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Abstract 7 

The morphology of liquid-gas flows in corrugated plate heat exchangers is complex due to the 8 

intricate channel geometry. To date, only a few experimental visualizations have been performed 9 

to study the two-phase flow characteristics in plate heat exchangers. In this paper, we perform 10 

pioneering computational fluid dynamics simulations of the adiabatic liquid-gas (water-air) flow 11 

in a cross-corrugated channel of a plate heat exchanger. The standard volume-of-fluid technique 12 

is used to capture the complex phase-interfaces constructed by the cross-corrugated walls. In order 13 

to reduce the computational cost, the computational domain is simplified by a series of 14 

assumptions. The bubbly flow, slug flow, churn flow and film flow are modeled by varying the 15 

superficial velocities of both phases, and the validity of these patterns is proved by comparison 16 

with experimental results. A flow regime map is developed based on the numerical results, and the 17 

transitions between the regimes are discussed. The predicted pressure drop shows good agreement 18 

with the experimental data as well. The two-phase multiplier for general prediction of the friction 19 

factor in the cross-corrugated channel is calibrated. The mean void fraction in the channel is 20 

quantified by the numerical simulation. The void fraction model from Zuber and Findlay is found 21 

to be applicable to the cross-corrugated channel, which is further modified for general use for these 22 

types of channel flows. 23 

Key words: plate heat exchanger, cross-corrugated channel, two-phase, computational fluid 24 

dynamics, flow pattern. 25 
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1. Introduction 26 

The chevron plate heat exchanger (PHE) is one of the most efficient and compact of the heat 27 

transfer equipment in the commercial market. The PHE consists of multilayers of corrugated plates 28 

stacked together in a criss-cross manner, forming the so-called cross-corrugated channels; see Fig. 29 

1. The hot and cold fluids flow alternatively in the neighboring channels, effectively exchanging 30 

heat. In modern industries, the PHE is often used as an evaporator or condenser for cooling, heating, 31 

and power generation applications.  32 

 33 

Fig. 1. (a) The typical configuration and assembly of a commercial plate heat exchanger, which 34 

consists of numbers of corrugated plates (by courtesy of Alfa Laval). Hot stream (red) and cold 35 

stream (blue) flow alternatively in neighboring channels. (b) A detail schematic of the cross-36 

corrugated channel, where 𝑏 , 𝛬  and 𝛽  are corrugation amplitude, corrugation pitch and 37 

inclination angle, respectively. 38 

Extensive experimental research about the flow evaporation/condensation in PHEs have been 39 

reported in open literature and were comprehensively reviewed by (Amalfi et al., 2016). However, 40 

most of those works only focused on the measurement of global thermal-hydraulic performances, 41 

and poorly investigated the basic flow characteristics in PHEs. A few experimental visualizations 42 

in cross-corrugated channels have been performed; these works are summarized in Table 1. These 43 

literature studies show the evidence of diverse flow patterns possibly occurring in the PHE, 44 

including bubbly flow, slug flow, churn flow and film flow. The observed flow pattern seems 45 

strongly dependent on the channel geometric parameters, working fluids, as well as the operating 46 

conditions. In a recent literature review, (Tao et al., 2017) plotted a flow regime map for the PHE 47 

based on results of previous works. It is hard either to find consistencies among the works or 48 

distinguish the boundaries between different flow regimes from the map, probably due to the 49 

differences in experimental setups, as well as the subjectivity of observers when judging the flow 50 
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pattern. (Tao et al., 2017) comments that the existing database of the two-phase flow patterns in 51 

PHEs is associated with high uncertainty. More investigations in this direction are strongly needed 52 

in order to find consistent knowledge about the two-phase flow characteristics, which is crucial 53 

for the design of PHE products.  54 

Table 1. Summary of previous works on experimental visualization of liquid-gas flows in cross-55 

corrugated channels. 56 

References Geometric 

dimensions 

Fluids 

(liquid-

gas) 

Flow 

direction 

Operation 

condition 

Observed flow patterns 

(Xu and Carey, 

1987) 

𝛬 = 8.55 

𝑏 = 1.2 

𝛽 = 30° 

Water Upward & 

horizontal 

Boiling For upward case: churn flow and 

annular flow; for horizontal case: 

wavy flow and annular flow. 

(Gradeck and 

Lebouché, 2000) 

𝛬 = 65 

𝑏 = 10 

𝛽 = 65°, 90° 

Water-

nitrogen 

horizontal Adiabatic Bubbly flow and stratified flow. 

(Tribbe and 

Müller-

Steinhagen, 

2001a) 

𝛬 = 12 

𝑏 = 1.5, 1 

𝛽 = 30°, 60° 

Water-air downward Adiabatic Bubbly flow, irregular bubbly 

flow, churn flow, film flow, and 

partial film flow. 

(Vlasogiannis et 

al., 2002) 

𝛬 = 10 

𝑏 = 1.2 

𝛽 = 60° 

Water-air downward Adiabatic Continuous gaseous flow, bubbly 

flow, and slug flow. 

(Hsieh et al., 

2002) 

𝛬 = 10 

𝑏 = 1.65 

𝛽 = 60° 

R-134a upward Subcooled 

boiling 

Bubbly flow. 

(Nilpueng and 

Wongwises, 

2010) 

𝑏 = 1.25 

𝛽 = 57.5° 

Water-air downward 

upward 

Adiabatic For upward case: Bubbly flow 

and annular-liquid bridge flow; 

for downward case: bubbly flow, 

slug flow, and annular-liquid 

bridge flow. 

(Solotych et al., 

2016) 

𝛬 = 5.7, 3.7 

𝑏 = 1.0,0.5 

𝛽 = 60°, 65° 

HFE-7100 upward Adiabatic Bubbly flow, churn flow, and 

film flow 

(Grabenstein et 

al., 2017) 

𝛬 = 11.4 

𝑏 = 1.5 

𝛽 = 27°, 63° 

R365mfc 

water-air 

downward Adiabatic 

and boiling 

Bubbly flow, slug flow, churn 

flow, and film flow 

(Jin and Hrnjak, 

2017) 

𝛬 = 10 

𝑏 = 1.1 

𝛽 = 60° 

R245fa Upward 

downward 

Adiabatic 

and boiling 

For upward case: liquid pool, 

irregular bubbly flow, film flow 

and liquid dry-out; for downward 

case: film flow and dry-out 

 

(Kim et al., 2019) 𝛬 = 7 

𝑏 = 1 

𝛽 = 60° 

R-245fa Upward Adiabatic 

 

Bubbly flow and partial film flow 
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(Lee et al., 2019) 𝛬 = 7.5 

𝑏 = 1.94 

𝛽 = 60° 

R-

1234ze(E) 

Upward Adiabatic Five dominant flow regimes were 

observed: slug flow, wavy liquid 

film flow, pulsating annular flow, 

vapor-preferred path annular 

flow, and entire annular flow. 

 57 

Nowadays, the two-phase flows can be simulated numerically by using computational fluid 58 

dynamics (CFD) methods (Kharangate and Mudawar, 2017). The CFD methods provide many 59 

advantages over the state-of-the-art experimental approaches, especially for quantitative analysis 60 

of the flow physics. For instance, the void fraction of a multiphase system is tricky to be measured 61 

experimentally, while it can be easily calculated via the CFD approach. However, the multiphase 62 

CFD simulation is usually computationally expensive and relies on the use of high resolution grids 63 

if the interface tracking is required, which limits the widespread application of CFD in modeling 64 

the complex two-phase flows often encountered in engineering practices, such like the two-phase 65 

flow in PHEs. To the best of the authors’ knowledge, no CFD simulation on the two-phase flow 66 

in PHEs has been reported in open literature. The major challenge lies in the construction of high 67 

quality grids for the cross-corrugated channel. In addition, the associated computational costs to 68 

model the entire flow path of the PHE are tremendous.  69 

Nevertheless, some relevant CFD activities for structured packing columns are worth mentioning 70 

here because the structured packing is also featured with cross-corrugated passages, which 71 

resemble the flow passages of the PHE. In recent years, CFD modeling is frequently used to 72 

explore the interfacial phenomena in the structured packing, such as liquid hold-up distribution 73 

and interfacial area (Sacher and Repke, 2019; Singh et al., 2018; Sun et al., 2013). Despite the 74 

resemblance of the channel geometry, the working principles of the structured packing and the 75 

PHE are very different in terms of the flow arrangement. The liquid and gas are usually 76 

countercurrent in the structure packing, while they are in co-current flow in the PHE. Therefore, 77 

the PHE requires a different CFD approach to predict the co-current two-phase flow behaviors. 78 

This paper presents, for the first time, a CFD-based study of co-current liquid-gas flows in the 79 

cross-corrugated geometry of a plate heat exchanger, under adiabatic conditions. The study aims 80 

to gain a better understanding of the two-phase flow patterns in the PHE and to develop 81 

correlations to quantify the pressure drop and void fraction in the PHE based on the CFD results. 82 

In order to resolve well the phase interface, the standard volume-of-fluid (VOF) technique is used, 83 
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and high quality hexahedral grids are deployed for the computational domain. The simulated flow 84 

patterns including bubbly flow, slug flow, churn flow and film flow are disclosed and interpreted, 85 

and a flow regime map based on the numerical results is proposed and discussed. The two-phase 86 

multiplier is calibrated for a better prediction of the friction factor in the PHE. Furthermore, the 87 

void fraction in the PHE is quantified based on results from the CFD simulations, and a rational 88 

model to estimate the mean void fraction in a cross-corrugated channel is derived.  89 

The paper is organized as follows. In section 2, the mathematical models, assumptions and 90 

computational details are given. In section 3, the pressure drops of both single- and two-phase 91 

flows in the cross-corrugated channel are presented and validated against experimental data. The 92 

simulated flow patterns are presented and discussed in section 4; in section 5, the flow regime map 93 

is presented; in section 6, the mean void fraction is quantified and correlated with gas quality and 94 

mass flux; the conclusions and final remarks are summarized in section 7.  95 

2. Computational approach 96 

2.1.  Governing equations 97 

In the present study, the immiscible liquid-gas flow in the cross-corrugated channel was solved by 98 

using the ANSYS Fluent 18.2, a finite-volume based solver. The standard volume-of-fluid (VOF) 99 

technique was adopted to track the interface. The mass conservation equations were solved for 100 

liquid and gas phases, separately. 101 

For the liquid phase: 102 

 ∂

∂t
(𝛼𝑙𝜌𝑙) + ∇ ∙ (𝛼𝑙𝜌𝑙�⃗� ) = 0 (1) 

For the gas phase: 103 

 ∂

∂t
(𝛼𝑔𝜌𝑔) + ∇ ∙ (𝛼𝑔𝜌𝑔�⃗� ) = 0 (2) 

Since only two phases are presented, 𝛼𝑙 + 𝛼𝑔 = 1. 104 

The forces of pressure, friction, gravity and surface tension, acting on the fluid flow, are included 105 

in a single set of momentum equations shared for both phases, expressed as 106 
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 ∂

∂t
(𝜌𝑚�⃗� ) + ∇ ∙ (𝜌𝑚�⃗� �⃗� ) = −∇𝑃 + ∇ ∙ [𝜇𝑒𝑓𝑓(∇�⃗� + ∇�⃗� 𝑇)] + 𝜌𝑔 + 𝐹 𝑐𝑠𝑠 (3) 

where 𝜌𝑚 = 𝜌𝑙𝛼𝑙 + 𝜌𝑔𝛼𝑔, and 𝜇𝑒𝑓𝑓 = 𝜇𝑙𝛼𝑙 + 𝜇𝑔𝛼𝑔 + 𝜇𝑡. 107 

The surface tension force 𝐹 𝑐𝑠𝑠 in the momentum equation was modeled based on the continuum 108 

surface stress concept (ANSYS, 2018), written as 109 

 
𝐹 𝑐𝑠𝑠 = ∇ ∙ [𝜎|∇𝛼|𝐼 −

∇𝛼 ⊗ ∇𝛼

|∇𝛼|
] (4) 

The k - 𝜔 shear-stress-transport (SST) model (Menter, 1994) was applied to close the Reynolds 110 

stress term. However, the k- 𝜔 model generally overpredicts the turbulence intensity near the 111 

liquid-gas interface because of the high velocity gradient in the interfacial area (Kharangate and 112 

Mudawar, 2017). This defect can be mitigated by adding a turbulent damping source term to the 113 

𝜔-equation according to (Egorov, 2004).  The study of (Kharangate et al., 2015) showed that the 114 

k-  𝜔  SST model, incorporated with the Egorov’s turbulent damping model, can yield a nice 115 

prediction of the interfacial quantities of falling films. Accordingly, the turbulent damping formula 116 

of Egorov with a damping factor of 10 was used in the present simulations to improve the turbulent 117 

prediction in the liquid-gas interfacial area. 118 

2.2. Computational domain and grid construction 119 

For validation purposes, the geometry of the cross-corrugated channel used for simulations is 120 

identical to Tribbe and Müller-Steinhagen’s experimental prototype (Tribbe and Müller-121 

Steinhagen, 2001a, 2001b). The key geometric parameters are listed in Table 2 (also see Fig. 1 and 122 

Fig. 2 for the definition of each parameter). In order to model an entire flow channel of the 123 

considered PHE, the required grid size was preliminarily estimated to need at least 66 million 124 

nodes. The associated computational cost would be unaffordable. To save the cost, the size of the 125 

computational domain was reduced based on the following assumptions. Firstly, the flow was 126 

assumed to be uniformly spanned in the channel without maldistribution; secondly, the flow 127 

pattern was assumed to be periodic in the spanwise direction of the channel. Thirdly, it was 128 

assumed that the flow characteristics are not influenced by the streamwise length of the domain 129 

once the flow is fully developed. Given these preconditions, the domain size was reduced to 1/50 130 

of the entire channel dimension, as shown in Fig. 2, and so were the computational costs. The 131 
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streamwise length of the domain was determined to be 1/3 of the total channel length, which is 132 

long enough to enable the flow pattern to be fully developed along the streamwise direction. 133 

Table 2. Geometric dimensions of the computational domain and the PHE in the reference 134 

literature. 135 

References 𝐿,mm 𝑊,mm 𝛽 𝑏,mm 𝛬,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 

The hexahedral grids were deployed to the entire computational domain as shown in Fig. 2. The 136 

contact corners are the places where the two opposite corrugation plates are attached, which were 137 

represented by hollow spots. The grid consists of 1.33 million nodes in total. A preliminary grid 138 

sensitive test was performed, which suggests that a grid size of 0.89 million is sufficient to predict 139 

the two-phase flow pressure drop reasonably, while the resolution of captured interface is 140 

compromised. Therefore, the finer grid was used to ensure the flow pattern was captured with high 141 

resolution. In particular, the near wall grid was carefully refined to ensure the 𝑦+  close to or 142 

smaller than unity for all simulations. The distance of the first layer nodes normal to the wall is 143 

around 5~10 μm, so that the near wall liquid film can be well treated.  144 
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 145 

Fig. 2. Simplification of computational domain from a whole cross-corrugated channel, and the 146 

grid details. 147 

2.3.  Working fluids 148 

Consistent with the experimental condition of (Tribbe and Müller-Steinhagen, 2001b), the water-149 

air combination was used as the working fluid. The fluid properties were evaluated under the 150 

conditions of 25 °C (temperature) and 2 bar (pressure). For water, 𝜌 = 997.1 kg/m3, and 𝜇 =151 

8.9 × 10−4 Pa s; for air, 𝜌 = 2.36 kg/m3, and 𝜇 = 1.85 × 10−5 Pa s. The fluid properties were 152 

assumed to remain constant during the simulation. The surface tension between water and air is 153 

0.072 𝑁 𝑚⁄  . It was assumed that the water-air system has a fixed contact angle 𝜃𝑤 with the wall, 154 

which is 81°. 155 

2.4.  Boundary conditions 156 

Referring to Fig. 2, the notation BC1 represents the mass flow inlet; the mass flux of liquid and 157 

gas are explicitly specified as 𝐺𝑔 = 𝑥 𝐺  and 𝐺𝑙 = (1 − 𝑥)𝐺 , respectively. The notation BC2 158 

corresponds to the pressure outlet, where a constant static pressure of 0 Pa is assigned. The 159 

notations BC3 and BC4 are defined as the transversal periodical boundary condition. A zero 160 

pressure-gradient is imposed in the transversal direction. Given this periodical assumption, all the 161 

flow quantities on the BC3 and BC4 surfaces are identical. At the walls, the no-slip condition is 162 

assigned. A dynamic boundary condition is applied to the wall’s adjacent cells to account for the 163 
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wall adhesion effect. With the contact angle 𝜃𝑤 being known, the interface curvature is adjusted 164 

in the simulation using the equation �̂� = �̂�𝑤𝑐𝑜𝑠𝜃𝑤 + �̂�𝑤𝑠𝑖𝑛𝜃𝑤 (Brackbill et al., 1992), where �̂� is 165 

the interface normal at the live cells near the wall;  �̂�𝑤 and �̂�𝑤 are the unit vectors normal and 166 

tangential to the wall, respectively. The local curvature of the interface is determined using the 167 

contact angle and the calculated surface normal one cell away from the wall. 168 

2.5.  Solution techniques 169 

Eqs. 1-2 are discretized using the implicit formulation, with the default value of 1×10-6 for the 170 

volume fraction cutoff. The PISO scheme is used to tackle the pressure–velocity coupling. The 171 

PRESTO! scheme is used for pressure discretization. The moment and turbulent equations are 172 

discretized based on a second-order upwind scheme. The phase interface is constructed by 173 

applying a modified High Resolution Interface Capturing (HRIC) technique. The temporal 174 

discretization is based on the bounded second-order implicit formulation. Before the computation, 175 

the flow field is initialized with zero velocity and zero void fraction. For two-phase modeling, the 176 

simulation is run with adaptive time steps to ensure the global Courant Number is smaller than 177 

unity for every time step. The simulations were performed on the Niflheim supercomputer at DTU 178 

Campus Lyngby. 179 

3. Pressure drop 180 

3.1.  Single-phase pressure drop 181 

Prior to the two-phase simulation, the single-phase flow in the cross-corrugated channel is modeled. 182 

The single-phase results serve as a preliminary reference to validate partially the numerical model. 183 

Fig. 3(a) shows the pressure fluctuation monitored at the channel inlet for 𝑅𝑒=145. The results 184 

indicate that flow chaotically oscillates even at such a low Reynolds number. Therefore, it is 185 

necessary to take time-averaging of the pressure field in order to obtain the mean pressure drop 186 

along the channel. The sampled time interval for making the average is highlighted in Fig. 3(a), 187 

and Fig. 3(b) depicts the mean pressure along the streamwise direction. It can be noticed that the 188 

mean pressure drop stays almost linear along the flow path except for the inlet and outlet regions. 189 

Therefore the pressure drop is evaluated only within the linear range 𝑥 ∈ (0.2𝐿, 0.8𝐿), whereas 190 

the inlet and outlet are excluded. The strategy to determine the mean pressure drop described above 191 
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will be applied for the two-phase flows as well. The Fanning friction factor is used to represent the 192 

flow friction, calculated by 193 

 
𝑓 =

𝜌𝐷ℎ〈∆𝑃〉𝑙𝑖𝑛𝑒𝑎𝑟

2𝐺2𝑙𝑙𝑖𝑛𝑒𝑎𝑟
 (5) 

where 〈∆𝑃〉 is the time-averaged pressure drop of the linear range, and 𝑙𝑙𝑖𝑛𝑒𝑎𝑟 is the length of the 194 

linear range. Fig. 4 plots the friction factor for single-phase flow predicted using CFD, correlations 195 

and experimental results from previous works. The geometric parameters for each study are 196 

compiled in Table 2. Note that the definition of the hydraulic diameter and the friction factor 197 

sometimes differ from one literature study to another. For consistency, the original data appearing 198 

in the literature (Jin and Hrnjak, 2017) and (Focke et al., 1985) have been revised according to the 199 

definition in the present paper. As shown, the CFD results are close to the experimental 200 

measurements from (Jin and Hrnjak, 2017) and (Focke et al., 1985). In addition, the CFD results 201 

conform with the (Martin, 1996) semi-theoretical correlation. The results for water and air cases 202 

reflect the fact that the friction factor is independent of the fluid properties (a charter of Newtonian 203 

fluids). A simple single-phase correlation is proposed as follows with respect to the CFD results. 204 

 𝑓 = 35.55𝑅𝑒−0.972 + 0.621 (6) 

 205 
Fig. 3. The way to evaluate the mean pressure drop along the channel. (a) Time history of static 206 

pressure monitored at the inlet (x=0) of the channel at 𝑅𝑒 = 145. The sample interval for taking 207 

the time-averaging calculation is marked. (b) Time averaged pressure along the streamwise 208 

direction. The mean pressure drop per unit length is evaluated within the linear range. 209 
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 210 

Fig. 4. Comparisons of the friction factor of single-phase flow predicted by CFD, correlations and 211 

the experimental results fromprevious works.  212 

3.2.  Two-phase pressure drop 213 

The present simulations are performed under the vertically upward flow condition. Five levels of 214 

mass flux (25, 50, 100, 200, 350 kg/m2s) were tested, with the gas quality 𝑥 varying in a broad 215 

range   0.0001 ≤ 𝑥 ≤ 0.6 . The mean pressure drop per unit length is compared with the 216 

experimental results in Fig. 5; both are in reasonable agreement in most cases. However, the 217 

deviation between the experiment and the simulation becomes significant when the mass flux and 218 

gas quality get higher. This may occur because of many reasons, and the measurement error and 219 

flow maldistribution effect in the experimental tests may be one of them. From the numerical side, 220 

the pressure gradient along the channel is large at high mass flux and high gas quality, which 221 

means the compression of the gas phase would be significant, whereas this effect is not included 222 

in our simulation. 223 
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 224 

Fig. 5. Comparison of the two-phase pressure drop between the CFD prediction and the 225 

experimental measurement from (Tribbe and Müller-Steinhagen, 2001b).  226 

The Lockhart-Martinelli method is widely used to calculate the pressure drop in a two-phase flow 227 

system by introducing a parameter of the two-phase multiplier (Lockhart and Martinelli, 1949). 228 

The two-phase multiplier correlates the single-phase pressure drops of each phase to the two-phase 229 

pressure drop in the following way. The Lockhart–Martinelli parameter 𝑋 and the multiplier 𝜙𝐿 230 

are defined as 231 

 

𝑋 = √(
𝑑𝑃

𝑑𝑧
)
𝑙

(
𝑑𝑃

𝑑𝑧
)
𝑔

⁄  (7) 

 
𝜙𝐿

2 = (
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” 232 

denote the liquid phase, gas phase, and liquid-gas two-phase, respectively. 233 

In general, for two-phase channel flow, a unified correlation between 𝑋 and  𝜙𝐿
2 could be found, 234 

which is always shown in the form of  235 

 
𝜙𝐿

2 = 1 +
𝐶

𝑋
+

1

𝑋2
 (9) 
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where 𝐶  is an empirical constant depending on the properties of the flow system. The 236 

determination of this constant bears the success of the multiplier method in predicting the two-237 

phase pressure drop. (Tribbe and Müller-Steinhagen, 2001a) suggest 𝐶 = 8 for the PHE with φ =238 

60°. In another relevant work, (Palm and Claesson, 2006) suggested 𝐶 = 4.67 in respect to their 239 

experimental data. It should be noted that the multiplier method requires the single-phase pressure 240 

drop to be precisely calculated a priori. (Tribbe and Müller-Steinhagen, 2001a) did not provide the 241 

single-phase formula used for the friction factor calculation, hence their derived multiplier could 242 

not be directly used. (Palm and Claesson, 2006) adopted the (Martin, 1996) correlation for 243 

evaluation of the single-phase pressure drop, while they did not examine whether the correlation 244 

complies with their experimental conditions. In the present paper, the single-phase pressure is 245 

calculated by using Eq. 6, which is more compatible with the two-phase pressure drop resulting 246 

from CFD. In Fig. 6, the diagram of 𝜙𝐿 versus 𝑋 is plotted by including all the CFD results. As 247 

shown, the 𝜙𝐿 and 𝑋 can be well correlated by Eq. 9 if an appropriate 𝐶 is used. Apparently, the 248 

values of 𝐶 suggested by (Palm and Claesson, 2006; Tribbe and Müller-Steinhagen, 2001a) are 249 

too small to correlate the CFD results correctly. We suggest a larger 𝐶 = 13, which leads to a 250 

better multiplier to correlate with the CFD data, with the deviation less than 30%, as shown in Fig. 251 

6. 252 

 253 

 254 

Fig. 6. The calibration of the model constant of the two-phase multiplier (left); the deviations 255 

between the correlation and the CFD data (right). 256 



P a g e  | 14 

 

4. Flow patterns 257 

A range of flow patterns were captured by the CFD simulations. The massive images of flow 258 

patterns resulting from the CFD simulations are included in the supplementary material. Here we 259 

only select a few representative cases for analysis and discussion with the aim of providing a better 260 

understanding of the two-phase flows in the PHE. In this section, we make comparisons between 261 

the calculated flow patterns with the experimental evidence in open literature whenever possible. 262 

The geometry, fluid and operating conditions for the CFD simulations may differ from the 263 

counterpart experiments, so the comparison should not be considered as a strict validation, but 264 

rather a proof of concept. 265 

4.1.  Bubbly flow 266 

Bubbly flows are recognized at very low gas quality. Fig. 7 shows representative bubbly flow 267 

patterns obtained from CFD simulations and the experimental visualizations (Grabenstein et al., 268 

2017; Polzin et al., 2016; Solotych et al., 2016). The comparisons verify that the main 269 

characteristics of bubbly flows in the cross-corrugated channel can be captured by the CFD 270 

simulation. For a given PHE configuration, the bubble size, topology and spatial distribution are 271 

dependent on both the mass flux and gas quality. The bubble size tends to be smaller and uniform 272 

at higher mass flux because of the associated high turbulence that causes the breakup of large 273 

bubbles. Taking the case of 𝐺 = 350 kg m2s⁄ , 𝑥 = 0.0001 as an example, as seen, a large bubble 274 

is produced at the entrance region, which is then destroyed soon after due to the strong turbulence. 275 

For 𝐺 = 200 kg m2s⁄ , 𝑥 = 0.0002, an interesting phenomenon is seen;  relatively large bubbles 276 

are frequently produced and reside in between the contact corners where the spacing of the plate 277 

is the maximum. Such a typical bubble behavior is also reported in the experimental works of  278 

(Solotych et al., 2016). Our results indicate that a wake-like region with reduced pressure is 279 

established behind the contact corner, so that the gas bubble can be trapped in this region by the 280 

local pressure gradient. For a low total mass flux situation, the dominating bubbles are large in 281 

size, with the diameter approximate to the local spacing of the channel. The bubble is deformed 282 

dramatically as it proceeds downstream. It either breaks down, or merges with others, or becomes 283 

elongated, manifesting similar behavior as that observed by (Kim et al., 2019). Nevertheless, so 284 

far, the understanding of bubble dynamics in cross-corrugated channels is fairly shallow. A 285 

detailed investigation focusing on bubble behavior is the subject of further work.  286 
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 287 

Fig. 7. Bubbly flow patterns obtained from CFD simulations and experiments. 288 

4.2.  Slug flow 289 

By increasing the gas quality, the bubbly flow transforms into a slug flow pattern, as shown in Fig. 290 

8. The Taylor bubble in a cross-corrugated channel shows an interesting wavy appearance with a 291 

cap front. The bubble is essentially shaped by the geometry of the channel because the cross-292 

section geometry of the channel varies vastly along the streamwise direction.  Such Taylor bubbles 293 

can be as long as two times the wavelength of the corrugated plate. We did not find any 294 

publications reporting such wavy slug patterns in the PHE, which is probably due to the fact that 295 

the slug flow is not prevalent in cross-corrugated channels. It is interesting to see that, in the 296 

spanwise cross-section, the slug manifests itself resembling the Taylor bubbles observed in a 297 

parallel wavy channel by (Nilpueng and Wongwises, 2006), except that the slug in the cross-298 

corrugated channel is deformed in the spanwise direction intricately due to the geometric constraint. 299 

Another unique feature of the wavy slug bubble differing from the generally observed Taylor 300 

bubble, is that the liquid film surrounding the bubble is highly non-uniform. In the deep valley of 301 
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the corrugated furrows, a very thick liquid rivulet is there because of the local recirculation, 302 

whereas the liquid film is relatively thinner over the crest of the corrugation due to the strong local 303 

shear stress.  304 

 305 

Fig. 8. Slug flow patterns predicted by CFD simulations, and a comparison to the Taylor bubble 306 

observed in a wavy channel by (Nilpueng and Wongwises, 2006). The blue-red contour shows the 307 

water-air distribution in a spanwise cross-section. 308 

4.3. Churn flow 309 

We did not find well-defined slug patterns at high mass flux when G = 350 kg m2s⁄ . Instead, a 310 

chaotic flow pattern is obtained for a gas quality as low as 0.001, as illustrated in Fig. 9. The two 311 

phases interact with each other in a very chaotic manner. The interface is highly disordered and 312 

intricate. This pattern can be treated as a vastly disrupted slug flow, and the disturbance is so 313 

intense that the slug bubbles could not survive, but break up into irregular gas clusters disorderly 314 

penetrating in the core of the channel. Such a chaotic pattern is then termed as churn flow in the 315 

present paper. It is only possible for the churn pattern to occur at very high mass flux when a high 316 

turbulence environment is established, whereas it was not found for those cases with G ≤317 

200 kg m2s⁄ . 318 
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 319 

Fig. 9. Churn flow pattern predicted by CFD simulations. The chaotic feature is also described by 320 

the void fraction contours in spanwise cross-sections. 321 

4.4. Film flow  322 

4.4.1. Film flow with liquid patches 323 

The slug bubbles would be merged together as the void fraction increases over a certain threshold 324 

value, forming an interesting flow pattern shown in Fig. 10. This pattern is mainly characterized 325 

by a fan-shaped liquid patch behind each contact corner, which is evidenced by the experimental 326 

visualization of (Solotych et al., 2016) and also observed by (Jin, 2017) during the flow 327 

evaporation in the PHE. The liquid patches decrease in size as the gas quality increases. For a 328 

given gas quality, the patch can be more stable and bigger for lower mass flux. In addition to the 329 

patch, it can also be seen that the liquid film over the wall is non-uniform. The film is much thicker 330 

over the leeside of the corrugated plate relative to the flow direction, whereas the liquid layers on 331 

the windward side of the plate (near the crest) are extremely thin. This finding is in agreement with 332 

observations by (Nilpueng and Wongwises, 2010). 333 

The patches apparently exist under the low mass flux condition, whereas they are hardly seen when 334 

G = 350 kg m2s⁄ . The formation of the liquid patch is attributed to the wake established behind 335 

the contact corner. The liquid resides rather stably within the wake zone. The shear force from the 336 

high-speed gas core, acting on the patch interface, can hold up the liquid patch against gravity (the 337 

wall structure also plays a role in holding up the liquid patch). For very high mass flux and high 338 

gas quality, the shear force becomes so intense that it breaks down the liquid patch. That is why 339 

the liquid patch does not appear for those cases with high mass flux and relatively high gas quality.  340 
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 341 

Fig. 10. Film flow with liquid patches formed behind the contact corners, and a comparison to 342 

experimental pattern in spanwise cross-sections (Solotych et al., 2016). 343 

4.4.2. Film flow with partial dry-out 344 

By increasing the gas quality to an even high level, the liquid patches are diminished gradually, 345 

and all simulated cases go towards an almost unified film pattern, as shown in Fig. 11. For this 346 

pattern, the liquid film mainly covers the leeside of the corrugated plate. On the other hand, a large 347 

area of liquid film on the plate windward is dispelled due to the strong shear stress on this side. 348 

Therefore, the plate surface is partial dry-out and directly exposed to the gas flow. This pattern 349 

should be the final stage of the flow pattern transition. In other words, all liquid-gas flows in a 350 

cross-corrugated channel will finally be settled in this film regime when the gas quality continually 351 

increases, for example, with the flow evaporation process. As long as it is formed, the further 352 

increase of gas quality only varies the film thickness, the rate of liquid entrainment and the area of 353 

the dry-out surface. 354 
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 355 

Fig. 11. Film flow with partial dry-out predicted by CFD (left). The colored contour is the void 356 

fraction in vicinity of the wall, which highlights the dry-out surface. The right side lists some 357 

experimental evidence of the film patterns. 358 

5. Flow regime map 359 

All the simulated results are collected in a sketched flow regime map, as shown in Fig. 12. The 360 

principle for drafting this map is based partially on the classical flow transition criteria suggested 361 

by (Taitel et al., 1980). It should be noted that the boundary lines between regimes are superficially 362 

plotted in Fig. 12, because the dataset is still not sufficient enough to indicate the specific location 363 

of these boundaries. Moreover, theoretical models to predict these boundaries are still unrealizable 364 

due to the lack of fundamental understanding of the two-phase flow in the cross-corrugated 365 

geometry. Note that the transition zone in Fig. 12 denotes a combination of slug flow and film 366 

flow, because the flow is in the middle of the transition between them. Readers can find the pattern 367 

images for each regime in the supplementary material.  368 

By comparing Fig. 12 with the flow regime map of the vertical pipe flow (Taitel et al., 1980), the 369 

two maps share some similar nature in terms of the layout of each regime. In particular, the bubble-370 

slug boundary line is adopted directly from Taitel’s map, which fits well with the cross-corrugated 371 
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geometry. The transition from bubbly flow to slug flow can be interpreted as a consequence of 372 

frequent bubble aggregation due to the growing bubble density. As the slug bubble population is 373 

increased along with the gas quality, the slug bubbles merge together forming an interconnected 374 

gas core, confined by the wall liquid film. So the film regime in the cross-corrugated channel 375 

corresponds to the annular regime for tube flow. Even though the dispersed bubbly flow is only 376 

observed for the case with G = 350 kg m2s⁄ , 𝑥 = 0.0001, we conjecture that above the boundary 377 

line between the bubble regime and the dispersed bubble regime, it is only possible for dispersed 378 

small bubbles to be generated in the cross-corrugated channel. This is because the turbulence 379 

promoted by the cross-corrugated geometry is so strong that it breaks the bubbles into very small 380 

sized ones sustainably, also explaining why the critical liquid superficial velocity 𝑢𝑙 corresponding 381 

to this transition is almost an order of magnitude lower than that of the pipe flow. At high mass 382 

flux, the high turbulent environment prohibits the formation of smooth shaped slug bubbles. 383 

Instead, the dispersed bubbles aggregate into chaotic patterns when the gas flux is increased, 384 

driving the flow into the churn regime. The entire right side of the map should be the film regime, 385 

and the transition to this regime is fairly quick and only requires very low gas quality. As shown 386 

in Fig. 12, the critical superficial gas velocity for the transition to film pattern is around 𝑢𝑔 =387 

1.0 m/s, whereas it is 15 m/s for upward liquid-gas flow in a pipe (Taitel et al., 1980). 388 

 389 

Fig. 12. A sketch of the flow regime map for water-air upward flow in the cross-corrugated channel 390 

based on CFD results. The detailed flow patterns corresponding to each scatter in the map can be 391 

found in the supplementary material. 392 
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6. Mean void fraction 393 

The void fraction is a crucial variable to characterize the two-phase flows. However, it is tricky to 394 

measure it directly by the experiment. A so-called homogeneous void fraction model is given as  395 

 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 396 

flow systems. It was also adopted to evaluate the void fraction in PHEs (Grabenstein et al., 2017; 397 

Jin, 2017). However, the CFD results suggest that this model causes unacceptable error in 398 

predicting the void fraction in the PHE; see Fig. 13. Therefore, an appropriate void fraction 399 

predicting model is needed for the PHE. In this paper, a suitable void fraction model for the PHE 400 

is recognized based on the results of the CFD simulations. For the CFD simulation, the mean void 401 

fraction can be calculated by 402 

 
α =

1

𝑉
∫𝛼𝑔 𝑑𝑉 =

1

𝑉
∑(𝛼𝑔)𝑖

𝑛

𝑖=1

𝑉𝑖 (11) 

where 𝑉  represents the volume of the entire domain, and 𝑉𝑖  denotes the volume of the ith 403 

computational cell. Fig. 13 presents the calculated void fraction α. It can be seen that 𝛼 shows a 404 

strong dependence on both 𝑥 and 𝐺. Apparently, Eq. 10 fails to account for the role of 𝐺. Then the 405 

void fraction model of (Zuber and Findlay, 2012) was tested. This model has been developed to 406 

estimate the mean void fraction of a two-phase flow system by accounting for the effects of both 407 

the heterogeneous distribution profile and the drift velocity between the phases. The model is given 408 

as 409 

 α =
𝑢𝑔

𝐶0𝑢𝑚 + 𝑢𝑑𝑟
 (12) 

where 𝑢𝑔  is the gas superficial velocity, and 𝑢𝑚  is the mean superficial velocity, 𝑢𝑚 = 𝐺𝜌𝑚 . 410 

Specifically, 𝐶0  is the distribution parameter, which needs to be calibrated according to the 411 

properties of the two-phase flow system. It is suggested that for the pipe flow, 𝐶0 varies in the 412 

range of 0.95 < 𝐶0 ≤ 1.2, depending on the profile of the radial distribution of the void fraction 413 

(Guet and Ooms, 2005). The 𝑢𝑑𝑟 denotes the drift velocity between two phases, given in the form 414 
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𝑢𝑑𝑟 = 1.53 (

𝑔𝜎∆𝜌

𝜌𝑙
2 )

1 4⁄

 (13) 

Fig. 13 indicates that the Eq. 12 is able to correlate reasonably well the void fraction to the vapor 415 

quality by setting 𝐶0 = 1.2. The relative deviation is below 20% for the case with 𝛼 ≥ 0.25, while 416 

large deviation appears if 𝛼 < 0.25. Note that 𝛼 = 0.25 is often noted as a critical value for the 417 

transition from bubbly flow to slug flow in pipes (Taitel et al., 1980). Furthermore, the results 418 

suggest that when the flow enters the film regime, 𝛼 becomes greater than approximately 0.68, 419 

and Eq. (12)tends to under-predict the 𝛼, which indicates the performance of the model depends 420 

somehow on the fluid regimes. In this respect, the model constant needs to be tuned in order to 421 

evaluate better the void fraction in the PHE. The modified version is given as 422 

 α =
𝑢𝑔

𝐶0𝑢𝑚 + 𝐶1𝑢𝑑𝑟
 (14) 

with 423 

𝐶0 = 1.03 (
1−𝑥

𝑥
)
0.02

, 𝐶1 = 1     for α ≥ 0.25 424 

and 425 

𝐶0 = 1.03 (
1−𝑥

𝑥
)
0.02

, 𝐶1 = (
1−𝑥

𝑥
)
0.125

   for α < 0.25 426 

As shown in Fig. 13(b), the modified model yields a better prediction of the mean void fraction in 427 

this cross-corrugated channel with the deviation far less than 20% for the most cases. 428 

In Fig. 13, the flow regimes are classified on the plot by the dash boundary lines. It seems that the 429 

void fraction can be used as a discriminant to distinguish the flow regimes in cross-corrugated 430 

channels. For instance, it is bubbly flow if 𝛼 < 0.25, and it is most likely to be film flow if  𝛼 >431 

0.68. Hence, it would be possible to derive a void fraction based discriminant for flow regimes. 432 

That would make the ascertaining of flow regimes in the PHE more straightforward and easier. 433 
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 434 

Fig. 13. Computed mean void fraction 𝛼 versus the gas quality 𝑥 at different mass fluxes G (left 435 

side); the deviation of different void fraction models from the CFD results (right side). 436 

7. Conclusions 437 

A pioneering CFD study of upward two-phase flow in a vertical cross-corrugated channel was 438 

presented in this paper. The study aims to enable a better understanding of the liquid-gas flow in 439 

corrugated plate heat exchangers. The simulations cover a broad range of operating conditions 440 

with 25 ≤ G ≤ 350 kg m2s⁄  and 0.0001 ≤ 𝑥 ≤ 0.8. A variety of flow patterns in the channel 441 

were successfully modeled and analyzed. The hydraulic aspects of the adiabatic two-phase flow 442 

in the cross-corrugated channel were also investigated. 443 

The two-phase flow friction in the cross-corrugated channel was calculated from the CFD 444 

simulation. The friction factor can be well correlated by the Lockhart–Martinelli method. The two-445 

phase multiplier was calibrated based on the CFD data. The CFD simulation also yields a reliable 446 

dataset of the mean void fraction in the cross-corrugated channel. The Zuber and Findlay model is 447 

able to correlate the mean void fraction well with the gas quality and the mass flux. The model 448 

was further modified to reduce the deviation from the CFD data. The two-phase multiplier (Eq. 6-449 

9) and the modified Zuber and Findlay model (Eq. 14) are recommended for estimating the 450 

pressure drop and the mean void fraction in plate heat exchangers (φ ≈ 60°), respectively. 451 

A flow regime map was drafted based on CFD resolved flow patterns. The map is divided into six 452 

regimes including bubble, dispersed bubble, slug, churn, transition and film flows. Most of these 453 



P a g e  | 24 

 

flow patterns are verified by experimental evidence from literature reviews. Bubbly flows occur 454 

in the cross-corrugated channel when void fraction α < 0.25. With the increase of void fraction, 455 

the bubbly flow switches into either a slug flow or a churn flow pattern, depending on the total 456 

mass flux. When α > 0.68, the two-phase flows are unexceptionally settled in the film flow regime 457 

regardless of the total mass flux. 458 

In summary, this study has proved the capability and advantages of using CFD to study complex 459 

two-phase flows in the cross-corrugated channel. The numerical results complement state-of-the-460 

art in two respects: numerical quantification of the mean void fraction and the friction factor; and 461 

numerical exposition of diverse liquid-gas flow patterns in the cross-corrugated channel. 462 
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Nomenclature 

𝑏 amplitude of the corrugation, mm 

𝐷ℎ hydraulic diameter, 𝐷ℎ = 4𝑏 𝜑⁄ , mm 

𝑓 friction factor 

F𝐶𝑆𝑆 surface tension force, N 

g gravity acceleration, m s2⁄  

G mass flux, kg m2s⁄  

𝐼 unit tensor 

L length of the domain/channel, mm 

P pressure, Pa 

Re Reynolds number, 𝑅𝑒 = 𝐺𝐷ℎ 𝜇⁄  

t time, s 

𝑢 velocity, m s⁄  

V control volume, m3 

W width of the domain/channel, mm 

𝑥 gas quality 
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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 

Δ gradient of variables 

Λ pitch of the corrugation, mm 

Subscript  

dr drift 

eff effective 

g Gas 

l liquid 

linear linear range 

m mixture 
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