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a b s t r a c t 

The morphology of liquid–gas flows in corrugated plate heat exchangers is complex due to the intricate 

channel geometry. To date, only a few experimental visualizations have been performed to study the two- 

phase flow characteristics in plate heat exchangers. In this paper, we perform pioneering computational 

fluid dynamics simulations of the adiabatic liquid–gas (water-air) flow in a cross-corrugated channel of 

a plate heat exchanger. The standard volume-of-fluid technique is used to capture the complex phase- 

interfaces constructed by the cross-corrugated walls. In order to reduce the computational cost, the com- 

putational domain is simplified by a series of assumptions. The bubbly flow, slug flow, churn flow and 

film flow are modeled by varying the superficial velocities of both phases, and the validity of these pat- 

terns is proved by comparison with experimental results. A flow regime map is developed based on the 

numerical results, and the transitions between the regimes are discussed. The predicted pressure drop 

shows good agreement with the experimental data. The two-phase multiplier for general prediction of 

the friction factor in the cross-corrugated channel is calibrated. The mean void fraction in the channel is 

quantified by the numerical simulation. The void fraction model from Zuber and Findlay is found to be 

applicable to the cross-corrugated channel, which is further modified for general use for these types of 

channel flows. 

© 2019 Elsevier Ltd. All rights reserved. 
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. Introduction 

The chevron plate heat exchanger (PHE) is one of the most effi-

ient and compact of the heat transfer equipment in the commer-

ial market. The PHE consists of multilayers of corrugated plates

tacked together in a criss-cross manner, forming the so-called

ross-corrugated channels; see Fig. 1 . The hot and cold fluids flow

lternatively in the neighboring channels, effectively exchanging

eat. In modern industries, the PHE is often used as an evaporator

r condenser for cooling, heating, and power generation applica-

ions. 

Extensive experimental research about the flow evapora-

ion/condensation in PHEs have been reported in open literature

nd were comprehensively reviewed by ( Amalfi et al., 2016 ). How-

ver, most of those works only focused on the measurement of

lobal thermal-hydraulic performances, and poorly investigated the

asic flow characteristics in PHEs. A few experimental visualiza-

ions in cross-corrugated channels have been performed; these
∗ Corresponding author. 

E-mail address: xiaozhu@mek.dtu.dk (X. Zhu). 
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301-9322/© 2019 Elsevier Ltd. All rights reserved. 
orks are summarized in Table 1 . These literature studies show

he evidence of diverse flow patterns possibly occurring in the

HE, including bubbly flow, slug flow, churn flow and film flow.

he observed flow pattern seems strongly dependent on the chan-

el geometric parameters, working fluids, as well as the operating

onditions. In a recent literature review Tao et al. (2017) plotted a

ow regime map for the PHE based on results of previous works.

t is hard either to find consistencies among the works or dis-

inguish the boundaries between different flow regimes from the

ap, probably due to the differences in experimental setups, as

ell as the subjectivity of observers when judging the flow pat-

ern. Tao et al. (2017) comments that the existing database of the

wo-phase flow patterns in PHEs is associated with high uncer-

ainty. More investigations in this direction are strongly needed in

rder to find consistent knowledge about the two-phase flow char-

cteristics, which is crucial for the design of PHE products. 

Nowadays, the two-phase flows can be simulated numer-

cally by using computational fluid dynamics (CFD) methods

 Kharangate and Mudawar, 2017 ). The CFD methods provide many

dvantages over the state-of-the-art experimental approaches, es-

ecially for quantitative analysis of the flow physics. For instance,

https://doi.org/10.1016/j.ijmultiphaseflow.2019.103163
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ijmulflow
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijmultiphaseflow.2019.103163&domain=pdf
mailto:xiaozhu@mek.dtu.dk
https://doi.org/10.1016/j.ijmultiphaseflow.2019.103163
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(  
Nomenclature 

b amplitude of the corrugation, mm 

D h hydraulic diameter, D h = 4 b/ϕ, mm 

f friction factor 

F CSS surface tension force, N 

g gravity acceleration, m/s 2 

G mass flux, kg /m 

2 s 

I unit tensor 

L length of the domain/channel, mm 

P pressure, Pa 

Re Reynolds number, Re = G D h /μ
t time, s 

u velocity, m/s 

V control volume, m 

3 

W width of the domain/channel, mm 

x gas quality 

X Lockhart–Martinelli parameter 

Greek symbols 

α void fraction 

β corrugation angle 

θw 

contact angle 

μ viscosity, Pa s 

ρ fluid density, kg m 

−3 

σ surface tension, N m 

−1 

ϕ enlargement factor of the plate 

φL two-phase multiplier 

	 gradient of variables 


 pitch of the corrugation, mm 

Subscripts 

dr drift 

eff effective 

g Gas 

l liquid 

linear linear range 

m mixture 

the void fraction of a multiphase system is tricky to be measured

experimentally, while it can be easily calculated via the CFD ap-

proach. However, the multiphase CFD simulation is usually compu-

tationally expensive and relies on the use of high resolution grids

if the interface tracking is required, which limits the widespread

application of CFD in modeling the complex two-phase flows often

encountered in engineering practices, such like the two-phase flow

in PHEs. To the best of the authors’ knowledge, no CFD simulation

on the two-phase flow in PHEs has been reported in open litera-

ture. The major challenge lies in the construction of high quality

grids for the cross-corrugated channel. In addition, the associated
Fig. 1. (a) The typical configuration and assembly of a commercial plate heat exchange

stream (red) and cold stream (blue) flow alternatively in neighboring channels. (b) A de

amplitude, corrugation pitch and inclination angle, respectively. (For interpretation of the

of this article.) 
omputational costs to model the entire flow path of the PHE are

remendous. 

Nevertheless, some relevant CFD activities for structured pack-

ng columns are worth mentioning here because the structured

acking is also featured with cross-corrugated passages, which re-

emble the flow passages of the PHE. In recent years, CFD model-

ng is frequently used to explore the interfacial phenomena in the

tructured packing, such as liquid hold-up distribution and inter-

acial area ( Sacher and Repke, 2019 ; Singh et al., 2018 ; Sun et al.,

013 ). Despite the resemblance of the channel geometry, the work-

ng principles of the structured packing and the PHE are very dif-

erent in terms of the flow arrangement. The liquid and gas are

sually countercurrent in the structure packing, while they are in

o-current flow in the PHE. Therefore, the PHE requires a different

FD approach to predict the co-current two-phase flow behaviors. 

This paper presents, for the first time, a CFD-based study of

o-current liquid–gas flows in the cross-corrugated geometry of a

late heat exchanger, under adiabatic conditions. The study aims to

ain a better understanding of the two-phase flow patterns in the

HE and to develop correlations to quantify the pressure drop and

oid fraction in the PHE based on the CFD results. In order to re-

olve well the phase interface, the standard volume-of-fluid (VOF)

echnique is used, and high quality hexahedral grids are deployed

or the computational domain. The simulated flow patterns includ-

ng bubbly flow, slug flow, churn flow and film flow are disclosed

nd interpreted, and a flow regime map based on the numerical

esults is proposed and discussed. The two-phase multiplier is cal-

brated for a better prediction of the friction factor in the PHE. Fur-

hermore, the void fraction in the PHE is quantified based on re-

ults from the CFD simulations, and a rational model to estimate

he mean void fraction in a cross-corrugated channel is derived. 

The paper is organized as follows. In Section 2 , the mathe-

atical models, assumptions and computational details are given.

n Section 3 , the pressure drops of both single- and two-phase

ows in the cross-corrugated channel are presented and validated

gainst experimental data. The simulated flow patterns are pre-

ented and discussed in Section 4 ; in Section 5 , the flow regime

ap is presented; in Section 6 , the mean void fraction is quanti-

ed and correlated with gas quality and mass flux; the conclusions

nd final remarks are summarized in Section 7 . 

. Computational approach 

.1. Governing equations 

In the present study, the immiscible liquid–gas flow in the

ross-corrugated channel was solved by using the ANSYS Fluent

8.2, a finite-volume based solver. The standard volume-of-fluid

VOF) technique was adopted to track the interface. The mass
r, which consists of numbers of corrugated plates (by courtesy of Alfa Laval). Hot 

tail schematic of the cross-corrugated channel, where b , � and β are corrugation 

 references to color in this figure legend, the reader is referred to the web version 
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onservation equations were solved for liquid and gas phases, sep-

rately. 

For the liquid phase: 

∂ 

∂t 
( αl ρl ) + ∇ � ( αl ρl � u ) = 0 (1) 

For the gas phase: 

∂ 

∂t 
( αg ρg ) + ∇ � ( αg ρg � u ) = 0 (2) 

Since only two phases are presented, αl + αg = 1 . 

The forces of pressure, friction, gravity and surface tension, act-

ng on the fluid flow, are included in a single set of momentum

quations shared for both phases, expressed as 

∂ 

∂t 
( ρm 

�
 u ) + ∇ � ( ρm 

�
 u 

�
 u ) = −∇P + ∇ �

[
μe f f 

(∇ 

�
 u + ∇ 

�
 u 

T 
)]

+ ρ�
 g + 

�
 F css (3) 

here ρm 

= ρl αl + ρg αg , and μe f f = μl αl + μg αg + μt . 

The surface tension force �
 F css in the momentum equation

as modeled based on the continuum surface stress concept

 ANSYS, 2018 ), written as 

�
 

 css = ∇ �
[
σ | ∇α| I − ∇ α � ∇ α

| ∇α| 
]

(4) 

The k - ω shear-stress-transport (SST) model ( Menter, 1994 )

as applied to close the Reynolds stress term. However, the

- ω model generally overpredicts the turbulence intensity near

he liquid–gas interface because of the high velocity gradient in

he interfacial area ( Kharangate and Mudawar, 2017 ). This de-

ect can be mitigated by adding a turbulent damping source

erm to the ω-equation according to ( Egorov, 2004 ). The study of

harangate et al. (2015) showed that the k- ω SST model, incorpo-

ated with the Egorov’s turbulent damping model, can yield a nice

rediction of the interfacial quantities of falling films. Accordingly,

he turbulent damping formula of Egorov with a damping factor of

0 was used in the present simulations to improve the turbulent

rediction in the liquid–gas interfacial area. 

.2. Computational domain and grid construction 

For validation purposes, the geometry of the cross-corrugated

hannel used for simulations is identical to Tribbe and Müller-

teinhagen’s experimental prototype ( Tribbe and Müller-

teinhagen, 2001a , b ). The key geometric parameters are listed

n Table 2 (also see Figs. 1 and 2 for the definition of each param-

ter). In order to model an entire flow channel of the considered

HE, the required grid size was preliminarily estimated to need at

east 66 million nodes. The associated computational cost would

e unaffordable. To save the cost, the size of the computational

omain was reduced based on the following assumptions. Firstly,

he flow was assumed to be uniformly spanned in the channel

ithout maldistribution; secondly, the flow pattern was assumed

o be periodic in the spanwise direction of the channel. Thirdly, it

as assumed that the flow characteristics are not influenced by

he streamwise length of the domain once the flow is fully devel-

ped. Given these preconditions, the domain size was reduced to

/50 of the entire channel dimension, as shown in Fig. 2 , and so

ere the computational costs. The streamwise length of the do-

ain was determined to be 1/3 of the total channel length, which

s long enough to enable the flow pattern to be fully developed

long the streamwise direction. 

The hexahedral grids were deployed to the entire computa-

ional domain as shown in Fig. 2 . The contact corners are the

laces where the two opposite corrugation plates are attached,

hich were represented by hollow spots. The grid consists of 1.33
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Table 2 

Geometric dimensions of the computational domain and the PHE in the reference literature. 

References L , mm W , mm β b , mm 
, mm ϕ

Computational domain 127 22 60 1.5 11 1.166 

Tribbe and Müller-Steinhagen (2001a ) 640 240 60 1.5 11 1.166 

Jin and Hrnjak (2017) 495 210 60 1.1 10 1.111 

Focke et al. (1985) 400 100 60 2.5 10 1.473 

Fig. 2. Simplification of computational domain from a whole cross-corrugated channel, and the grid details. 
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million nodes in total. A preliminary grid sensitive test was per-

formed, which suggests that a grid size of 0.89 million is sufficient

to predict the two-phase flow pressure drop reasonably, while the

resolution of captured interface is compromised. Therefore, the

finer grid was used to ensure the flow pattern was captured with

high resolution. In particular, the near wall grid was carefully re-

fined to ensure the y + close to or smaller than unity for all sim-

ulations. The distance of the first layer nodes normal to the wall

is around 5–10 μm, so that the near wall liquid film can be well

treated. 

2.3. Working fluids 

Consistent with the experimental condition of Tribbe and

Müller-Steinhagen (2001b ), the water-air combination was used as

the working fluid. The fluid properties were evaluated under the

conditions of 25 °C (temperature) and 2 bar (pressure). For water,

ρ = 997 . 1 kg/m 

3 , and μ = 8 . 9 × 10 −4 Pa s; for air, ρ = 2 . 36 kg/m 

3 ,

and μ = 1 . 85 × 10 −5 Pa s. The fluid properties were assumed to re-

main constant during the simulation. The surface tension between

water and air is 0.072 N/m . It was assumed that the water-air sys-

tem has a fixed contact angle θw 

with the wall, which is 81 °. 

2.4. Boundary conditions 

Referring to Fig. 2 , the notation BC1 represents the mass flow

inlet; the mass flux of liquid and gas are explicitly specified as

G g = x G and G l = ( 1 − x ) G , respectively. The notation BC2 corre-

sponds to the pressure outlet, where a constant static pressure of

0 Pa is assigned. The notations BC3 and BC4 are defined as the

transversal periodical boundary condition. A zero pressure-gradient

is imposed in the transversal direction. Given this periodical as-

sumption, all the flow quantities on the BC3 and BC4 surfaces are

identical. At the walls, the no-slip condition is assigned. A dynamic

boundary condition is applied to the wall’s adjacent cells to ac-

count for the wall adhesion effect. With the contact angle θw 

be-

ing known, the interface curvature is adjusted in the simulation
sing the equation ˆ n = ˆ n w 

cos θw 

+ ˆ τw 

sin θw 

( Brackbill et al., 1992 ),

here ˆ n is the interface normal at the live cells near the wall; ˆ n w 

nd ˆ τw 

are the unit vectors normal and tangential to the wall, re-

pectively. The local curvature of the interface is determined using

he contact angle and the calculated surface normal one cell away

rom the wall. 

.5. Solution techniques 

Eqs. (1) and (2) are discretized using the implicit formula-

ion, with the default value of 1 × 10 −6 for the volume fraction

utoff. The PISO scheme is used to tackle the pressure–velocity

oupling. The PRESTO! scheme is used for pressure discretiza-

ion. The moment and turbulent equations are discretized based

n a second-order upwind scheme. The phase interface is con-

tructed by applying a modified High Resolution Interface Captur-

ng (HRIC) technique. The temporal discretization is based on the

ounded second-order implicit formulation. Before the computa-

ion, the flow field is initialized with zero velocity and zero void

raction. For two-phase modeling, the simulation is run with adap-

ive time steps to ensure the global Courant Number is smaller

han unity for every time step. The simulations were performed

n the Niflheim supercomputer at DTU Campus Lyngby. 

. Pressure drop 

.1. Single-phase pressure drop 

Prior to the two-phase simulation, the single-phase flow in

he cross-corrugated channel is modeled. The single-phase results

erve as a preliminary reference to validate partially the numer-

cal model. Fig. 3 (a) shows the pressure fluctuation monitored at

he channel inlet for Re = 145. The results indicate that flow chaot-

cally oscillates even at such a low Reynolds number. Therefore, it

s necessary to take time-averaging of the pressure field in order

o obtain the mean pressure drop along the channel. The sampled

ime interval for making the average is highlighted in Fig. 3 (a), and
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Fig. 3. The way to evaluate the mean pressure drop along the channel. (a) Time history of static pressure monitored at the inlet ( x = 0) of the channel at Re = 145 . The 

sample interval for taking the time-averaging calculation is marked. (b) Time averaged pressure along the streamwise direction. The mean pressure drop per unit length is 

evaluated within the linear range. 

Fig. 4. Comparisons of the friction factor of single-phase flow predicted by CFD, 

correlations and the experimental results fromprevious works. 
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Fig. 5. Comparison of the two-phase pressure drop between the CFD prediction and 

the experimental measurement from ( Tribbe and Müller-Steinhagen, 2001b ). 
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b) depicts the mean pressure along the streamwise direction. It

an be noticed that the mean pressure drop stays almost linear

long the flow path except for the inlet and outlet regions. There-

ore the pressure drop is evaluated only within the linear range

 ∈ (0.2 L , 0.8 L ), whereas the inlet and outlet are excluded. The strat-

gy to determine the mean pressure drop described above will be

pplied for the two-phase flows as well. The Fanning friction factor

s used to represent the flow friction, calculated by 

f = 

ρD h 〈 	P 〉 linear 

2 G 

2 l linear 

(5) 

here 〈 	P 〉 is the time-averaged pressure drop of the linear range,

nd l linear is the length of the linear range. Fig. 4 plots the friction

actor for single-phase flow predicted using CFD, correlations and

xperimental results from previous works. The geometric parame-

ers for each study are compiled in Table 2 . Note that the definition

f the hydraulic diameter and the friction factor sometimes differ

rom one literature study to another. For consistency, the original

ata appearing in the literature ( Jin and Hrnjak, 2017 ; Focke et al.,

985 ) have been revised according to the definition in the present

aper. As shown, the CFD results are close to the experimental

easurements from Jin and Hrnjak (2017) and Focke et al. (1985) .

n addition, the CFD results conform with the ( Martin, 1996 ) semi-
heoretical correlation. The results for water and air cases reflect

he fact that the friction factor is independent of the fluid proper-

ies (a charter of Newtonian fluids). A simple single-phase correla-

ion is proposed as follows with respect to the CFD results. 

f = 35 . 55 R e −0 . 972 + 0 . 621 (6)

.2. Two-phase pressure drop 

The present simulations are performed under the vertically up-

ard flow condition. Five levels of mass flux (25, 50, 100, 200,

50 kg/m 

2 s) were tested, with the gas quality x varying in a broad

ange 0.0 0 01 ≤ x ≤ 0.6. The mean pressure drop per unit length is

ompared with the experimental results in Fig. 5 ; both are in rea-

onable agreement in most cases. However, the deviation between

he experiment and the simulation becomes significant when the

ass flux and gas quality get higher. This may occur because of

any reasons, and the measurement error and flow maldistribu-

ion effect in the experimental tests may be one of them. From the

umerical side, the pressure gradient along the channel is large at

igh mass flux and high gas quality, which means the compression

f the gas phase would be significant, whereas this effect is not

ncluded in our simulation. 

The Lockhart–Martinelli method is widely used to calculate

he pressure drop in a two-phase flow system by introducing
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Fig. 6. The calibration of the model constant of the two-phase multiplier (left); the deviations between the correlation and the CFD data (right). 
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a parameter of the two-phase multiplier ( Lockhart and Mar-

tinelli, 1949 ). The two-phase multiplier correlates the single-phase

pressure drops of each phase to the two-phase pressure drop in

the following way. The Lockhart–Martinelli parameter X and the

multiplier φL are defined as 

X = 

√ (
dP 

dz 

)
l 

/ 

(
dP 

dz 

)
g 

(7)

φ2 
L = 

(
dP 

dz 

)
lg 

/ 

(
dP 

dz 

)
l 

(8)

respectively, where dP / dz is the pressure drop per unit length, and

the subscripts “l ”, “g ” and “lg ” denote the liquid phase, gas phase,

and liquid–gas two-phase, respectively. 

In general, for two-phase channel flow, a unified correlation be-

tween X and φ2 
L 

could be found, which is always shown in the

form of 

φ2 
L = 1 + 

C 

X 

+ 

1 

X 

2 
(9)

where C is an empirical constant depending on the properties of

the flow system. The determination of this constant bears the suc-

cess of the multiplier method in predicting the two-phase pres-

sure drop. Tribbe and Müller-Steinhagen (2001a ) suggest C = 8

for the PHE with ϕ = 60 ◦. In another relevant work, Palm and

Claesson (2006) suggested C = 4 . 67 in respect to their experimen-

tal data. It should be noted that the multiplier method requires

the single-phase pressure drop to be precisely calculated a priori.

Tribbe and Müller-Steinhagen (2001a ) did not provide the single-

phase formula used for the friction factor calculation, hence their

derived multiplier could not be directly used. Palm and Claes-

son (2006) adopted the ( Martin, 1996 ) correlation for evaluation

of the single-phase pressure drop, while they did not examine

whether the correlation complies with their experimental condi-

tions. In the present paper, the single-phase pressure is calculated

by using Eq. (6) , which is more compatible with the two-phase

pressure drop resulting from CFD. In Fig. 6 , the diagram of φL ver-

sus X is plotted by including all the CFD results. As shown, the φL 

and X can be well correlated by Eq. (9) if an appropriate C is used.

Apparently, the values of C suggested by Palm and Claesson (2006) ,

Tribbe and Müller-Steinhagen (2001a ) are too small to correlate

the CFD results correctly. We suggest a larger C = 13 , which leads

to a better multiplier to correlate with the CFD data, with the de-

viation less than 30%, as shown in Fig. 6 . 
. Flow patterns 

A range of flow patterns were captured by the CFD simulations.

he massive images of flow patterns resulting from the CFD simu-

ations are included in the supplementary material. Here we only

elect a few representative cases for analysis and discussion with

he aim of providing a better understanding of the two-phase flows

n the PHE. In this section, we make comparisons between the cal-

ulated flow patterns with the experimental evidence in open liter-

ture whenever possible. The geometry, fluid and operating condi-

ions for the CFD simulations may differ from the counterpart ex-

eriments, so the comparison should not be considered as a strict

alidation, but rather a proof of concept. 

.1. Bubbly flow 

Bubbly flows are recognized at very low gas quality. Fig. 7

hows representative bubbly flow patterns obtained from CFD sim-

lations and the experimental visualizations ( Grabenstein et al.,

017 ; Polzin et al., 2016 ; Solotych et al., 2016 ). The comparisons

erify that the main characteristics of bubbly flows in the cross-

orrugated channel can be captured by the CFD simulation. For a

iven PHE configuration, the bubble size, topology and spatial dis-

ribution are dependent on both the mass flux and gas quality. The

ubble size tends to be smaller and uniform at higher mass flux

ecause of the associated high turbulence that causes the breakup

f large bubbles. Taking the case of G = 350 kg / m 

2 s , x = 0 . 0 0 01

s an example, as seen, a large bubble is produced at the en-

rance region, which is then destroyed soon after due to the strong

urbulence. For G = 200 kg / m 

2 s , x = 0 . 0002 , an interesting phe-

omenon is seen; relatively large bubbles are frequently produced

nd reside in between the contact corners where the spacing of

he plate is the maximum. Such a typical bubble behavior is also

eported in the experimental works of Solotych et al. (2016) . Our

esults indicate that a wake-like region with reduced pressure is

stablished behind the contact corner, so that the gas bubble can

e trapped in this region by the local pressure gradient. For a

ow total mass flux situation, the dominating bubbles are large

n size, with the diameter approximate to the local spacing of

he channel. The bubble is deformed dramatically as it proceeds

ownstream. It either breaks down, or merges with others, or be-

omes elongated, manifesting similar behavior as that observed by

im et al. (2019) . Nevertheless, so far, the understanding of bubble

ynamics in cross-corrugated channels is fairly shallow. A detailed
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Fig. 7. Bubbly flow patterns obtained from CFD simulations and experiments. 

Fig. 8. Slug flow patterns predicted by CFD simulations, and a comparison to the Taylor bubble observed in a wavy channel by Nilpueng and Wongwises (2006) . The blue-red 

contour shows the water-air distribution in a spanwise cross-section. 
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nvestigation focusing on bubble behavior is the subject of further

ork. 

.2. Slug flow 

By increasing the gas quality, the bubbly flow transforms into a

lug flow pattern, as shown in Fig. 8 . The Taylor bubble in a cross-

orrugated channel shows an interesting wavy appearance with a

ap front. The bubble is essentially shaped by the geometry of the
hannel because the cross-section geometry of the channel varies

astly along the streamwise direction. Such Taylor bubbles can be

s long as two times the wavelength of the corrugated plate. We

id not find any publications reporting such wavy slug patterns

n the PHE, which is probably due to the fact that the slug flow

s not prevalent in cross-corrugated channels. It is interesting to

ee that, in the spanwise cross-section, the slug manifests itself

esembling the Taylor bubbles observed in a parallel wavy chan-

el by Nilpueng and Wongwises (2006) , except that the slug in
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Fig. 9. Churn flow pattern predicted by CFD simulations. The chaotic feature is also described by the void fraction contours in spanwise cross-sections. 

Fig. 10. Film flow with liquid patches formed behind the contact corners, and a comparison to experimental pattern in spanwise cross-sections ( Solotych et al., 2016 ). 
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the cross-corrugated channel is deformed in the spanwise direc-

tion intricately due to the geometric constraint. Another unique

feature of the wavy slug bubble differing from the generally ob-

served Taylor bubble, is that the liquid film surrounding the bub-

ble is highly non-uniform. In the deep valley of the corrugated fur-

rows, a very thick liquid rivulet is there because of the local recir-

culation, whereas the liquid film is relatively thinner over the crest

of the corrugation due to the strong local shear stress. 

4.3. Churn flow 

We did not find well-defined slug patterns at high mass flux

when G = 350 kg / m 

2 s . Instead, a chaotic flow pattern is obtained

for a gas quality as low as 0.001, as illustrated in Fig. 9 . The

two phases interact with each other in a very chaotic manner.

The interface is highly disordered and intricate. This pattern can

be treated as a vastly disrupted slug flow, and the disturbance

is so intense that the slug bubbles could not survive, but break

up into irregular gas clusters disorderly penetrating in the core

of the channel. Such a chaotic pattern is then termed as churn

flow in the present paper. It is only possible for the churn pattern

to occur at very high mass flux when a high turbulence environ-

ment is established, whereas it was not found for those cases with

G ≤ 200 kg/m 

2 s. 

4.4. Film flow 

4.4.1. Film flow with liquid patches 

The slug bubbles would be merged together as the void frac-

tion increases over a certain threshold value, forming an in-

teresting flow pattern shown in Fig. 10 . This pattern is mainly
haracterized by a fan-shaped liquid patch behind each contact

orner, which is evidenced by the experimental visualization of

olotych et al. (2016) and also observed by Jin (2017) during the

ow evaporation in the PHE. The liquid patches decrease in size

s the gas quality increases. For a given gas quality, the patch can

e more stable and bigger for lower mass flux. In addition to the

atch, it can also be seen that the liquid film over the wall is non-

niform. The film is much thicker over the leeside of the corru-

ated plate relative to the flow direction, whereas the liquid lay-

rs on the windward side of the plate (near the crest) are ex-

remely thin. This finding is in agreement with observations by

ilpueng and Wongwises (2010) . 

The patches apparently exist under the low mass flux condition,

hereas they are hardly seen when G = 350 kg / m 

2 s . The forma-

ion of the liquid patch is attributed to the wake established be-

ind the contact corner. The liquid resides rather stably within the

ake zone. The shear force from the high-speed gas core, acting

n the patch interface, can hold up the liquid patch against gravity

the wall structure also plays a role in holding up the liquid patch).

or very high mass flux and high gas quality, the shear force be-

omes so intense that it breaks down the liquid patch. That is why

he liquid patch does not appear for those cases with high mass

ux and relatively high gas quality. 

.4.2. Film flow with partial dry-out 

By increasing the gas quality to an even high level, the liquid

atches are diminished gradually, and all simulated cases go to-

ards an almost unified film pattern, as shown in Fig. 11 . For this

attern, the liquid film mainly covers the leeside of the corrugated

late. On the other hand, a large area of liquid film on the plate
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Fig. 11. Film flow with partial dry-out predicted by CFD (left). The colored contour is the void fraction in vicinity of the wall, which highlights the dry-out surface. The right 

side lists some experimental evidence of the film patterns. 
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Fig. 12. A sketch of the flow regime map for water-air upward flow in the cross- 

corrugated channel based on CFD results. The detailed flow patterns corresponding 

to each scatter in the map can be found in the supplementary material. 
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indward is dispelled due to the strong shear stress on this side.

herefore, the plate surface is partial dry-out and directly exposed

o the gas flow. This pattern should be the final stage of the flow

attern transition. In other words, all liquid–gas flows in a cross-

orrugated channel will finally be settled in this film regime when

he gas quality continually increases, for example, with the flow

vaporation process. As long as it is formed, the further increase

f gas quality only varies the film thickness, the rate of liquid en-

rainment and the area of the dry-out surface. 

. Flow regime map 

All the simulated results are collected in a sketched flow regime

ap, as shown in Fig. 12 . The principle for drafting this map is

ased partially on the classical flow transition criteria suggested

y Taitel et al. (1980) . It should be noted that the boundary lines

etween regimes are superficially plotted in Fig. 12 , because the

ataset is still not sufficient enough to indicate the specific location

f these boundaries. Moreover, theoretical models to predict these

oundaries are still unrealizable due to the lack of fundamental

nderstanding of the two-phase flow in the cross-corrugated ge-

metry. Note that the transition zone in Fig. 12 denotes a combi-

ation of slug flow and film flow, because the flow is in the middle

f the transition between them. Readers can find the pattern im-

ges for each regime in the supplementary material. 

By comparing Fig. 12 with the flow regime map of the verti-

al pipe flow ( Taitel et al., 1980 ), the two maps share some simi-

ar nature in terms of the layout of each regime. In particular, the

ubble-slug boundary line is adopted directly from Taitel’s map,

hich fits well with the cross-corrugated geometry. The transition

rom bubbly flow to slug flow can be interpreted as a consequence

f frequent bubble aggregation due to the growing bubble den-

ity. As the slug bubble population is increased along with the gas

uality, the slug bubbles merge together forming an interconnected
as core, confined by the wall liquid film. So the film regime in

he cross-corrugated channel corresponds to the annular regime

or tube flow. Even though the dispersed bubbly flow is only ob-

erved for the case with G = 350 kg / m 

2 s , x = 0 . 0 0 01 , we conjec-

ure that above the boundary line between the bubble regime and

he dispersed bubble regime, it is only possible for dispersed small

ubbles to be generated in the cross-corrugated channel. This is

ecause the turbulence promoted by the cross-corrugated geom-

try is so strong that it breaks the bubbles into very small sized

nes sustainably, also explaining why the critical liquid superficial
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velocity u l corresponding to this transition is almost an order of

magnitude lower than that of the pipe flow. At high mass flux,

the high turbulent environment prohibits the formation of smooth

shaped slug bubbles. Instead, the dispersed bubbles aggregate into

chaotic patterns when the gas flux is increased, driving the flow

into the churn regime. The entire right side of the map should be

the film regime, and the transition to this regime is fairly quick and

only requires very low gas quality. As shown in Fig. 12 , the critical

superficial gas velocity for the transition to film pattern is around

u g = 1 . 0m / s , whereas it is 15m/s for upward liquid–gas flow in a

pipe ( Taitel et al., 1980 ). 

6. Mean void fraction 

The void fraction is a crucial variable to characterize the two-

phase flows. However, it is tricky to measure it directly by the ex-

periment. A so-called homogeneous void fraction model is given as

1 

α
= 1 + 

1 − x 

x 

(
ρg 

ρl 

)n 

(10)

which is one of the most widely applied models for the prediction

of void fraction in two-phase flow systems. It was also adopted

to evaluate the void fraction in PHEs ( Grabenstein et al., 2017 ;

Jin, 2017 ). However, the CFD results suggest that this model causes

unacceptable error in predicting the void fraction in the PHE; see

Fig. 13 . Therefore, an appropriate void fraction predicting model is

needed for the PHE. In this paper, a suitable void fraction model for

the PHE is recognized based on the results of the CFD simulations.

For the CFD simulation, the mean void fraction can be calculated

by 

α = 

1 

V 

∫ αg dV = 

1 

V 

n ∑ 

i =1 

( αg ) i V i (11)

where V represents the volume of the entire domain, and V i de-

notes the volume of the i th computational cell. Fig. 13 presents the

calculated void fraction α. It can be seen that α shows a strong

dependence on both x and G . Apparently, Eq. (10) fails to account

for the role of G . Then the void fraction model of Zuber and Find-

lay (2012) was tested. This model has been developed to estimate

the mean void fraction of a two-phase flow system by accounting

for the effects of both the heterogeneous distribution profile and

the drift velocity between the phases. The model is given as 

α = 

u g 

C 0 u m 

+ u dr 

(12)
Fig. 13. Computed mean void fraction α versus the gas quality x at different mass fluxes

(right side). 
here u g is the gas superficial velocity, and u m 

is the mean super-

cial velocity, u m 

= G ρm 

. Specifically, C 0 is the distribution parame-

er, which needs to be calibrated according to the properties of the

wo-phase flow system. It is suggested that for the pipe flow, C 0 
aries in the range of 0.95 < C 0 ≤ 1.2, depending on the profile of

he radial distribution of the void fraction ( Guet and Ooms, 2005 ).

he u dr denotes the drift velocity between two phases, given in the

orm 

 dr = 1 . 53 

(
gσ	ρ

ρ2 
l 

)1 / 4 

(13)

Fig. 13 indicates that the Eq. (12) is able to correlate reason-

bly well the void fraction to the vapor quality by setting C 0 = 1 . 2 .

he relative deviation is below 20% for the case with α ≥ 0.25,

hile large deviation appears if α < 0.25. Note that α = 0 . 25 is of-

en noted as a critical value for the transition from bubbly flow to

lug flow in pipes ( Taitel et al., 1980 ). Furthermore, the results sug-

est that when the flow enters the film regime, α becomes greater

han approximately 0.68, and Eq. (12) tends to under-predict the α,

hich indicates the performance of the model depends somehow

n the fluid regimes. In this respect, the model constant needs to

e tuned in order to evaluate better the void fraction in the PHE.

he modified version is given as 

= 

u g 

C 0 u m 

+ C 1 u dr 

(14)

ith 

 0 = 1 . 03 

(
1 − x 

x 

)0 . 02 

, C 1 = 1 for α ≥ 0 . 25 

nd 

 0 = 1 . 03 

(
1 − x 

x 

)0 . 02 

, C 1 = 

(
1 − x 

x 

)0 . 125 

for α < 0 . 25 

As shown in Fig. 13 (b), the modified model yields a better pre-

iction of the mean void fraction in this cross-corrugated channel

ith the deviation far less than 20% for the most cases. 

In Fig. 13 , the flow regimes are classified on the plot by the

ash boundary lines. It seems that the void fraction can be used as

 discriminant to distinguish the flow regimes in cross-corrugated

hannels. For instance, it is bubbly flow if α < 0.25, and it is most

ikely to be film flow if α > 0.68. Hence, it would be possible to

erive a void fraction based discriminant for flow regimes. That

ould make the ascertaining of flow regimes in the PHE more

traightforward and easier. 
 G (left side); the deviation of different void fraction models from the CFD results 
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. Conclusions 

A pioneering CFD study of upward two-phase flow in a ver-

ical cross-corrugated channel was presented in this paper. The

tudy aims to enable a better understanding of the liquid–gas

ow in corrugated plate heat exchangers. The simulations cover a

road range of operating conditions with 25 ≤ G ≤ 350 kg/m 

2 s and

.0 0 01 ≤ x ≤ 0.8. A variety of flow patterns in the channel were suc-

essfully modeled and analyzed. The hydraulic aspects of the adi-

batic two-phase flow in the cross-corrugated channel were also

nvestigated. 

The two-phase flow friction in the cross-corrugated channel

as calculated from the CFD simulation. The friction factor can be

ell correlated by the Lockhart–Martinelli method. The two-phase

ultiplier was calibrated based on the CFD data. The CFD simula-

ion also yields a reliable dataset of the mean void fraction in the

ross-corrugated channel. The Zuber and Findlay model is able to

orrelate the mean void fraction well with the gas quality and the

ass flux. The model was further modified to reduce the deviation

rom the CFD data. The two-phase multiplier ( Eq. (6) –(9) ) and the

odified Zuber and Findlay model ( Eq. (14) ) are recommended for

stimating the pressure drop and the mean void fraction in plate

eat exchangers ( ϕ ≈ 60 ◦), respectively. 

A flow regime map was drafted based on CFD resolved flow

atterns. The map is divided into six regimes including bubble, dis-

ersed bubble, slug, churn, transition and film flows. Most of these

ow patterns are verified by experimental evidence from literature

eviews. Bubbly flows occur in the cross-corrugated channel when

oid fraction α < 0.25. With the increase of void fraction, the bub-

ly flow switches into either a slug flow or a churn flow pattern,

epending on the total mass flux. When α > 0.68, the two-phase

ows are unexceptionally settled in the film flow regime regard-

ess of the total mass flux. 

In summary, this study has proved the capability and advan-

ages of using CFD to study complex two-phase flows in the cross-

orrugated channel. The numerical results complement state-of-

he-art in two respects: numerical quantification of the mean void

raction and the friction factor; and numerical exposition of diverse

iquid–gas flow patterns in the cross-corrugated channel. 
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