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a b s t r a c t

This paper reports condensation heat transfer in a horizontal tube with a 14.81 mm inside diameter and
a 1200 mm heat transfer length, by using the phase separation concept. The hollow mesh cylinder was
formed by packaging two layers of mesh screen surface. The outer layer had the pore size of 76 mm. This
invention constructs a multiscale condenser tube. The modulation of stratified flow and annular flow was
focused on. Liquid was held within the mesh cylinder to increase the vapor covered tube wall surface to
enhance the heat transfer for stratified flows. For annular flows, liquid droplets in the vapor core were
captured by the mesh screen surface to increase the vapor void fractions near the tube wall, enhancing
the hat transfer. The measurements showed that the heat transfer coefficients could be more than two
times of those in the bare tube. The total thermal resistance was decreased by 45.6%, maximally. The heat
transfer enhancement ratios were increased with the vapor mass fluxes, Gxin, for the condensation flow
along the whole tube length. A pressure analysis explained the increased heat transfer trend. The
increment of heat transfer enhancement ratios was suppressed with a liquid flow part in the tube.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The worldwide energy shortage and environment problems
demand the energy utilization efficiency to be increased for fossil
energy systems. Renewable energy such as solar energy, ocean
energy etc. has been put into use. Miniaturization of heat ex-
changers increases system efficiencies and decreases investment
cost. Under many situations, one needs to extract low-grade energy
from extremely low temperature resource. An example was cited
from Ref. [1]. A heat exchanger for an ocean thermal energy con-
version (OTEC) plant required a heat transfer surface area in the
order of 104 m2/MW.

The Organic Rankine Cycle (ORC) is a solution to extract low
grade heat and convert the heat to power [2e5]. Organic liquid
(such as R123) is evaporated to generate vapor, driving the turbine
to produce power. The venting vapor at the turbine outlet is
condensed in a condenser and circulated by a pump. Enhancement
of phase change heat transfer of organic fluid is beneficial to yield
more power output and decrease the investment cost.

There is a large amount of waste heat in various industry sectors.
Thewaste heat driven refrigeration or heat pump systems are other
.

effective ways to recover low-grade heat [6e8]. An important
technical barrier to expand the waste heat utilization is the large
component/system size and high investment cost. The evaporator
and condenser are necessary in these systems. Organic fluids have
been frequently used due to their low saturation temperatures.
However, organic fluids have lower specific heats, thermal con-
ductivities and latent heat of evaporation compared with water.
The phase change heat transfer coefficients of organic fluids are
even lower than the forced convective heat transfer coefficients of
water [9]. The low-grade energy utilization requires significant
reduction of the component size and investment cost with new
phase change heat transfer concept or technique.

Condensation heat transfer can be enhanced by microstructures
on the tube wall. Microgroove tubes (Graham et al. [10]), micro-fin
tubes (Cavallini et al. [11]), herringbone tubes (Miyara and Otsubo
[12]), helically corrugated tubes (Laohalertdecha and Wongwises
[13]) belong to the enhanced condenser tubes. Heat transfer
enhancement mechanism is attributed by mixing the fluid
boundary layers and limiting the growth of fluid boundary layers
close to the tube wall.

Many authors explained the heat transfer coefficients depen-
dent on the two-phase distribution in tubes. Previous studies
focused on the flow patterns with condensation in inclined tubes.
Nitheanandan and Soliman [14] investigated the tube inclination
effect on the flow regime boundaries during condensation of steam.
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Nomenclature

BT bare tube
Cp specific heat at constant pressure, J/kg K
D or d diameter, m
Ds distance between two mesh wires, m
EF heat transfer enhancement ratio
Fs~i capillary forced created by the mesh p ~k ore, N
F
s~k capillary force for the array shaded in the gravity

direction, N
g acceleration of gravity, m/s2

G mass flux, kg/m2s
h heat transfer coefficient, W/m2 K
~h the liquid height, m
i enthalpy, J/kg
~i width array in Fig. 5
ifg latent heat of evaporation, J/kg
I current, A
~I maximum width array in Fig. 5
~j array in gravity direction
~J maximum array in gravity direction
k thermal conductivity, W/(m K)
~k circumference array
~K maximum circumference array
L length, m
LMTD logarithmic mean temperature difference, �C or K
m mass flow rate, kg/s
~m mass, kg
n total number of cross-sections divided along the flow

direction
P pressure, Pa
DPf frictional pressure drop, Pa
PEC performance evaluation number
PPI pores per inch
q heat flux on the inner wall surface, W/m2

Q heat transfer rate or heat transfer rate per unit flow
length, W or W/m

r radius coordinate, m
R thermal resistance, K/W
~R mesh cylinder radius, m
S circumference, m
t time, s
T temperature, �C or K
DT temperature difference between the vapor and tube

wall, �C or K
DTc temperature rise of the cooling water in the tube

annulus, �C or K
U voltage, V
u axial velocity, m/s
w mesh pore width, m
x vapor mass quality
~x1; ~x2; ~x3.~xn independent variables
D~x1;D~x2;D~x3.D~xn uncertainties of independent parameters

Y any dependent variable
DY uncertainties of the dependent parameter
z axial coordinate, m

Greek symbols
a contact angle between the gaseliquid interface and the

mesh wire
b angle of the line OO0 with respect to the gravity

direction (see Fig. 5c)
dmesh mesh wire thickness, m
q total arc angle for the settled liquid within the mesh

cylinder
h thermal efficiency
r density, kg/m3

s surface tension, N/m
D liquid film thickness along the axial direction, m
f2
lo two-phase flow multiplier

Subscript
1 evaporator inlet
2 evaporator outlet
an annular region
ave average
b bottom wall location
BT bare tube
c cooling water
cy mesh cylinder
co core region
con condenser
e exit
eff effective heat transfer
eq equilibrium
eva evaporator
film film condensation
i the cross-section number along the flow direction
ins inside wall surface
in condenser inlet
l liquid
max maximum
min minimum
MHTT modulated heat transfer tube
o outer wall surface
out condenser outlet
r organic fluid (R123 in this study)
s side wall location
SP single-phase flow
t top wall location
to total
TP two-phase flow
u upstream
v vapor
w wall
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They used a 13.4 mm inner diameter copper tube with small
inclination angles (from 10� downwards to 10� upwards). It was
found that influence of the inclination angle on the annular flow
regime boundary was almost insignificant. However, even a small
inclination angle had a strong influence on wavy and slug flow
regime boundaries.

Lips and Meyer [15] examined the effect of inclination angles on
the convective condensation in a smooth tube. They showed that
heat transfer coefficient was strongly affected by the liquid and
vapor distributions and especially by the liquid layer thickness at
the tube bottom for stratified flows. Thus developing a mechanistic
model of flow patternmaps was necessary in achieving a predictive
tool for the heat transfer coefficient in convective condensation in
inclined tubes.

Recently, Chen et al. [16] proposed the phase separation concept
to modify flow patterns in a tube. An empty mesh cylinder was
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suspended in the tube. Mesh pores prevented gas bubbles from
entering the mesh cylinder but captured liquid into the mesh cyl-
inder, increasing void fractions near the tube wall and yielding thin
liquid films on the wall. An adiabatic airewater two-phase flow
experiment was performed to verify the idea. The modulation of
intermittent (bubbly/slug/plug) flows was focused on.

Subsequently, Chen et al. [17] performed the numerical simu-
lation of flow pattern modulations for airewater vertical upflows.
The results did show the zero void fractions inside the mesh cyl-
inder and higher void fractions near the tube wall. Liquid film
thicknesses in the modulated flow sectionwere 1/6e1/3 of those in
the bare tube section. Besides, three-levels of liquid circulation
were identified to promote the liquid mixing over the whole tube
length and within the radial direction.

Our previous flow pattern modulation studies were performed
for adiabatic airewater flows focusing on the intermittent flows.
Here we report the modulated condensation heat transfer for the
first time. The modulation of phase change heat transfer in an
organic fluid system is a challenge issue. The phase separation is
due to the capillary separation by the micro-membrane surface.
The surface tension (s) of the organic fluid such as R123 is only 1/
6e1/7 of that for water. This paper is organized as follows. Section 2
describes the experimental details. Section 3 describes the results
and discussion, consisting of four subsections. Section 3.1 reports
the visualization results. Section 3.2 demonstrates the heat transfer
measurement results. Section 3.3 analyzes the increase trend of the
heat transfer enhancement with the vapor mass fluxes. Section 3.4
comments on the penalty of the pressure drop increase. Major
conclusions are summarized in Section 4.

2. Experimental setup

2.1. Experimental loop

Fig. 1 shows the experimental setup. The system consisted of an
organic fluid loop, an evaporator section, a test section, a chiller
water loop, a tap water cooled post-condenser and relevant in-
struments. The organic fluid loop circulated the R123 fluid. Initially
the loop was vacuumed to remove the non-condensable gas and
thenwas charged by the R123 liquid. The R123 liquid was stored in
Fig. 1. The experim
a reservoir. A piston pump provided the R123 flow rate to the loop.
A bypass line connected the pump inlet and outlet. An accumulator
was installed at the pump outlet to stabilize the fluid pressure. The
accumulator had a specific liquid level, which was pressurized by
the nitrogen gas. An oil separator collected the oil droplet and
prevented the oil from entering the test section.

The evaporating section was a helical-coiled tube heated by an
AC (alternative current) electrical power. A transformer converted
high voltage to low voltage. Two copper plates were welded on
the curved tube and acted as the electrodes. The evaporating
section was electrically insulated with other components of the
loop. The curved tube was wrapped by the thick thermal insu-
lation material. The power was obtained by the measured voltage
and current. The inlet of the evaporating section was the sub-
cooled liquid with the temperature of Tr,1. The outlet temperature
was Tr,2. The two-phase state at the outlet caused that Tr,2 was
equal to the fluid saturation temperature. The test section was
exactly horizontally positioned. A bare tube (called BT) and a
modulated heat transfer tube (called MHTT with a mesh cylinder
insert) were tested.

The two-phase mixture in the test sectionwas condensed by the
chiller water loop, which included a chiller, a mass flow meter and
two jacket thermocouples. The chiller generated a stable chiller
water flow rate, mc, measured by a mass flow meter. The heat was
dissipated by a fan to the ambient air. Two thermocouples (Tc,in and
Tc,out) measured the inlet and outlet temperatures of the chiller
water. The post-condenser further condensed the two-phase
mixture to a subcooled liquid state. A regulating valve precisely
adjusted the tap water flow rate.

2.2. Test section

The test section was a counter-current condenser (see Fig. 2),
consisting of two sight glass tube adaptors, an inner copper tube
and an outer stainless steel tube. Two flanges connected the copper
tube and the sight glass tube together. The copper tube had an
outer diameter of 18.97 mm with the thickness of 2.08 mm. It had
an inner diameter of 14.81 mm, with the heat transfer length of
1200 mm. The 304 stainless steel tube had an inner diameter of
23.80 mm, forming a tube annulus of 2.41 mm.
ental setup.



Fig. 2. The modulated heat transfer tube (MHTT) with water cooling in the tube annulus.

J. Xie et al. / Energy 69 (2014) 787e800790
Seven cross-sections were marked as 1e7. The cross-sections 1
and 7 were for the organic fluid inlet and outlet, respectively (see
Fig. 2b). Four branch tubes were welded with the outer stainless
steel tube to vent the cooling water in the tube annulus. Three
thermocouple wires were welded on the top, side and bottomwall
locations. The thermocouple wires penetrated the corresponding
branch tube for signal processing. A jacket thermocouple near the
junction of the branch tube and the stainless steel tube measured
the cooling water temperature. The cross-sections 2e6 did not
contain the branch tube. The three thermocouples on the tube wall
were marked as Ti,w,t, Ti,w,s and Ti,w,b, where i refers to the cross-
section number (i ¼ 2e6), w refers to the wall, t, s and b refers to
the top, side and bottom locations, respectively. Ti,c measured the
cooling water temperature in the tube annulus with c standing for
the cooling water. Inserting a mesh cylinder in the tube divided the
tube cross-section into a core region and an annular region (see
Fig. 2c). The BT (by that in the bare tube) was exactly the same as
the MHTT, except that it did not contain the mesh cylinder insert.

The mesh cylinder had a length of 1698 mm (longer than
1200 mm). Thus, the mesh cylinder inlet and outlet parts could be
seen through the sight glass tubes. Fig. 3a shows the fabricatedmesh
cylinder, which was made of a rough inner layer and a fine outer
layer ofmesh screens. The inner layer had the PPI (pores per inch) of
80, mesh wire thickness of 130 mm andmesh porewidth of 194 mm.
The inner mesh layer increased the mesh cylinder hardness so that
the mesh cylinder was not deformed. The outer layer had the PPI of
200 with the mesh pore width of 76 mm andmesh wire thickness of
46 mm (see Fig. 3bec). The two layers were packaged to have a
thickness of 0.76 mm. Table 1 summarizes the major parameters.

2.3. Calibration experiment

Because the two-phase mixture enthalpy cannot be determined
by its temperature alone, the single-phase liquid flow and heat
transfer experiments were performed to obtain the evaporator and
condenser efficiencies. The evaporator thermal efficiency with
R123 liquid was

heva ¼ mrCp;r
�
Tr;2 � Tr;1

�
UI

(1)

where mr was the R123 mass flow rate, Cp,r was the specific heat of
R123 liquid, Tr,2 and Tr,1 were the liquid temperatures at the evap-
orator inlet and outlet respectively, U was the voltage and I was
the current. The measured thermal efficiency was in the range of
0.95e0.99. Thus, the evaporator thermal efficiency was set as 0.97.

Then, the condenser thermal efficiency (organic fluid side), hcon,
was

hcon ¼ mcCp;c
�
Tc;out � Tc;in

�
mrCp;r

�
Tr;in � Tr;out

� (2)

where mc was the cooling water mass flow rate, Cp,c was the water
specific heat, Tc,out and Tc,in were the outlet and inlet water tem-
peratures, respectively. The measured hcon reached about 0.98.

We also measured the friction factors and Nusslet number for
the single-phase liquid flow in the bare tube. The measured friction
factors in the turbulent liquid flow regime agreed well with those
computed by the Blasius expression [18], with the difference be-
tween them less than 8.07%. The measured Nusselt number also
matched the DittuseBoelter correlation [19] well, with the relative
difference less than 6.39%.

2.4. Data reduction and uncertainty analysis

2.4.1. Inlet and outlet vapor qualities (xin and xout)
The condenser inlet enthalpy, ir,in, and quality, xin, were based on

the measured parameters in the evaporator and the calibrated
evaporator efficiency, heva (see Section 2.3):



Fig. 3. The fabricated mesh cylinder to be inserted in the tube (a) and the SEM images of the mesh screen for the outer layer with PPI ¼ 200 and w ¼ 76 mm (b) and the inner layer
with PPI ¼ 80 and w ¼ 194 mm (c).
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ir;in ¼ ir;1 þ
UIheva
mr

(3)
xin ¼ ir;in � il;in
ifg;in

(4)

where ir,1 is the R123 enthalpy at the evaporator inlet, il,in is the
R123 saturated liquid enthalpy, ifg is the latent heat of evaporation.

Similarly, the condenser efficiency (hcon in Eq. (2)) was used to
compute the condenser outlet parameters. The heat received by the
cooling water in the tube annulus was

Q ¼ mcCp;c
�
Tc;out � Tc;in

�
(5)

The heat flux based on the inner tube wall surface of the copper
tube was

q ¼ Q
.�

pdinsLeff
�

(6)

where Leff is the effective heat transfer length. The outlet vapor
enthalpy and quality were

ir;out ¼ ir;in � Q=mr (7)

xout ¼ ir;out � il;out
ifg;out

(8)
Table 1
The major parameters of components for the test section.

Components Materials Parameters

Shell tube 304 stainless steel Dins ¼ 23.80 mm, Do ¼ 30.00 mm
Copper tube T2 type copper dins ¼ 14.81 mm, do ¼ 18.97 mm,

Leff ¼ 1200 mm
Mesh cylinder 316 stainless steel Dcy ¼ 11.20 mm, Lcy ¼ 1698 mm
Outer mesh

screen layer
316 stainless steel PPI ¼ 200, w ¼ 76 mm, dmesh ¼ 46 mm

Inner mesh
screen layer

316 stainless steel PPI ¼ 80, w ¼ 194 mm, dmesh ¼ 130 mm

Sight glass tube transparent quartz D ¼ 15.80 mm, L ¼ 200 mm
where il,out and ifg,out are the saturated liquid enthalpy and latent
heat of evaporation based on the outlet pressure, respectively.

2.4.2. Thermal resistance and heat transfer coefficient
The total condenser thermal resistance included the conden-

sation thermal resistance, Rr, the thermal conduction thermal
resistance Rw, and the cooling water resistance in the tube annulus,
Rc:

Rto ¼ Rr þ Rw þ Rc (9)

Rto ¼ 1
pdinsLeffhto

; Rr ¼ 1
pdinsLeffh

; Rw ¼ lnðdo=dinsÞ
2pLeffkw

;

Rc ¼ 1
pdoLeffhc

(10)

where hto, h, hc are the heat transfer coefficients of total, conden-
sation, and coolingwater, respectively, dins and do are the inside and
outside diameters of the copper tube. Thus, h, was

h ¼ 1
1
hto

� dins
2kw

ln
�

do
dins

�
� dins

do

1
hc

(11)

The total heat transfer coefficient hto in Eq. (11) was

hto ¼ q
LMTD

(12)

In which q was predicted by Eqs.(5) and (6), the LMTD tem-
perature difference was

LMTD ¼
�
Tr;in � Tc;out

�� �Tr;out � Tc;in
�

ln
�
Tr;in�Tc;out
Tr;out�Tc;in

� (13)

hc ¼ qdins
do
�
Tw;ave � Tc;ave

� (14)

Tw,ave and Tc,ave are the average temperatures of the tube wall
and the cooling water, which are



Table 2
The major parameters, instruments and uncertainties.

Parameters Instruments Uncertainties

Wall temperature K-type thermocouple wire 0.2 �C
Fluid temperature K-type jacket thermocouple 0.2 �C
R123 mass flow rate DMF-1-DX mass flow meter 0.1%
Cooling water

mass flow rate
DMF-1-DX mass flow meter 0.1%

Pressure Rosemount-3051 pressure
transducer

1.0%

h 2.37e12.62%
EF 3.73e17.07%
PEC 3.89e17.01%
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Tw;ave ¼ 1
3n

Xn
i¼1

Ti;w;t þ Ti;w;s þ Ti;w;b; Tc;ave ¼ 1
n

Xn
i¼1

Ti;c

(15)

The subscripts t, s and b refer to the top, side and bottom wall
(see Fig. 2c), i is the cross-section number, n equals to 7 here.

2.4.3. Heat transfer enhancement ratio and PEC number
The heat transfer enhancement ratio was defined as the

condensation heat transfer coefficient in the modulated heat
transfer tube (MHTT) divided by that in the bare tube (BT),
EF ¼ hMHTT/hBT. It is noted that EF is a global parameter over the
whole heat transfer length. EF should be larger in the tube entrance
part and will be decreased along the flow length. The PEC number
characterized the heat transfer enhancement relative to the pres-
sure drop increase penalty:

PEC ¼ hMHTT=hBT�
DPf ;MHTT

�
DPf ;BT

�0:1667 (16)

The heat transfer device is recommended to be used when the
PEC number is larger than one [20,21]. The frictional pressure drop
in Eq. (16) came from the measured pressure drop subtracting the
acceleration pressure drop computed by Tran [22]. This study
covered the following parameter ranges: Pr,in ¼ 250 � 5 KPa,
Tr,in ¼ 55 � 0.5 �C, G ¼ 100e500 kg/m2s, xin ¼ 0.042e0.934 for
R123, and Tc,in ¼ 25 � 0.3 �C, mc ¼ 300e700 kg/h for the cooling
water.

High accuracy sensors and instruments were used. For instance,
the OMEGA K-type thermocouples and DMF-1-DXmass flowmeter
were used for temperature and mass flow rate measurements. The
standard calibration procedures were performed before the formal
experiment. The temperatures and mass flow rate had the un-
certainties of 0.2 �C and 0.1%, respectively. The heat transfer coef-
ficient, thermal resistance and PEC values were determined by a set
of measured parameters. The uncertainties of these parameters
were evaluated based on the error transmission theory [23]. If Y is a
given function of the independent variables of ~x1; ~x2; ~x3;.~xn, and
D~x1;D~x2;D~x3;.D~xn are the uncertainties of these independent
parameters, the uncertainty of Y is

DY ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
vY
v~x1

D~x1

	2
þ
�
vY
v~x2

D~x2

	2
þ.

�
vY
v~xn

D~xn

	2
s

(17)

Finally, the heat transfer coefficient, enhanced heat transfer
ratio and PEC values had the uncertainties of 2.37e12.62%, 3.73e
17.07% and 3.89e17.01%, respectively. The errors of these parame-
ters strongly depended on the temperature difference between the
tube wall and fluid. At the small temperature difference, the un-
certainties were larger. The uncertainties were decreased with in-
creases in the temperature difference. Table 2 summarizes the
uncertainties.

3. Results and discussion

3.1. Flow consideration

3.1.1. Direct flow observation
Flow patterns were observed through the entrance sight glass

tube. The mass flux, G, and the inlet vapor quality, xin, character-
ized the flow patterns. The stratified smooth flow (SS), stratified
wavy flow (SW) and annular flow (A) in the bare tube were
observed. The bubbly flow and slug flow were not observed.
Many refrigerant condensation flow pattern maps were reported
[24e26], for which the inside tube diameter was 8.0 mm thus the
surface tension force still played important role to form the bubble
flow and slug flow.

Fig. 4 shows the flow pictures. For the SS and SW flows, the
mesh cylinder modulated the flows to have two transparent liquid
levels: the liquid level a in the core region and the liquid level b in
the annular region (see Fig. 4). At G ¼ 199 kg/m2s and xin ¼ 0.103,
the liquid level in the bare tube was 7.13 mm and the vapor covered
tube surface area per unit flow length was 0.0264 m2/m. When the
same flow interacted with the mesh cylinder, the liquid level awas
increased to 8.02 mm with the liquid level b of 4.15 mm, yielding
the vapor covered tube surface area of 0.0326 m2/m, which was
increased by 23.5% compared with the bare tube to enhance the
heat transfer.

3.1.2. Stratified flow pattern modulation analysis
The mesh cylinder consisted of a side mesh screen surface (AeA

cross-section) and a circular mesh cylinder surface (BeB cross-
section, see Fig. 5a). Over the AeA cross-section, each mesh pore
is numbered as ð~i;~jÞ with ~i as the width array and~j as the gravity
array (see Fig. 5b). The capillary forced created by the mesh pore
ð~i;1Þ is

Fs~i ¼ pswsin a (18)

wherew is the mesh pore width and a is the contact angle between
the gaseliquid interface and the mesh wire. Fs~i should be balanced
by the total gravity force over themesh pores ð~i;~jÞwith~j from 1 to~J:

Fs~i ¼
X~J
~j¼1

~mð~i;~jÞg (19)

Combining Eqs. (18) and (19) yields

pswsin a ¼ rlgw
2~JD (20)

where D is the liquid thickness surrounding the mesh pores along
the axial flow direction z

D ¼ pssin a

rlgw~J
(21)

Fig. 5c shows the phase distribution (BeB cross-section). Along
the circumference direction, the array is marked as ~k from 1 to~K(the
maximum ~k array). The total arc angle for the settled liquid within
the mesh cylinder is q. For the array ~k, the angle of the line OO0 with
respect to the gravity direction is b, in which O is the tube center
point and O0is the center point of two mesh wires (see Fig. 5c).



Fig. 4. The flow patterns in the bare tube and those observed through the sight glass tube with mesh cylinder inset.
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b ¼ q þ
 
q �

~kq
!

(22)

2~K 2 ~K

The distance between two mesh wires is Ds:

Ds ¼ 2~Rsin
�

q

2~K

	
(23)

The capillary force for the array ~k shaded in the vertical (gravity)
direction is

F
s~k ¼ 2p~Rssinasin

�
q

2~K

	
cos

 
q

2~K
þ
"
q

2
�

~kq
~K

#!
(24)

where ~R is the mesh cylinder radius. F
s~k is balanced by the gravity

force over the unit marked by the dashed lines (see Fig. 5c). F
s~k is

the force to hold higher liquid level in the mesh cylinder. If F
s~k

is sufficiently large, all the liquid is within the mesh cylinder. If F
s~k

is not large enough, most of the liquid is within the mesh cylinder
but part of liquid still settles on the tube bottom.

The heat transfer enhancement is related to the phase distri-
bution. Fig. 6a shows the cross-section in the bare tube. The heat
transfer rate per unit flow length is

QBT ¼ hfilm$DT$Sv (25)

where hfilm is the thin film condensation heat transfer coefficient,
DT is the temperature difference between the vapor and the tube
wall and Sv is the circumference length exposed by vapor.When the
liquid height is ~hl (see Fig. 6a), Sv is

Sv ¼ pdins � dins$arccos
�
1� 2~hl

.
dins

�
(26)

Fig. 6b shows the liquid height ~hl modulated by the mesh cyl-
inder, in which ~hmin and ~hmax are liquid levels that contact with the
mesh cylinder bottom and top, respectively. An ideal case is that all
the liquid is within themesh cylinder (see Fig. 6c). The heat transfer
rate per unit flow length becomes

QMHTT ¼ hfilm$DT$S (27)

where S is the tube circumference (S¼ pdins). By comparing Eqs.
(25) and (27), the heat transfer enhancement ratio is

EF ¼ QMHTT

QBT
¼ S

Sv
¼ 1

1� arccos
�
1� 2~hl

�
dins

��
p

(28)

Substituting ~hmin ¼ 1:81 mm and ~hmax ¼ 13:01 mm in this
study, the heat transfer enhancement ratio reached
1.29� EF� 3.62. The phase distribution in Fig. 5 was verified by our
previous observations for the airewater flow experiment, in which
a hollow mesh cylinder was inserted in a long glass tube [16]. The
numerical simulation for the airewater flow pattern modulation
[17] also supported the phase structure shown in Fig. 5. Because the
surface tension force for R123 is smaller than that for airewater
system, more fine mesh pores were used in this study. In other



Fig. 5. The stratified flow and its interaction with the mesh cylinder.
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words, the R123 condensation flow system can be analogical to the
airewater flow system if one matches the surface tension force
with the mesh pore size. Fig. 5 shows the phase distribution,
reflecting the static force balance, qualitatively.

3.1.3. Annular flow pattern modulation analysis
Annular flow contains the vapor core in the tube and liquid film

on the tube wall. Liquid droplets are entrained in the vapor core
[27]. The high-speed camera was combined with a microscope to
observe the droplet capture process by the mesh screen surface.
The mesh screen surface was put under the microscope. Fig. 7
shows an R123 droplet spreading on the mesh screen surface.
The initial droplet diameter was about 1.15 mm. The droplet was
above the mesh surface at t ¼ 0, but it contacted with the mesh
surface at t ¼ 2.5 ms. Then, the droplet was quickly spreading and
penetrating the mesh pores. The wetting area was increased in a
circular shape (see images for 2.5 ms < t < 7.5 ms). A wetting area
by 2.12 mm and 1.88 mm was formed finally, in which the mesh



Fig. 6. The geometry configuration for the estimate of the heat transfer enhancement ratio (a for the bare tube cross-section; b for the minimum and maximum liquid heights with
mesh cylinder insert; and c for the liquid within the mesh cylinder).
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pores were filled with liquid with gaseliquid interfaces exposed in
the ambient air. Other droplet sizes larger or smaller than that
shown in Fig. 7 were also tried. The droplet spreading process was
similar to that shown in Fig. 7. The difference was only the
spreading time. Thus, the mesh screen surface could be treated as a
completely hydrophilic surface with the contact angle of 0�.

If the mesh cylinder was dry, flushing the systemwith the liquid
ensured the mesh pores occupied by liquid. When an annular flow
interacted with the micro-membrane surface, liquid droplets were
captured by the surface. The liquid flowing toward the mesh cyl-
inder decreased the liquid content near the tube wall. Thus, the
vapor void fractions near the tube wall were increased to enhance
the heat transfer.

3.2. Heat transfer measurement

During the phase change process, parameters may be oscillating
versus time due to the two-phase flow instability. An orifice
restrictorwas put at the evaporator inlet so that the two-phase flow
instability was suppressed to reach the quasi-steady operation.
Fig. 8 shows the repeatable two-phase measurements for
G ¼ 200 kg/m2s and xin ¼ 0.195. The black and red curves were
obtained on the first and second days, respectively. It is seen that
Fig. 7. The high-speed observation of a R123 liquid dro
the test was repeatable. The inlet and outlet cooling water tem-
peratures were very stable. Even though small two-phase oscilla-
tion existed in the system, the wall temperatures T4,w,s (cross-
section 4 and sidewall location) was oscillating in a narrow range of
less than 0.2e0.3 �C. This was because the thermal inertia of the
copper tube wall further flattened the temperature oscillations. All
the 21 wall temperatures were involved in the heat transfer coef-
ficient computation, and the data was averaged over a longer time
period of several minutes. The hardware arrangement and data
processing procedure ensured the experimental data reliability.

The BT and MHTT data constructed a pair of cases, for which
R123 had almost the same G and xin. The cooling water also had the
same mc and Tc,in. This operating procedure caused different R123
outlet vapor mass qualities (xout) and outlet temperatures of the
cooling water (Tc,out). Fig. 9 shows the top, side and bottom wall
temperatures over the seven cross-sections.

Fig. 9a demonstrates the negative xout (the outlet subcooled
liquid). The flow length was divided into a condensation flow part
for 0 < x < xin and a liquid flow part for xout < x < 0, interfaced at
xeq ¼ 0, where xeq is the thermodynamic equilibrium vapor quality.
Thus, the MCLF (mixed condensation and liquid flow) is called.
Fig. 9a shows that the MHTT increased wall temperatures in the
condensation flow part to indicate the enhanced condensation heat
plet spreading process on the mesh screen surface.



Fig. 8. Repeatable experiment for a typical case (the black curves were obtained on the
first day; the red curves were obtained on the second day). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 9. The measured copper wall temperatures for the BT and MHTT.
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transfer. However, the MHTT decreased the wall temperatures in
the liquid flow part to indicate the deteriorated heat transfer. The
comprehensive effect yielded almost the same temperature rise of
the cooling water in the tube annulus: 3.5 �C for the MHTT and
3.3 �C for the BT.

Fig. 9b shows wall temperatures with G z 200 kg/m2s,
xin z0.49 and mc z300 kg/h. Fig. 9c plots the data with xin up to
0.92. The xout values were positive, indicating the condensation
flow along the whole flow length. Thus, the PCF (pure condensation
flow) is called. The MHTT obviously increased wall temperatures.
The enhanced condensation heat transfer increased the heat
transfer rate. For instance, Fig. 9c gives the temperature rises of the
cooling water by 7.6 �C for the MHTT and 6.7 �C for the BT, yielding
about 14.3% increase of the heat transfer rate.

Fig. 10 shows the condensation heat transfer coefficients, h,
against the inlet vapor mass qualities, xin, with G ¼ 200e500 kg/
m2s and mc ¼ 300 kg/h. The MHTT had larger h than the BT. The
heat transfer enhancement ratios (EF) were larger than one. There
was a minimum EF point corresponding to the MCLF case. The
deteriorated liquid heat transfer suppressed the increment of heat
transfer enhancement ratios. The minimum EF point occurred at
xin z0.1 with G ¼ 400e500 kg/m2s (see Fig. 10aeb), but it was
shifted to xin z0.2 with G ¼ 200 kg/m2s (see Fig. 10d). For the PCF
cases (condensation flow in the whole tube length), EF was
increased with mass fluxes and inlet vapor mass qualities. The EF
values were in the range of 1.18e2.12, with the maximum EF
occurring at G ¼ 500 kg/m2s and xin ¼ 0.299.

EF was increased with G and xin. Here h and EF were plotted
versus Gxin (vapor mass flux). Fig. 11a shows the increase trend of h
with Gxin for both BT and MHTT. The MHTT attained the maximum
h of 5.40 kW/m2K at Gxin ¼ 149 kg/m2s. Fig. 11b displays the
increased EF with Gxin, except for Gxin< 50 kg/m2s. The minimum
EF occurred at Gxin z50 kg/m2s, corresponding to the MCLF case.
Other data points beyond the minimum point were the PCF cases.

Fig. 12 shows the thermal resistances with G ¼ 400 kg/m2s,
mc ¼ 700 and 300 kg/h. The wall thermal resistance, Rw, contrib-
uted less and could be neglected. The condensation thermal resis-
tance, Rr, was significantly larger than the cooling water resistance,
Rc. The total thermal resistances, Rto¼ Rr þ Rw þ Rc, were decreased
with increases in xin for both BT and MHTT. The MHTT obviously
decreased Rr. With G ¼ 400 kg/m2s, xin ¼ 0.045 and mc ¼ 300 kg/h,
the BT had Rr of 26.43 K/kW, but the MHTT had Rr of 17.11 K/kW to
have 35.0% reduction compared with the BT (see Fig. 12b). The
MHTT decreased the total thermal resistance by 31.8% for this case.
The MHTT decreased the total thermal resistance by 45.6% maxi-
mally, occurring at G ¼ 200 kg/m2s, xin ¼ 0.101 and mc ¼ 700 kg/h.
Even though the heat transfer enhancement ratios were large at
high inlet vapor qualities, the MHTT was more effective to decrease
the total thermal resistance at low vapor qualities. This is because
the thermal resistancewasmuch large at low vapor qualities. Fig.12
shows that the flow rates of the cooling water had less influence on
the total thermal resistances.

3.3. Explanation of the observed phenomenon

3.3.1. MCLF cases
Fig. 13a shows theMCLF case. The tube length was divided into a

condensation part, LTP, and a liquid part, LSP, interfaced at xeq ¼ 0.



Fig. 10. The heat transfer coefficients for the BT and MHTT and the heat transfer enhancement ratios at mc ¼ 300 kg/h.

Fig. 11. Heat transfer coefficients for the BT and MHTT and heat transfer enhancement
ratios (data plotted versus Gxin). Fig. 12. Thermal resistances versus xin at two flow rates of the cooling water.



Fig. 13. The flow picture for the MCLF cases.
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The condensation part involved the modulated SS or SW flow. The
increased vapor covered tube wall surface contributed the heat
transfer enhancement. The mesh cylinder held a higher liquid level
in the core region and decreased the liquid level in the annular
region (see Fig. 4). The situation was changed for the single-phase
liquid flow. Cao et al. [28] showed the significant heat transfer
enhancement with short mesh cylinders. A longer mesh cylinder
such as encountered in this study deteriorated the convective heat
transfer. Fig. 13b shows the axial velocity over the radial direction,
qualitatively. The bare tube behaved large velocity at the tube
center and decreased velocity near the tube wall. The MHTT caused
the radial flow from the annular region to the core region. A longer
section to keep the radial flow decreased the axial velocity and its
gradient near the tube wall (see the red curve in Fig. 13b), deteri-
orating the convective heat transfer. (For interpretation of the ref-
erences to color in this figure, the reader is referred to the web
version of this article.) The comprehensive effect suppressed the
increment of heat transfer enhancement ratios, which were about
1.1e1.3 with Gxin ¼ 30e60 kg/m2s (see Fig. 11). Thus, the outlet
over-subcooled liquid cases are not recommended. Instead, the
saturated or slightly subcooled liquid cases at the outlet are perfect.

3.3.2. PCF cases
The annular flow occurred with increases in G or xin, under

which h and EF were increased with Gxin. Fig. 14 marks four
Fig. 14. The four pressures m
pressures. Pe,an and Pe,co were the exit pressures in the annular
region and the core region, respectively. Pu,an and Pu,co were the
upstream pressures in the annular region and the core region,
respectively. Because the two fluid streams from the annular region
and the core region mixed at the tube exit, it is reasonable to as-
sume Pe,an z Pe,co.

Pu,co� Pe,co is the liquid frictional pressure drop in the core
region:

DPf ;co ¼ Pu;co � Pe;co (29)

For the two-phase flow in the annular region, the following
equation describes Pu,an and Pe,an:

Pu;an � Pe;an ¼ DPf ;anf
2
lo (30)

where DPf,an is the frictional pressure drop assuming the total two-
phase mixture in the annular region flowing as liquid alone, and f2

lo
is the two-phase multiplier having the range of 10e100. Combining
Eqs. (29) and (30) yields

Pu;an � Pu;co ¼ Pe;an � Pe;co þ DPf ;anf
2
lo � DPf ;cozDPf ;anf

2
lo

� DPf ;co
(31)
arked for the PCF cases.
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Pu,an� Pu,co is the pressure difference across the micro-
membrane surface, which is the driving force for the liquid flow-
ing from the annular region to the core region. Eq. (31) indicates
that Pu,an� Pu,co consumes much percentage of the two-phase
frictional pressure drop due toDPf ;co � DPf ;anf

2
lo.

The increased Gxin raises the two-phase frictional pressure drop.
Thus, the pressure difference across the mesh screen surface is
increased. This causes more liquid flowing from the annular region
to the core region to increase the near-wall vapor void fractions,
increasing the heat transfer enhancement ratios.

3.4. Penalty of the pressure drop increase

The enhanced condensation heat transfer accompanied the
frictional pressure drop increase (see Fig. 15a). The BT slightly
increased DPf with Gxin. The MHTT had larger slopes of DPf versus
Gxin than the BT, noting that mc had less influences on DPf for both
tubes.

The heat transfer device is recommended to be used if PEC> 1.
The larger the PEC number, the better the heat transfer device is.
Fig. 15b shows PEC, displaying the quasi-parabola distribution
versus Gxin. There were 42 data points having PEC> 1 and the
maximum PEC attained 1.7. There were 14 data points having
PEC< 1 with Gxin ¼ 30e60 kg/m2s for xout< 0, caused by the
suppression of the heat transfer enhancement ratios. This is a
preliminary modulated heat transfer study. There are many pa-
rameters involved in the MHTT. The MHTT optimization is ex-
pected. The complicated flow and heat transfer mechanisms should
be further explored for low-grade energy utilizations.
Fig. 15. Frictional pressure drops for the BT and MHTT and the PEC numbers versus
Gxin.
4. Conclusions

Major conclusions are summarized as follows.

� The 76 mm-mesh-pore surface modulated the stratified flows,
effectively. Most of the liquid was within the mesh cylinder.
Thus, the vapor covered tube wall surface was increased to
enhance the heat transfer.

� The mesh cylinder effectively modulated the annular flows.
Liquid droplets in the vapor core were quickly captured by the
mesh screen surface, causing the liquid flow from the annular
region to the core region to increase the near-wall vapor void
fractions.

� The measurements showed the heat transfer enhancement ra-
tios covering the range of 1.18e2.12. The total thermal re-
sistances were decreased by 45.6%, maximally.

� For the MCLF cases, the increment of heat transfer enhancement
ratios was suppressed due to the deteriorated heat transfer in
the liquid flow section.

� For the PCF cases, the heat transfer enhancement ratios were
increased with the vapor mass fluxes, Gxin. The increased Gxin
raised the frictional two-phase pressure drop in the annular
region. Thus, the pressure difference across the micro-
membrane surface was raised to push more liquid flowing to-
ward the core region.

� The PEC numbers were larger than one for 42 data points cor-
responding to the PCF cases. They were less than one for 14 data
points corresponding to the MCLF cases.
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