deviation
parameters of eR, eA and en are less than 5%.

Our heat transfer correlation covers the mass fluxes of
Gr ¼ 200e500 kg/m2s, vapor mass qualities of x ¼ 0.29e0.98, and
inclination angles q from�30� to 30�. R245fawas theworking fluid.
The test tube had an inside diameter of 14.70 mm and a length of
1600 mm. The correlation is suitable for both single-tube and
multi-tubes, if the flow distributions are uniform between different
tubes. For horizontal position, our measured condensation heat
transfer coefficients matched the correlation of Shah [27] and
Dobson & Chato [28] (see Fig. 3). Our work focused on the analysis
of inclination angle effect. The q effect is considered by the non-
dimensional parameter analysis, covering the ranges of
Fr ¼ 0.178e1.185 (Froude number) and We ¼ 47e571 (Weber
number). The correlation can be extended to other condensation
conditions if Fr and We cover the given ranges. Such extension
should be verified by future investigations.

The present work limits the inclination angle (q) ranges
from �30� to 30�. This is because most of condenser heat ex-
changers are arranged at the horizontal position or weakly inclined
position. Besides, previous studies [33,34] indicated that the
condensation heat transfer coefficients are more complicated for
the weakly inclined situation. It is expected that condensation heat



Fig. 10. Comparison of condensation heat transfer coefficients between predictions and measured ones, a and b: a versus Frg, cef: h/hq¼0o versus q.
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transfer coefficients may be further increased for the inclination
angles less than �30�, due to the further decreased liquid film
thickness on the tube wall. However, the increase trend should be
restricted with continuous variation of inclination angles. This is
because heat transfer is not only governed by liquid film thickness,
but also controlled by flow patterns. The stratified flow may be
switched to other flow patterns such as slug flow if q is changed too
much.
5. Conclusions

Condensation heat transfer of R245fa was investigated in a
shell-tube condenser heat exchanger. Heat transfer coefficients
weremeasured covering wide range of parameters. Much attention
was paid to the effect of inclination angles on the thermal perfor-
mance. Flow pattern and dynamic liquid height were measured to
explore the embedded mechanisms.

Condensation heat transfer coefficients are increased with in-
creases of mass fluxes and vapor mass qualities. They yield mini-
mum values at the horizontal position with the inclination angles
from �30� to 30�. Both inclined up-flow and down-flow enhance
condensation heat transfer. Flow patterns are measured to include
stratified-smooth flow (SS), stratified-wavy flow (SW), intermittent
flow (I), churn flow (C) and annular flow (A). Inclination angles
apparently influence flow patterns. The flow is stable for inclined
down-flow but becomes more unstable for inclined up-flow. The
liquid height signal identified the vapor-liquid interfacewave as the
mechanism to be unstable for inclined up-flow.

The non-dimensional parameters involved in two-phase system
identified the competition between inertia force and gravity force.
Due to the larger tube diameter and smaller surface tension, the
surface tension force is less important for condensation heat
transfer of R245fa. Condensation heat transfer coefficients were
correlated based on the Froude number of vapor phase and incli-
nation angles. The correlation well matched the experimental data.
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Nomenclature

A: annular flow
a: coefficient in Eq. (25)
AC: alternative current
Bd: Bond number
C: churn flow
Cp: specific heat at constant pressure J/kg K
d: diameter m
e: deviation
eR: average deviation
eA: average absolute deviation
en: standard deviation
Fr: Froude number
G: mass flux kg/m2s
g: acceleration of gravity m/s2

h: heat transfer coefficient W/m2K
hl: liquid height m
i: enthalpy J/kg
I: current A
I: intermittent flow
k: thermal conductivity W/(mK)
L: length m
m: mass flow rate kg/s
n: number of data points
P: pressure Pa
DP: pressure drop Pa
q: heat flux on the inner wall surface W/m2

Q: heat transfer rate W
SS: stratified-smooth flow
SW: stratified-wavy flow
t: time s
T: temperature oC or K
MTLP: measured tube at the lower position
MTTP: measured tube at the top position
U: voltage V
We: Weber number
X: Martinelli parameter
x: vapor mass quality

Greek symbols

q: inclination angle
h: thermal efficiency
r: density kg/m3

m: viscosity Pa$s
s: surface tension N/m
sl: standard deviation of the dimensionless liquid height
f2
l : two-phase flow multiplier

Subscript

1: evaporator inlet
2: evaporator outlet
a: acceleration pressure
ave: average
b: bottom wall location
c: cooling water
con: condenser
e: effective heat transfer
eva: evaporator
exp: experiment
f: frictional pressure
g: vapor or gravity pressure
i: inside wall surface
in: condenser inlet
l: liquid
left: left corner
o: outer wall surface
out: condenser outlet
pre: prediction
r: organic fluid (R245fa in this study)
right: right corner
s: side wall location or shell side
t: top wall location or tube side
to: total
TP: two-phase flow
w: wall or water
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