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� A model was established to investigate the characteristics of boiling heat transfer.
� The main boiling mechanism was forced convective boiling.
� The heat transfer and pressure drop increased with increasing quality and mass flux.
� The influence of heat flux was slightly for the heat transfer and pressure drop.
� An improved correlation was proposed in terms of simulation data.
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Plate-fin heat exchangers (PFHE) are probably the most common type of heat exchangers. However, stud-
ies on the heat transfer performance and pressure drop of hydrocarbon mixture refrigerant in a PFHE
have rarely been conducted. In this paper, boiling heat transfer and friction pressure drop characteristics
of hydrocarbon mixture refrigerant in PFHE were investigated numerically. A model was established on
boiling flow in vertical rectangular minichannel, and also validated by the experiment data from litera-
ture. Results indicated that the boiling heat transfer coefficient and pressure drop increased with the
increase of quality and mass flux. However, they were slightly impacted by the heat flux. This was
because that the main boiling mechanism was forced convective boiling, while the effect of nucleation
boiling is slight on the heat transfer. The simulation data were compared with some well-known heat
transfer and pressure drop correlations. The Liu and Winterton’s correlation showed the best agreement
with a mean absolute deviation mostly less than ±15% for heat transfer. The calculation on Mishima and
Hibiki’s correlation was less than the simulated results because that the influence of heat flux was
ignored for friction pressure drop in that. Meanwhile, a new correlation for pressure drop was developed
with deviation less than ±15%. The presented research is helpful in designing more effective PFHE.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Heat exchangers are very important during plant design and
operation, and they are used extensively in process industries. Gen-
erally, plate-fin heat exchangers (PFHE) are probably themost com-
mon type of heat exchangers, which can apply for a large range of
pressure and operating temperatures. Several types of PFHE are
widely used in industry [1–3], including conventional gasket
plate-and-frame and compact brazed shell-and-plate. In addition,
they have superior thermal characteristics and high mechanical
integrity [4], and are easy to manufacture under kinds of flow
configurations and sizes [5]. And they usually consist of rectangular
minichannels with 0.5–10 mm gap size [6]. Simultaneously, it is a
key technology for the prediction on boiling heat transfer perfor-
mance and friction pressure drop on hydrocarbon mixture refriger-
ant in rectangular minichannel for the PFHE. Unfortunately, small
diameter can cause the increase of the pressure drop, which may
impair the efficiency of the entire system. Therefore, the accurate
heat transfer coefficient and friction pressure drop for the PFHE is
very important.

Until now, the characteristic of boiling flow in the minichannel
has been studied and reported by many researchers [7–12]. How-
ever, the boiling heat transfer mechanism in minichannel is still in
discussions. Watel and Thonon [13] conducted boiling study with
propane in a vertical serrated PFHE, and determined the effect of

http://crossmark.crossref.org/dialog/?doi=10.1016/j.applthermaleng.2016.10.151&domain=pdf
http://dx.doi.org/10.1016/j.applthermaleng.2016.10.151
mailto:jyq7245@sina.com
http://dx.doi.org/10.1016/j.applthermaleng.2016.10.151
http://www.sciencedirect.com/science/journal/13594311
http://www.elsevier.com/locate/apthermeng


Nomenclature

Agl the interfacial area density, m2

Bo boiling number
C parameter in Lockhart-Martinelli model
Co convective number
Ce1;Ce2;Cl;rK ;re values for 1.44, 1.92, 0.09, 1.3, and 1.0, respec-

tively
Cpg the mixture heat capacity
Cp specific heat at constant pressure, J kg�1 K�1

Dh the hydraulic diameter, m
dgl the interfacial length scale between vapor phase and

liquid phase, m
E liquid entrainment fraction
F the factors of forced convection enhancement
f Fanning friction factor
G mass velocity, kg m�2 s�1

H the enthalpy, J kg�1

Hgs interfacial values of enthalpy carried into vapor phase
caused by phase change

h heat transfer coefficient, W m�2 K�1

hl;hg the heat transfer coefficient of liquid phase and vapor
phase on one side of the phase interface, respectively,
W m�2 K�1

l length of computational model, mm
M the total of interfacial forces
M molecular mass
m the mass flow rate, kg s�1

_mgl the mass flow rate from liquid phase to vapor phase in
per unit interfacial area, kg s�1

Nug a dimensionless Nusselt number in vapor phase
P pressure, Pa
Pkl the vapor phase turbulence production
Pkbl the vapor phase buoyancy production term
Q interphase sensible heat transfer to one phase across

interfaces with the other phase, W
q heat flux, Wm�2

r volume fraction
S the suppressed boiling

Su Suratman number
T the temperature, K
U velocity, m s�1

We Weber number
Xtt Lockhart-Martinelli parameter
x vapor quality

Greek symbols
e turbulence dissipation rate
c the vaporization rate
Cgl the mass flow rate from liquid phase to vapor phase in

per unit volume
j turbulence kinetic energy
k thermal conductivity, W m�1 K�1

l viscosity, Pa s�1

lt turbulent viscosity, Pa s�1

q density, kg m�3

/2 frictional pressure gradient multiplier
r surface tension, N m�1

Subscripts
cr the critical condition
cl the forced convective heat transfer in all the mass flux

taken as liquid
CBD convective boiling dominant, respectively
g; l vapor phase and liquid phase, respectively
in inlet
lo liquid only
nb the nucleation boiling in a large volume;
NBD the nucleation boiling dominant
out outlet
pred predicted
s interfacial
sat the saturation condition;
sp the forced convective
tp two-phase
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mass flux, quality, and pressure for heat transfer. They demon-
strated the predominance of forced-convective boiling over nucle-
ate boiling under the condition of different mass and heat fluxes.
Contrary to their research, Palm and Claesson [14] studied the
effect of various geometric parameters on heat transfer and pres-
sure drop. Compared with the mass flux, they indicated heat trans-
fer was governed by the heat flux during flow boiling. At the same
time, Lee et al. [15] experimented the flow boiling heat transfer in
PFHE under the condition of lowmass flux. The results showed that
the influence of convective boiling heat transfer was unobvious
under given conditions, and the heat transfer coefficient increased
slightly as the increase of mass flux. In addition, Choi et al. [16]
examined boiling heat transfer and pressure drop of propane in
horizontal minichannels. They found that the effect of mass flux
on heat transfer coefficient was unobvious in the low quality. How-
ever, the heat transfer coefficient was higher under the condition
of higher mass flux at the range of medium and high quality.
And the heat transfer coefficient increased with the increase of sat-
uration temperature. For the pressure drop, it was higher for high
mass and heat fluxes, and it was still higher under the conditions of
lower saturation temperature. They also developed new pressure
drop correlation. The same conclusion could also be found by Maq-
bool et al. [17], who investigated the flow boiling of propane inside
a vertical circular minichannel. For high mass flux, heat flux and
vapor quality, the two phase frictional pressure drop gradients
was higher, while it was observed reduction for higher saturation
temperature.

Because of the effect of mixture physical properties estimation
and mass transfer, there were significantly difference on boiling
flow heat transfer with using refrigerant blends and compared to
those using pure substances [18]. In addition, Wen and Ho [19]
investigated heat transfer and pressure drop characteristic of
R290, R600, and R290/R600 in a small-diameter tube bank. They
found that the heat transfer coefficients increased with the
increase of heat flux and mass flux. And the pressure drop
increased with the increase of mass flux, and they proposed a
new heat transfer correlation for both pure refrigerants and
refrigerant mixtures. Moreover, Hsieh and Lin [20,21] studied
experimentally flow boiling heat transfer and frictional pressure
drop of R410a in a vertical plate heat exchanger with a hydraulic
diameter of 6.6 mm. The results showed that the heat transfer
coefficient and frictional pressure drop increased with the increase
of heat flux, mass flux and vapor quality. In addition, under the
condition of higher heat flux, the mass flux had obvious effect on
the heat transfer coefficient. However, the effect of mass flux on
heat transfer coefficient was unobvious at a low vapor quality.
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Meanwhile, pressure drop increased more with the increase of
vapor quality. They also proposed empirical correlations in terms
of the equivalent Reynolds number and Boiling number.

To sum up, due to the complexity of boiling heat transfer phe-
nomena, the boiling heat transfer mechanism in vertical rectangu-
lar minichannel is still under discussion. At the same time, a
literature survey indicate that very limited research efforts have
been devoted to the heat transfer and friction pressure drop on
hydrocarbon mixture refrigerant in rectangular minichannel, while
the heat transfer and friction pressure drop characteristics of
hydrocarbon mixture refrigerant in rectangular minichannel are
of significant importance to the effective design of the PFHE in
petrochemical industry field. Compared with experimental,
numerical simulation study has great superiority [22].

As a consequence, a numerical model was established on boil-
ing flow heat transfer and friction pressure drop on hydrocarbon
mixture refrigerant in rectangular minichannel of PFHE and vali-
dated by the experiment data from literature. In the meantime,
the characteristic of boiling flow heat transfer and friction pressure
drop were investigated on hydrocarbon mixture refrigerant in ver-
tical rectangular channel. The numerical results of heat transfer
coefficient and pressure drop were also compared to well known
correlations. Finally, a correlation was proposed to calculate the
boiling flow friction pressure drop on hydrocarbon mixture refrig-
erant in a vertical rectangular minichannel.

2. Numerical methods

2.1. Governing equations

Two-phase boiling process in vertical minichannel has the char-
acteristics of thermal phase change. The governing equations are
the conservation of mass and momentum, energy, and turbulent
quantities. In order to calculate two phase boiling flow heat trans-
fer, this paper used the inhomogeneous two-fluid model. During
the process of flow boiling in minichannel, the mass transfer
between vapor and liquid phases can be achieved by the source
term of mass conservation equation, which is solved as:
@

@t
ðrgqgÞ þ r � ðrgqgUgÞ ¼ Cgl ð1Þ

@

@t
ðrlqlÞ þ r � ðrlqlUlÞ ¼ Clg ð2Þ

where r, q and U, respectively, denote the volume fraction, density
and velocity. Subscript g and l denote vapor phase and liquid phase,
respectively. During the boiling heat transfer, Cgl is the mass flow
rate that from vapor to liquid phase of per unit volume. It can be
expressed as:

Cgl ¼ Agl _mgl ð3Þ
where _mgl denotes the per unit interfacial area mass flow rate from
vapor phase to liquid phase. Agl denotes the interfacial area density
between vapor and liquid phase, which can be solved by the ther-
mal phase change model in CFX as:

Agl ¼ rgrl
dgl

ð4Þ

where dgl represents the interfacial length scale between vapor
phase and liquid phase, which can be calculated by Eq. (5):

dgl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�rg�rl�kglNuglð1� cÞl

2mxoutCpg

s
ð5Þ

where c, Cpg , xout and m represent the vaporization rate, the mixture
heat capacity, the quality in outlet and the mass flow rate, respec-
tively. According to literature [7], the c can be written as:
c ¼ 2ðaþ bÞlq� abmxoutcpgðTg;out � Tg;inÞ
2ðaþ bÞlq ð6Þ

where Tg;out and Tg;in represent the temperature of vapor phase at
outlet and inlet, respectively.

The momentum conservation equation is taken as following:

@

@t
ðrgqgUgÞ þ r � rgðqgUg � UgÞ

� �
¼ r � rgðlg þ ltgÞðrUg þ ðrUgÞTÞ

� �
� rgrp0

g

þ rgðqg � qref Þg þMg ð7Þ

@

@t
ðrlqlUlÞ þ r � rlðqlUl � UlÞð Þ

¼ r � rlðll þ ltlÞðrUl þ ðrUlÞTÞ
� �

� rlrp0
l

þ rlðql � qref Þg þMl ð8Þ

where l, lt and p represent, viscosity, turbulent viscosity and pres-

sure, respectively. Operator � denotes a tensor product, and ðrUÞT
denotes the matrix transformation of rU. M represents the sum of
interfacial forces.

In this paper, the turbulence model used is the standard k-e
turbulent model. For the liquid phase, the turbulent viscosity is
computed from by Eq. (8):

ltl ¼ Clql
k2l
el

ð9Þ

where the coefficient Cl is 0.09. j and e represent the turbulence
kinetic energy turbulence and dissipation rate, respectively. j and
e are obtained from Eqs. (9) and (10):

@

@t
ðrlqlklÞ þ r � rl qlUlkl � ll þ

ltl

rk

� �
rkl

� �� �
¼ rl Pkl � qlelð Þ

ð10Þ

@
@t ðrlqlelÞ þ r � rl qlUlel � ll þ ltl

re

� �� �
rel

� �
¼ rl

el
kl

Ce1Pkl � Ce2qlelð Þ
ð11Þ

where the coefficients Ce1, Ce2, rk, and re are 1.44, 1.92, 1.0, and 1.3,
respectively. Pkl represents the liquid phase turbulence production.
It can be written as:

Pkl ¼ ltlrUl � ðrUl þrUT
l Þ �

2
3
r � Ulð3ltlr � Ul þ qlklÞ þ Pkbl

ð12Þ
where Pkbl is the buoyancy production term for liquid phase and can
be given as:

Pkbl ¼ � ltl

Prtl
g � rqa ð13Þ

The governing equation for energy conservation can be
expressed as:

@

@t
ðrgqgHgÞ þ r � ðrgqgUgHgÞ ¼ r � ðrgkgTgÞ þ Qg þ CglHgs ð14Þ

@

@t
ðrlqlHlÞ þ r � ðrlqlUlHlÞ ¼ r � ðrlklTlÞ þ Ql þ ClvHls ð15Þ

where H, k and T , respectively, denote the enthalpy, thermal con-
ductivity and temperature. Q denotes heat transfer at the interface
from one phase to the other phase. CglHgs and Hgs denote heat
transfer caused by interphase mass transfer and interfacial values
of enthalpy carried into vapor phase caused by phase change,
respectively. Based on the thermal phase change model, the total
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interphase sensible heat transfer is equal to the total heat transfer
caused by interphase mass transfer, which can be written as:

Qg þ Ql ¼ � CglHgs þ ClgHls

� � ð16Þ
Substituting Eq. (3) in Eq. (15), the interphase mass flux _mgl can

be written as:

_mgl ¼
Qg þ Ql

AglðHls � HgsÞ ð17Þ

Based on the two resistance model in CFX, the interphase sensi-
ble heat transfer to liquid and vapor phase can be given as:

Ql ¼ hlAglðTs � TlÞ ð18Þ

Qg ¼ hgAglðTs � TgÞ ð19Þ
where hl and hg represent the heat transfer coefficient of liquid
phase and vapor phase, respectively. Ts denotes the interfacial tem-
perature, it can be determined from considerations of thermody-
namic equilibrium. By ignoring effects of surface tension on
pressure, the interfacial temperature can be equal to the saturation
temperature Tsat , it can be given as:

Ts ¼ Tsat ð20Þ
In this paper, zero resistance condition is used by liquid phase

in the phase interface, it can force the interfacial temperature to
be equal to the liquid phase temperature, Ts ¼ Tl. The vapor phase
heat transfer coefficient hg can be solved by Eq. (20):

hg ¼ kgNug

dgl
ð21Þ

where Nug is a dimensionless vapor phase Nusselt number.

2.2. Geometrical configurations

Plate-fin is the important component of plate-fin heat exchan-
ger, which mainly consist of fins, plate. Due to the cyclical repeata-
bility and complexity of plate-fin structures, some issues need to
be simplified in the numerical simulation [23–26].
Fig. 1. Geometrical model of vertical rectangular minichannel.
The geometrical model is depicted in Fig. 1. In the orthogonal
coordinate system, the Z axis represents the vertical direction,
and the flow direction is upward. Inlet is set at the bottom.
Cross-section dimension a � b is 1.6 � 6.3 mm and the length l is
200 mm.

2.3. Numerical method and mesh scheme

ANSYS CFX is used to investigate the characteristic of boiling
flow on hydrocarbon mixture refrigerant in vertical rectangular
minichannels. With a fine boundary layer mesh near the wall
region, the computational domain is modeled by hexahedral cells.
The mesh were created using ICEM CFD software. Three different
meshes were performed in simulation: 711,000, 1,400,000 and
2,830,000 cells. Taking into account the grid-independent solution
and the computation speed, the computational mesh is comprised
of 1,400,000 regular hexahedral grids.

The Reynolds-averaged Navier–Stokes equations are integrated
over each control volume, the mesh is used to construct finite vol-
umes, which are used to conserve relevant quantities such as mass,
momentum, and energy. The turbulence model used is the stan-
dard k-e turbulent model. Volume integrals are discretized within
each element sector and accumulated to the control volume to
which the sector belongs. Discrete conservation equations are
obtained by applying finite volume method, and they are assem-
bled into the solution matrix. The diffusion terms is solved by using
the central deferential scheme. Second order discretization
schemes is used for the convection terms. A first order backward
Euler scheme is used for the transient term. The mass flow, tem-
perature boundary and a static pressure outlet and vapor volume
fraction inlet are applied at the upstream boundary. The constant
heat flux is used as the wall boundary condition. To facilitate the
convergence, the steady-state solution in a vertical rectangular
minichannel is obtained firstly, and then it is used as the initial
condition for other cases.
3. Results and discussion

With the described above, the hydrocarbon mixture refrigerant
with methane, propane and ethylene was used to study the charac-
teristic of boiling heat transfer and frictional pressure drop in this
paper. The thermo-physical properties of hydrocarbon mixture
refrigerant with methane, propane and ethylene are calculated
by REFPROP [26], a thermo-physical property calculation program
developed by NIST.

3.1. Characteristic of boiling heat transfer

In order to validate the model used in the paper, the simulation
results were compared with the experimental results from litera-
ture [2] at the different vapor quality for heat flux q = 1.1 kW/m2,
the mass flux m = 50 kg/m2 s and heat flux q = 6 kW/m2, the mass
flux m = 215 kg/m2 s in Fig. 2. It can be seen that simulation results
and experimental data are consistent within the deviation ±15% at
the different heat transfer coefficient.

Based on the model described in the previous section, the char-
acteristic of boiling heat transfer was investigated. The influences
of important parameters: vapor quality, heat flux and mass flux
on the flow boiling heat transfer coefficients were discussed
individually.

Fig. 3 presents heat transfer coefficient of mixture refrigerant
with respect to vapor quality for the mass fluxes from 110 to
390 kg/m2 s. In general, the heat transfer coefficients are enhanced
with vapor quality increment, especially for high mass flux, which
is the result of the film thickness decreasing as boiling proceeded.
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It can be explained that the decreasing liquid film thickness lead to
the decrease in the thermal resistance.

Fig. 4 displays the heat transfer coefficient versus different heat
flux conditions at constant mass flux, it can be observed that the
heat transfer coefficients increase obviously with the increase of
vapor quality. However, there are no obviously variations of the
heat transfer coefficients due to the increase of heat flux in the
whole range.
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Fig. 5 displays the variation of heat transfer coefficients with
mass fluxes under different vapor quality at a constant heat flux
of 20 kW/m2. The results show that the heat transfer coefficient
increases with the increase of mass flux. The influence of mass flux
is obvious for the heat transfer coefficient as the vapor quality
increases, at the m = 390 kg/m2 s, the heat transfer coefficient in
x = 0.83 is 19% higher than that in x = 0.35. Due to an increase in
shear stress at the wall and a thinning of the liquid film that
decreases the boiling resistance, which results in a higher heat
transfer coefficient. Meanwhile, due to the mass flux increased,
the higher velocity lead to the increase of the turbulence degree
of the fluid, the heat transfer coefficient is also increased.

The above results further indicate that the forced convection
boiling are the main mechanisms for boiling heat transfer on
hydrocarbon mixture refrigerant in minichannel. Meanwhile, the
change of components and physical property of hydrocarbon mix-
ture refrigerant is also a main influence factors.

In order to study the effect of nucleation boiling on heat transfer
in a vertical rectangular minichannel, Fig. 6 displays the heat trans-
fer coefficient versus heat flux at different mass flux and vapor
quality, it shows that the heat flux has a little effect on the heat
transfer coefficient, in other words, the effect of nucleation boiling
is slight on the heat transfer.

An appropriate correlation is needed to examine the heat
transfer coefficient for the design in engineering. At the same time,
heat transfer correlations developed based on single-component
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Table 1
Description of correlation for boiling heat transfer coefficient.

Authors Heat transfer coefficient correlation

Tran [27] htp ¼ 8:4� 105ðBo�WeloÞ0:3ðqg

ql
Þ0:4, Welo ¼ G2Dh

qlr

Bertsch [28] htp ¼ E � hsp þ S � hnb , E ¼ 1þ 80ðx2 � x6Þe�0:6Co

S ¼ f ðxÞ ¼ 1� x, hsp ¼ hconv;lð1� xÞ þ hconv;vx

hnb ¼ 55P0:12
r ð�log10PrÞ�0:55M�0:5ðqÞ23

hconv;l ¼ kl
Dh

3:66þ 0:0668
Dh
L ReloPrl

1þ0:04�½DhL �Relo �Prl �
2=3

 !

Gungon [29] htp ¼ E � hsp þ S � hnb , E ¼ 1þ 24000Bo1:16 þ 1:37ð1XÞ
0:86

S ¼ ð1þ 1:15� 10�6E2Re1:17l Þ�1
,

hsp ¼ 0:023Re0:8l Pr0:4 k1
Dh
hnb ¼ 55P0:12

r ð�log10PrÞ�0:55M�0:5ðqÞ23

Liu and
Winterton
[1]

h2
tp ¼ ðFhclÞ2 þ ðShnbÞ2, F ¼ 1þ xPrlðql

qv
� 1Þ

h i0:35
S ¼ ð1þ 0:055F0:1Re0:16lo Þ�1

, hcl ¼ 0:023Re0:8l Pr0:4 kl
Dh

hnb ¼ 550P0:25
cr T�0:875

cr M�0:125q0:75R0:2
z 0;14þ 2:2 P

Pcr

� �
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refrigerant needs deep comparison and analysis. The applicability
to predict heat transfer coefficients for hydrocarbonmixture refrig-
erant in vertical rectangular minichannel needs further evaluation.
Therefore, the simulation results were compared with the pre-
dicted results of well known heat transfer coefficients correlations
at the temperature T = 150–215 K, pressure P = 0.2–0.5 MPa, mass
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Fig. 7. Comparison of heat transfer co
flux m = 100–400 kg/m2 s and heat flux q = 5–20 kW/m2. The cor-
relations used in this paper were listed in Table 1.

The comparisons of the simulation results and correlation are
shown in Fig. 7.

The simulated boiling heat transfer coefficient were compared
with the Tran et al. [27] calculations as shown in Fig. 7(a). They
correlated heat transfer coefficients by using a Weber number.
The results show that the simulation results are slightly underpre-
dicted. The deviations are less than 15% in most cases. Fig. 7(b)
shows that the correlation by the Bertsch et al. [28] are less than
the simulation results with the deviations more than �15% in most
cases. They show relatively poor agreement with the simulation
results. At high values of heat transfer coefficient, the correlation
under predicts the simulation data, however, it shows good
predictions at medium and lower heat transfer coefficient. Fig. 7
(c) indicates that the correlation by Gungor and Winterton [29]
accords with the simulation results in some cases, but the devia-
tions between the simulation results and correlation calculations
are still more than 15% in many cases. It is still very difficult to
use Tran, Bertsch and Gungon correlation accurately to predict
the heat transfer coefficient on the boiling heat transfer of hydro-
carbon mixture refrigerant in vertical rectangular minichannel.

Liu and Winterton [1] presented a correlation by considering
nucleate and convective boiling. As shown in Fig. 7(d), the simula-
tion results with the deviations fall within ±15% in most cases, and
its predicted result among the correlations is the most accurate.
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3.2. Pressure drop

To predict boiling flow friction pressure drop of hydrocarbon
mixture refrigerant in the PFHE, in this section, the characteristic
of friction pressure drop change of hydrocarbon mixed refrigerant
boiling flow was simulated.

Fig. 8 displays the frictional pressure drop versus vapor quality
at different mass flux and constant heat flux. The frictional pres-
sure drop increases with the increase of mass flux for a certain
vapor quality. And it also increases with the increase of vapor qual-
ity. It can be explained that the higher vapor velocity caused by
high vapor quality can generate shear stress at the interface of
the film. Furthermore, at equal vapor quality, the higher mass flux
will lead to a higher vapor velocity and degree of flow turbulence,
which can increase the shear stress of interface. therefore, the fric-
tional pressure drop is increased.

The effect of heat flux on the frictional pressure drop of boiling
is shown in Fig. 9. It shows that the frictional pressure drop
increases with the increase of vapor quality at different heat flux,
however, the pressure drop is not obvious with the increase of heat
flux.

Fig. 10 displays the variation of pressure drop versus different
mass fluxes at average vapor quality. It can be seen that the fric-
tional pressure drop increases with the increase of the vapor qual-
ity for all mass fluxes. The increase of pressure drop is obvious
under the high vapor quality. At the m = 390 kg/m2 s, the pressure
drop in x = 0.83 is 83% higher than that in x = 0.35. It can be explain
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Fig. 8. The frictional pressure drop versus vapor quality at different mass flux.
that the higher vapor phase flows can increase the degree of turbu-
lence, and lead to a higher interfacial vapor liquid shear stress,
therefore, pressure drop is increased.

To investigate the effect of heat flux on frictional pressure drop,
as shown in Fig. 11, different values of heat flux were investigated
in the paper. Fig. 11 represents the relationship between pressure
drop and heat flux at constant values of mass flux and vapor qual-
ity respectively. It can be seen that the heat flux has little effect on
the pressure drop in the whole simulation range.

In this paper, the simulated frictional pressure drops results
were compared against four correlations of Mishima and Hibiki
[30], Souza and Pimenta [31], Kim and Mudawar [32], Chen et al.
[33]. Based on our simulation data, a new correlation for pressure
drop was developed. As list in Table 2.

Fig. 12 presents the comparison of the simulation frictional
pressure drop data with the prediction models.

The prediction of the Mishima and Hibiki [30] correlation is
shown in Fig. 12a. It shows good predictions of experimental pres-
sure drop data with the deviations mostly falling within ±15%.
Fig. 12b shows the experimental frictional pressure drops com-
pared with the correlation of Souza and Pimenta [31]. It can be
seen that the correlation over predicts the simulation data at high
pressure drops and the deviations is more than that of Mishima
and Hibiki [30] correlation. Fig. 12c shows the experimental
frictional pressure drops compared with the correlation of Kim
and Mudawar [32], based on the Lockhart and Martinelli [34]
correlation, this correlation has a modified values of C (Chisholm’s
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Table 2
Description of correlation for frictional pressure drop.

Authors Frictional pressure drop correlation

Mishima and Hibiki [30] ðdp=dzÞf ;tp ¼ /2
l ðdp=dzÞl , ðdp=dzÞl ¼ �2f l m2ð1� xÞ2=ðqlDhÞ

h i
f l ¼ 0:079Re�0:25

l , /2
l ¼ 1þ C=X þ 1=X2, C ¼ 21ð1� e�319Dh Þ

Souza and Pimenta [31]
/2
lo ¼ 1þ ðC2 � 1Þx1:75 1þ 0:9524CX0:4126

tt

� �
, C ¼ ql

qg

� �0:5 lg

ll

� �0:125
Xtt ¼ 1

C
1�x
x

� �0:875
Kim [32]

ðdp=dzÞf ;tp ¼ /2
l ðdp=dzÞl , ðdp=dzÞl ¼ �2f l m2ð1� xÞ2=ðqlDhÞ

h i
, /2

l ¼ 1þ C=X þ 1=X2, f l ¼
16Re�1

l ;Rel < 2000
0:079Re�0:25

l ;2000 < Rel < 20000
0:046Re�0:2

l ;Rel > 20000

8><
>: .

Cboiling ¼ Cnon�boiling � 1þ 60½ðm2DhÞ=ðqlrÞ�
0:32ðBoÞ0:78;Rel P 2000

1þ 530 ðm2DhÞ=ðqlrÞ
	 
0:52ðBoÞ1:09 ;Rel < 2000

(

Cnon�boiling ¼

0:39Re0:03lo Su0:10
go ðql=qgÞ0:35 ; Rel P 2000;Reg P 2000

8:7� 10�4Re0:17lo Su0:50
go ðql=qgÞ0:14 ; Rel P 2000;Reg < 2000

0:0015Re0:59lo Su0:19
go ðql=qgÞ0:36 ; Rel < 2000;Reg P 2000

3:5� 10�5Re0:44lo Su0:50
go ðql=qgÞ0:48 ; Rel < 2000;Reg < 2000

8>>>><
>>>>:

Chen [33] ðdp=dzÞf ;tp ¼ Xðdp=dzÞtp;Friedel , ðdp=dzÞtp;Friedel ¼ /2
loðdp=dzÞlo

ðdp=dzÞlo ¼ �2f lo½G2=ðqlDhÞ�, f lo ¼ 0:079Re�0:25

/2
lo ¼ Eþ 3024FX=ðFr0:045tp We0:035l Þ

h i
, Frtp ¼ G2=ðgDhq2

tpÞ

Wel ¼ G2Dh=ðrqtpÞ
1=qtp ¼ x=qg þ ð1� xÞ=ql

,X ¼ 0:0333Re0:45lo Re�0:09
g ½1þ 0:4expð�BoÞ��1;Bo < 2:5

We0:2tp ð2:5þ 0:06BoÞ�1;Bo P 2:5

(

New correlation ðdp=dzÞf ;tp ¼ /2
l ðdp=dzÞl . ðdp=dzÞl ¼ �2f lm2ð1� xÞ2=ðqlDhÞf l ¼ 0:079Re�0:25

l . /2
l ¼ 1þ C=X þ 1=X2

C ¼ 21ð1� e�319Dh Þ � 1þ 60 ðm2DhÞ=ðqlrÞ
	 
0:32ðBoÞ0:78 ; Rel P 2000

1þ 530 ðm2DhÞ=ðqlrÞ
	 
0:52ðBoÞ1:09 ; Rel < 2000
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parameter). It can be seen from the figure that the correlation has a
good prediction at low frictional pressure drops, while has a poor
prediction for most conditions. Fig. 12d shows the experimental
frictional pressure drops compared with the correlation of Chen
et al. [33]. The results show that the present heat transfer coeffi-
cients are strongly underestimated by the Chen model.

In the two-phase flow, the frictional pressure drop gradient is
correlated by the relationship between the two-phase frictional
multiplier, /2

l and X, for smooth circular tube, the two-phase fric-
tional multiplier can be written in form of Lockhart–Martinelli cor-
relation as:

/2
l ¼ 1þ C=X þ 1=X2 ð22Þ

The constant C indicates the two-phase flow condition parame-
ter in the Eq. (21).

Based on above discussion and Mishima and Hibiki [30] corre-
lation. A new correlation is proposed in this paper:

ðdp=dzÞf ;tp ¼ /2
l ðdp=dzÞl ð23Þ
ðdp=dzÞl ¼ �2f lm
2ð1� xÞ2=ðqlDhÞ ð24Þ
f l ¼ 0:079Re�0:25
l ð25Þ
C ¼ 21ð1� e�319Dh Þ

� 1þ 60 ðm2DhÞ=ðqlrÞ
	 
0:32ðBoÞ0:78 ; Rel P 2000

1þ 530 ðm2DhÞ=ðqlrÞ
	 
0:52ðBoÞ1:09 ; Rel < 2000

(
ð26Þ

Fig. 13 compares the present frictional pressure drop data with
predictions of the new correlation, Eqs. (21)–(25), which shows
best predictions of the simulation data. The whole deviation is
shown within ±15%.
4. Conclusions

In this paper, a model was established to investigate the charac-
teristic of frictional pressure drop for hydrocarbon mixture refrig-
erant in vertical rectangular minichannel. The effect of mass flux,
vapor quality and heat flux on heat transfer coefficients and pres-
sure drop gradients were discussed. And the simulation results
were compared with the existing correlations of heat transfer coef-
ficient and frictional pressure drop developed in literatures. The
following conclusions can be drawn from this study.
(1) The simulation results and experimental data from the liter-
atures are consistent within the deviation ±15% at the differ-
ent heat transfer coefficient.

(2) Due to the influence of the forced convection boiling mech-
anisms, the heat transfer coefficient increased with the
increase of vapor quality and the mass flux, while the influ-
ence of heat flux was found to be insignificant.

(3) Frictional pressure drop gradients increased with the
increase of vapor quality and mass flux, and the heat flux
had a little effect on the frictional pressure drop.

(4) The simulation results of heat transfer coefficients and pres-
sure drop were compared to existing correlations, the heat
transfer coefficient model of Liu correlation can predict most
of simulation data with the deviations in ±15%. Muller-
Steinhagen and Heck correlation show good predictions of
experimental pressure drop data with the deviations mostly
falling within ±15%. The modified model for frictional pres-
sure gradients shows the best prediction ability.
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