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In this work, the condensation heat transfer and pressure drop characteristics of
plate heat exchangers were simulated, and the 3-D temperature, pressure, and
velocity fields were obtained. From the flow field, we can see that the velocity of
vapor is higher than that of condensate. From the pressure field, we can see that
the pressure shows a downward trend along the flow direction, and there is, the
more pressure drop in the first half of the plate. From the temperature field, we
can see that the temperature gradient increases with the increase of velocity and
pressure gradient. Meanwhile, the effect of vapor mass-flow, dryness and super-
heat on condensation heat transfer coefficients and pressure drops were investi-
gated. The results show that the pressure drop and heat transfer coefficient both
increase with the increase of dryness, degree of superheat and mass-flow. In ad-
dition, the correlation equations developed to predict the condensation heat
transfer and friction factor perfectly agree with the experimental results.
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Introduction

Plate heat exchangers (PHE) have gained increasing applications due to its ad-
vantages such as high heat exchange efficiency, small temperature difference at the end, com-
pact and lightweight structure, strong interchangeability and convenient maintenance [1-5].

In addition, PHE are promising candidates for condensation processes since their
geometries tend to break up the condensate and enhance the heat transfer. Thus PHE started to
play an important role in the industrial operations used as condensers. A large amount of in-
vestigations concerning condensation in PHE has been extensively conducted in recent years.
Furthermore, the attention almost is focused on refrigeration industry [6-10]. Several experi-
ments have been carried out on condensation, resulting in heat transfer and frictional pressure
drop correlations. Wang et al. [11] obtained the heat transfer and pressure drop characteristics
of complete steam condensation and partial condensation. Han ef al. [12] obtained the 3-D
temperature, pressure and velocity fields using numerical simulation methods. Shi et al. [13]
investigated the condensation of R134a inside a plate exchanger varying both vapor quality
and mass flux.
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The first theoretical study undertaken on laminar condensation over cooled metal
surfaces was the pioneering work of Nusselt, in which a correlation was developed [14]. The
correlation was further developed by including the effect of heat capacity [15]. Jokar et al.
[16] measured HTC during HFC-134a condensation inside BPHE and applied dimensional
analysis to develop new heat transfer and pressure drop correlations. Kuo et al. [17] reported
experimental data on HFC-410A condensation inside a BPHE and proposed empirical correla-
tions for heat transfer and pressure drop.

Although numerous investigations have been carried out for condensation heat trans-
fer, there are still some gaps in understanding the condensation process in PHE. Most of the
former numerical studies relating to the condensing flow in mainly focused on the mini-
channels. However, condensation in PHE is a very complicated process, involve various pa-
rameters such as quality, fluid property, mass flux, and local flow regimes. There is no infor-
mation in the literature about Marangoni condensation in a PHE. Furthermore, the condensa-
tion mode in a PHE has not to be recorded in literature. Our investigation tried to carry out
condensation experiments which different concentration ethanol-water mixtures was led into a
PHE under different pressures. The present work mainly focuses on the effects of vapor mass-
flow, dryness and superheat on heat transfer and pressure drop characteristics inside channel
of herringbone PHE. Both of the heat transfer and pressure drop characteristics are important
for a better understanding the condensation process and the design of more efficient heat ex-
changers or other heat dissipating equipment. In addition, we attempted to propose a new
general correlation of the condensation heat transfer a, which can be broadly applied to the
PHE.

Model development

Volume of fluid model

The volume of fluid (VOF) model [18] can solve momentum equations and track the
liquid-vapor inter-facial volume fraction in the whole computational domain in order to simu-
late two immiscible fluids. All control volumes must be full of a single fluid phase or several
fluid phases. In each cell, the volume fractions of all fluids sum to unity:

o +a, =1 (1

where « is the volume fraction, / — the liquid phase, and v — the vapor phase.

The VOF model represents the fields for all variables and properties with volume-
averaged values. Thus, the variables and properties of each control volume are depended upon
the volume fraction values of each phase. The density, viscosity and thermal conductivity of
each cell are calculated:

pP=op oy py @
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where p is the density, y — the viscosity, and A — the thermal conductivity.
The liquid-vapor interface in VOF model is obtained by solving the volume fraction
continuity equation of the second phase in the calculation unit. In this paper, the vapor phase
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and the liquid phase are set as the first phase and the second phase respectively. The volume
fraction equation is:

. = m.
—+vVa, =— 5)
¢ Pi
The governing equations including the continuity equation, momentum equation,

and energy equation are listed as follows.
— continuity equation

P g
2+ V(pv)=0 ©)

where p is the density, ¢ — the time, v — the velocity.
— momentum equation

%(p%w(pw) —Vp V[u(VY + VT )]+ i+ F %)

where p and u are pressured in the flow field, g — the acceleration due to gravity, F — the
body force acting on the system and viscosity of the flow system, respectively.

To take into account the effects of surface tension, the continuum surface force
model proposed by Brackbill et al. [19] was adopted. Then the force at the surface can be ex-
pressed as a volume force and appeared as an additional source term in the momentum equa-
tion. The volume force F was computed:
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where o is the interfacial tension force between liquid and vapor. The gradient of the volume
fraction scalar is adopted to calculate the interface curvature, .

AL 9)
2
Energy equation:
%(pE>+V[V(pE+P)]=W(VT)]+Sh (10)

where E, T, A, and Sy are energy, temperature, effective thermal conductivity and heat source,
respectively.
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Turbulence model

The standard k-¢ model for each phase was chosen to model the turbulence in the
steam-water system. The standard k-¢ model is a model based on model transport equations
for the turbulence kinetic energy, &, and its dissipation rate, &, and the equation is:
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where y, eddy viscosity, G and G, are the generation of turbulence kinetic energy due to the
mean velocity gradients and buoyancy, respectively, Yis is the contribution of the fluctuating
dilatation in compressible turbulence to the overall dissipation rate. The constant are taken as
C,=0.09,0:=1,0:,=13,Ci.= 144, Cr.=1.92.

Phase-change model

The main difficulty encountered in condensation process is how to determine the
relevant source term. In this paper, Lee [20] phase transition model evolved on the basis of
Hertz Knudsen equation is used. It was assumed that the mass transfer process accompanied
by the release or absorption of latent heat occurred at a constant pressure and the interface
temperature was equal to Ts... The following equations were added to the governing equations
as a source term through the user defined functions. The liquid-vapor mass heat transfer can
be described:

T-T.

m, =—m; = —I’pVOlV( sat) , T< Tsat (14)

Tsat

_rpoy (T = Ty)

' T;at
where r is the phase transition coefficient. The value of phase transition coefficients were
studied through the method of experiments and numerical simulations. It was found that the
range of phase transition coefficients is very large from 0.001 to 10000. In this paper, after

several simulation studies, the value of phase transition coefficient was determined to be 0.6.

my == T'>Ty (15)

Calculation method

In this study, simulations of the condensation heat transfer of low pressure vapor in
channel of herringbone PHE is carried out using commercial CFD software ANSYS FLU-
ENT. According to the actual size of BR0O.015F herringbone plate, a 3-D physical model has

been developed using commercial software.

Cold in The calculation area is shown in fig. 1. The
— characteristic parameters are shown in tab. 1.

Due to the complex structure of PHE, the

Hm' model is simplified and divided into 10 parts,

and each part is filled with unstructured mesh,

Figure 1. Geometric model of PHE as shown in fig. 2. To verify the accuracy and

validity of the numerical model, the results of

Nusselt number have been compared. As shown in fig. 3, when the mesh step is 0.5 mm, the

Nusselt number becomes stable. Considering the accuracy and efficiency requirements, the
1.44 million cells are adequate to obtain grid-independent results.
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Table 1. Characteristic parameters of BR0.015F corrugated sheet
Characteristic parameter Value Characteristic parameter Value
Sheet size [mm] 258x100 Corrugated normal pitch [mm] 6
Corrugated angle [°] 120 Sheet thickness [mm] 0.6
Corrugated depth [m] 2 Heat transfer area [m?] 0.015
Cornerpore diameter [mm] 20 Equivalent diameter [mm] 4
Distance between plates [mm] 2 Passageway sectional area [m?] 0.000166

In order to enhance the convergence of
numerical calculation, velocity inlet boundary
conditions is adopted for both steam and cool-
ant inlets and pressure outlet boundary condi-
tions is adopted for both steam and coolant out-
lets. The boundary condition of non-slip veloci-
ty is adopted on the wall of PHE. The wall be-
tween steam and coolant is the heat transfer sur-

Figure 2. Model grid of PHE

face, and other surfaces are considered to be adiabatic and have no heat loss. In this paper, us-
er-defined function is used in FLUENT to define the quality source term and energy source
term of condensation process, which is loaded into the control equation. The vapor phase and
the liquid phase are set as the initial phase and the second phase respectively.

Results and analysis

Model validation and data reduction

65
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To verify the accuracy and validity of the numerical model, the results have been
compared with analytical solutions of two-phase flow with phase transition obtained by Alex-
iades and Salomon [21]. It is seen in fig. 4 that acceptable agreement has been obtained be-
tween numerical and analytical solutions.
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Figure 3. Grid independence verification
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Figure 4. The position of phase interface

varies with time

The primary data were fluid-flow rates, pressure and temperature at inlet and exit of
the PHE for both fluids. The friction coefficient is defined:
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where Dy, is the hydraulic diameter, which was defined:
44c
= 17
D, P a7
The vapor-side heat transfer coefficient was then determined from:
I 1 1
ZZU*h—*Rwau (18)
I

In this equation the water-side heat transfer coefficient, 4;, was determined from a
correlation previously developed from single-phase water-water PHE and U is the overall heat
transfer coefficient, which is determined:

Y

S (19)
AATLMTD

where 4 is the effective heat transfer surface area, A7T;yp — the log-mean temperature dif-
ference, and Q — the heat transfer rate, which can be determined by energy balance:

Q=riye,AT; (20)

where A7, is the difference in fluid temperature of liquid side between inlet and outlet condi-
tions.
The Nusselt number is:
hD,
Nu=—= (21)
A

Velocity distribution characteristics

Figure 5 depicts the velocity contours of vapor and condensate on the y =2 mm sec-
tion in a PHE. By comparing figs. 5(a)-5(d), it can be seen that the velocity of vapor is higher
than that of condensate. Since the condensate in the flow channel is initially attached to the
plate, velocity of condensate is impacted by the gravity and shear force between the vapor and
liquid. Therefore, the velocity of condensate is low.

In addition, along the direction of flow, the velocity of vapor-liquid two-phase flow
increases continuously under the action of gravity, and the velocity difference between vapor
and liquid is getting smaller and smaller. Comparing fig. 5(b) with fig. 5(d), it can be seen that
the process of condensation is delayed in the inlet section due to the existence of superheat,
and more heat transfer area is needed to vapor below the saturation temperature.

Pressure distribution characteristics

Figure 6 depicts the pressure contours of vapor side in a PHE with y =2 mm cross-
section. From the four graphs, we can see that the pressure shows a downward trend along the
flow direction, and there is the more pressure drop in the first half of plate. Reasons attribute to
the less the liquid condensed in the first half of the plate. In addition, since the thermal re-
sistance of liquid film is low, and the condensation rate is high, there is a sudden change in
pressure, thus the pressure gradient is larger than that in the second half of the plate.
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Figure 5. Velocity distribution of PHE; (a) u = 0.5 m/s, At = 0 K, vapor phase velocity (b) u = 0.5 m/s, At
=0 K, liquid phase velocity, (c) u =0.5 m/s, At =5 K, vapor phase velocity, (d) u=0.5m/s At=5K,
liquid phase velocity

Figures 6(a)-6(d) show that the condensation rate is low at the same position. Rea-
sons attribute to the degree of superheat, which results to the small pressure gradient. These
figures show that with the increase of steam flow, the pressure at the inlet and outlet is large,
and along the flow direction, the pressure drops fast.
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Figure 6. Pressure distribution of PHE; (a) u=0.5m/s, At=0K, (b) u=0.5m/s, At=5K, (c) u=1m/s,
At=0K, (d)u=1m/s, At=5K
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Temperature distribution characteristics

Figure 7 depicts the temperature distribution of vapor side in a PHE with y =2 mm
cross-section. From fig. 7, we can see that the temperature of vapor becomes lower and lower
along the flow direction. When the temperature is lower than the saturation temperature, con-
densate occurs, releasing latent heat and forming liquid film on the wall. We found that the
temperature gradient increases with the increase of velocity and pressure gradient, because the
distribution of temperature is strongly influenced by velocity and pressure of vapor. At the
same time, considering the fact that liquid film thickness increases with the flow of vapor, due
to small temperature different between vapor and plate, its contribution to the condensation
rate would be small. Therefore, the temperature gradient of vapor would get smaller and
smaller. It is important to point out that the effect of degree of superheat on the condensate
process is not negligible.
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Figure 7. Temperature distribution of PHE; () u=0.5m/sAt=0K, (b) u=0.5m/s At =5 K,

©Qu=1m/sAt=0K,(d)u=1m/sAt=5K
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the liquid condensed reducing, as displayed in
fig. 8. In addition, the condensation heat trans-
fer coefficient is high due to thin liquid film
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and low flow-resistance effects at the entrance. As the condensation process progresses, the
condensation heat transfer coefficient begin to decrease.

Effect of mass-flow on condensation heat
transfer and pressure drop

Figure 9 displays the condensation heat transfer coefficient for the various mass-
flow. It can be found that the condensation heat transfer coefficient increases with the mass-
flow increase at the same position of the plate. There are the more liquid condensed and the
larger thermal resistance of liquid film due to the increase of mass-flow. However, the latent
heat released by vapor condensation is more resulting in the increased the heat transfer coef-
ficient. In addition, under the same mass-flow condition, the condensation heat transfer co-
efficient decreases with the increase of superheat. Reasons attribute to the degree of super-
heat, which results to releasing part of latent heat and reducing heat transfer coefficient.

Figure 10 shows the effect of mass-flow on pressure drop. It is found that pressure
drop increases with the increase of mass-flow. However, it can be seen that the increase of
the degree of superheat leads to a decrease in pressure drop, as shown in fig. 10. The reason
is may be attributed to the decrease of condensation rate due to the existence of superheat.
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Figure 9. Variation of heat transfer coefficient Figure 10. Variation of pressure drop
with mass-flow with mass-flow

Effect of drying on condensation heat
transfer and pressure drop

Figure 11 displays the condensation heat transfer coefficient for the various dry-
ness. As shown in fig. 11, it can be seen that the condensation heat transfer coefficient in-
creases with the dryness increase under the same mass-flow condition. Furthermore, we can
also see that under the same dryness condition, the heat transfer coefficient increases with
the increase of mass-flow. Reasons attribute to the decreasing thermal resistance of the lig-
uid film, which is function of the liquid film fluctuate and the shear force of vapor on the
liquid film.

Figure 12 displays the pressure drop for the various dryness. It is found that pres-
sure drop also shows an upward trend with the increase of dryness. Furthermore, we can al-
so see that under the same dryness condition, the pressure drop increases with the increase
of mass-flow.
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Figure 11. Variation of heat transfer coefficient Figure 12. Variation of pressure drop coefficient
with dryness with dryness

Correlation of heat transfer and resistance criteria

In order to predict the heat transfer coefficients and friction factor for PHE, we tried
to derive an empirical correlation. Condensation processes depends on liquid and gas phase
operating variables inside PHE. So in the correlations of heat transfer coefficients and friction
factor, both liquid and gas phase variables should be considered. All of the effective variables
on condensation processes are presented in:

h :f[ATa g(pl _pv)a hfg, o, La ,01, Cp,[a k[a /ula ul] (22)

where At [K] is the temperature difference between evaporator and condenser, g [ms™'] — the
acceleration due to gravity, g [Jkg™'] — the latent heat of vaporization, K; [Wm'K™'] — the
thermal conductivity of fluid, py [kgm?] — the density of vapor, o —pv [kgm?®] — the density
difference between liquid and gas, ¢, [Jkg™'] — the specific heat of fluid at constant pressure,
L [Pa-s] — the viscosity of the liquid, o [Nm™'] — the surface tension, u; [ms™'] — the velocity
of condensate liquid, and L [m] — the characteristic size.

Using Buckingham’s Pi-theorem, eq. (22) consists of 10 independent variables with
four primary dimensions involved, i. e., M [kg], L [m], T [seconds], and ¢ [K]). Therefore, the
total numbers of dimensionless parameters that should be included in the analysis is six. The
following repeating variables were selected for this analysis to make sure all four major di-
mensions are involved. The results of dimensional analysis for the specified variables are:

= AT L g ¢y 8oy = ) (23)
7y = AT L > ¢ h g (24)

w3 = AT L ¢ o (25)

7Ty = AT L Sy ) (26)

75 = AT L e (27)

7o = AT* L™ prfoc\ou, (28)

By combining the various 7 terms we get:
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Dimensionless correlation for heat transfer coefficients and friction factor of con-
densation processes is presented in egs. (33) and (34) based on dimensionless numbers of the
process:

=Re (32)

Nu = f'(Re,, Pr;, Ja, Bo) (33)
f=/(Re,Re,) (34)
Eventually, the obtained correlation is:
Nu =aRe/ Prf Ja? Bo* (35)
f =mRe{ Re] (36)

The coefficient a-r are determined from the simulation data using non-linear curve
fitting technique. Where a = 0.017, b = 0.795, ¢ = -0.268, d = —1.64, ¢ = 0.014, m = 1.059,
n=0.561, r=-1.342. Therefore, Nu and fare expressed by:

Nu =0.017Re}"” Pr; *2® Ja 7 Bo®*'* 100 <Re, <1000 (37)

f =1.059Re>*' Re;'** 100 <Re, <1000 (38)

The predicted Nu and f by correlations (37) and (38) are compared with experi-
mental data [22] in tab. 2. As it can be seen, compare experimental data with predicting data
of heat transfer coefficients and friction factor, their relatively error are less than 5%. Mean-
while, the value of regression coefficient, R?, for this correlation is 0.999. In addition, residual
analysis is performed to increase the accuracy of the prediction. The residual analysis shows
that the distribution of standardized residuals is normal. The results show that the presented
correlations can predict heat transfer coefficients and friction factor of condensation processes
with high accuracy in different operational conditions.
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Table 2. Predicted data vs. experimental data

Operational 138 czlrimental IPillsg Relative | Standardized Epgperierial| i Relative | Standardized
conditions ata, o error residual GEiE o2 error residual
Nu Nu f S

1 11.055 11.101| 0.42% [-0.549539492|  69.402 70.594 | 1.72% |-1.05153754
2 19.274 19.320 | 0.24% [-0.549539492| 40.417 41.106 | 1.70% |-0.60780987
3 26.698 26.753| 0.21% (0.657058088  29.459 29.958 | 1.69% |-0.44019902
4 33.66 33.740| 0.24% [-0.955720855] 23.538 23.935| 1.69% |-0.350218459
5 40.27 40.357| 0.22% |-1.03934643 19.778 20.111 | 1.68% [-0.293760068
6 10.186 10.158 | -0.27% |0.334502299 63.491 60.832 | —4.19% | 2.34566973
7 17.757 17.675 | —0.46% | 0.979613877 36.975 35.421 | —4.20% |1.370880316
8 24.595 24.472 | -0.50% |1.469420815 26.95 25.815 | —4.21% |1.001254285
9 31.005 30.860 | —0.47% | 1.73224405 21.533 20.625 | —4.22% |0.801003428
10 37.069 36.916 | —0.49% |1.827816136 18.093 17.33 | -4.22% | 0.673089885
11 9.495 9.507 | 0.13% |[-0.143358128| 51.957 53.071 | 2.14% |-0.982728875
12 16.552 16.541 | -0.06% [0.131411618 30.258 30902 | 2.13% |-0.568112563
13 22.924 22.899 | —0.11% |0.298662767 22.054 22.522 | 2.12% |-0.412851987
14 28.898 28.872 | —0.09% |0.310609278 17.621 17.994 | 2.12% |-0.329046562
15 34.576 34.541|-0.10% |0.418127874 14.806 15.119| 2.11% |-0.27611682

Conclusions

In this paper, a numerical model was established to investigate the condensation heat
transfer and pressure drop characteristics for PHE. It discussed the influence of the degree of
superheat, mass-flow and dryness on pressure drop and heat transfer coefficient. Additionally,
we attempted to propose a new correlation of the condensation heat transfer and pressure
drop, for PHE. The conclusions are as follows.

e The pressure drop and heat transfer coefficient both increase with the increase of dryness,
degree of superheat and mass-flow, and the various positions of the plate have little effect
on them, this is due to the existence of heat and mass transfer resistance in PHE.

e The correlation for estimating the heat transfer and pressure drop during the condensation
process of PHE, could be applied to the cold end system of thermal power unit.
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