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a b s t r a c t 

The inclination angle is a key design parameter of chevron-type plate heat exchangers. An increase of 

the inclination angle can possibly raise the flow friction by two orders of magnitude. According to our 

review, previous works concerning experimental measurements and correlations of the friction factor in 

plate heat exchangers are highly inconsistent. In order to establish a benchmark, we use the Large Eddy 

Simulation to model the fully-developed flow in cross-corrugated channels of the plate heat exchanger, 

and then calculate the friction factor for various conditions with the inclination angle ranging from 18 ◦

to 72 ◦ , and the Reynolds number varying from 10 to 60 0 0. Based on the numerical data, well-defined 

equations are derived to correlate the friction factor with the inclination angle in a general way for both 

laminar and turbulent flow regimes. Moreover, we derive novel correlations to predict the critical point 

of laminar-to-turbulent transition in the plate heat exchanger. Then we use these established correlations 

to draw a friction factor diagram for plate heat exchangers. The diagram maps the relationship between 

the friction factor and the inclination angle for a wide Re range, which resembles the Moody diagram. 

Furthermore, the vortex structure and the mean flow properties for different inclination angles are anal- 

ysed. The results suggest that a larger inclination angle leads to more intensified vortexes and span-wise 

secondary flows in the channel, resulting in a larger friction factor. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

The chevron-type plate heat exchanger (PHE) is a prevalent heat

ransfer equipment widely used in food and chemical industries,

nd within the energy sector. The core of the PHE comprises num-

ers of cross-corrugated channels. The channel is constructed by

wo corrugated plates attached in criss-cross fashion, as illustrated

n Fig. 1 . The attachment between the opposite corrugations cre-

tes multiple contact corners, rendering the heat exchanger its

igh compressive strength. As described in Fig. 1 , the geometry

f the cross-corrugated channel is governed by three parameters,

amely, the corrugation pitch ( �), the corrugation height ( b ), and

he inclination angle ( β). Moreover, a dimensionless parameter,

sually termed as the surface enlargement factor φ, is commonly

sed to characterize the steepness of the corrugation. The φ can

e calculated by [1] 

= 
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Among the three geometric parameters, the inclination angle

 β), defined as half of the angle between the opposite corruga-

ion profiles, has been proved to be the most influential param-

ter to the thermal-hydraulic performance of a PHE [ 1 , 2 ]. The de-

ree of complexity of the flow path increases with the β; hence,

he flow friction and the heat transfer strongly rely on the β . Ac-

ording to Martin’s analysis [1] , at Re = 20 0 0, the friction factor and

eat transfer coefficient of the PHE increase about 100 times and

 times, respectively, when the β is increased from 15 ◦ to 75 ◦.

herefore, it is of crucial importance to grasp the relationship be-

ween the thermal-hydraulic performance and the inclination an-

le. 

Numerous experimental studies have been reported which

easured the performance of industrial series PHEs with various

, usually ranging 30 ◦ ≤ β ≤ 65 ◦. Fig. 2 shows a comparison of the

riction factor data reported in different papers [3–14] . The friction

actor data cited in this paper were all converted into the Darcy’s

orm, defined as: 

f = 

2 ρD h �P L 
G 

2 
(2) 

The purpose of the comparison in Fig. 2 is to assess the consis-

ency of these published data. In order to make a fair comparison,

he experimental datasets of the PHEs with approximately equiv-

https://doi.org/10.1016/j.ijheatmasstransfer.2020.120370
http://www.ScienceDirect.com
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Fig. 1. ( a ) A corrugated plate (partially shown) of a chevron-type PHE, ( b ) another 

corrugated plate with an opposite corrugation profile, ( c ) a schematic of the cross- 

corrugated channel formed by stacking the two plates with opposite corrugations, 

( d ) a cross-sectional view of the sinusoidal corrugation. 
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Nomenclature 

b corrugation height, m 

c p Specific heat, J / kg K 

D h hydraulic diameter, D h = 2 b/φ, m 

f Darcy friction factor 

G flow mass flux, kg / m 

2 s 

P Pressure, Pa 

�P L Pressure drop per unit length, Pa / m 

Pr Prandtl Number 

Q Q -criteria, 1/ s 2 

Re Reynolds number, Re = G D h /μ
S Strain rate, 1/ s 

T Temperature, K 

t time, s 

u velocity, m/s 

Greek symbols 

β corrugation angle 

μ viscosity, Pa · s 

ρ fluid density, kg / m 

3 

φ surface enlargement factor 

� Corrugation pitch, m 

� vorticity tensor, 1/ s 

Subscript 

c critical 

t turbulent 

alent characteristic geometries ( φ = 1 . 17 ∓ 0 . 08 , β = 30 ◦ and 60 ◦)

were selected. It can be observed that the datasets are highly in-

consistent, showing deviations exceeding one order of magnitude.

The inconsistency of the experimental data may be attributed to

the following reasons: (i) The flow maldistribution effect in com-

mercial PHEs can lead to a certain degree of increase in the flow

friction [15] , which was commonly overlooked in experimental

studies; and (ii) most of the experimental studies did not consider

the pressure drop at PHE’s inlet and outlet distribution areas, while

they usually account for a considerable share of the total pres-

sure drop [16] . The measurement uncertainty may be an additional

source of error in experimental studies. 

The practical design of the PHE always demands a predictive

f - correlation for quantifying the pressure drop. Many correlations

have been proposed for the PHE, which were reviewed by Ayub

[17] and Huang [10] . Most of those correlations were derived in the

form of f = c 0 R e 
n + c 1 . The model constants c 0 , n , and c 1 , were ob-

tained by fitting the experimental dataset into the equation. Such

correlations, however, have very limited predictive capability, since

the model constants are not able to be well-correlated with the

PHE geometry and the flow regime. Martin [1] has derived a more

mechanistic f correlation for PHEs. Based on the flow visualization

in cross-corrugated channels [18] , Martin [1] decomposed the to-

tal flow friction into a stream-wise component and a furrow-wise

component, and then provided approximated formulations to both.

Martin’s model has been extensively used since published. Dovi ́c

et al. [19] derived an f correlation for PHEs, which shares the com-

mon spirit of Martin’s correlation. Arsenyeva et al. [20] developed

a new form of f - correlation for PHEs. It was obtained by fitting

a limited number of experimental data points to Churchill’s equa-

tion [21] . The correlation shows good agreement with the relevant

experimental data. 

The existing correlations from heavily cited literatures

[ 1 , 7 , 8 , 20 , 22 , 23 ] are compared in Fig. 3 . Provided a PHE with

a fixed geometry, these correlations fail to yield a consistent pre-

diction of the f . The maximum deviation among them is more than
ve-fold. This issue was also noted by Solotych et al. [24] , who

ailed to match the existing correlations with their experimental

esults. In general, the correlations are derived by data-fitting of

vailable experimental data. However, as pointed out previously,

he existing experimental database of the f is highly inconsistent,

esulting in the inconsistency of the correlations. 

Computational fluid dynamics (CFD) modelling is nowadays a

owerful tool to assist the design of various kinds of heat exchang-

rs. The thermal and flow fields in the heat exchanger can be re-

olved in the CFD simulation, so that the thermal-hydraulic perfor-

ances can be obtained with lower costs (in terms of the financial

nd time investments) than the experimental approach. Moreover,

he flow and heat transfer details in the heat exchanger could be

etter understood by analysing the CFD result. The CFD modelling

f PHEs is especially meaningful because the numerical model

an fully exclude the disturbing factors, like the flow maldistribu-

ion and measurement errors associated with the experiments, and

ence, purely compute the performance of the cross-corrugated

ore. The flow turbulence in the PHE is non-trivial, and so must

e treated carefully in order to get realistic solutions. Most of the

vailable works modelled the turbulent flow in PHEs by solving

eynolds-averaged Navier–Stokes (RANS) equations (eg. [25–28] ).

he RANS-based simulation is economic, while it is not able to re-

olve well the detailed flow structures. Blomerius et al. [29] mod-

lled the cross-corrugated channel flow by direct numerical simu-

ations (DNS) for Re ≤ 20 0 0. In their simulations, the β was fixed

o 45 ◦, while the φ was varied. The results suggest that the φ has

light influence on the f . It is known that DNS requires a very fine

rid to resolve all scale structures, making it extremely costly espe-

ially for modelling high- Re flows in complex wall-bounded flows. 

An alternative way to model the turbulent channel flow is

he large eddy simulation (LES), which directly resolves large-

cale structures in the channel, while sub-grid, small-scale struc-

ures are modelled. In a few research papers [30–32] , the LES

as adopted to model the cross-corrugated channel flow in PHEs.

iofalo et al. [30] showed that the f and Nusselt number re-

ulting from LES are more precise than the RANS-based mod-

ls. Lee et al. [ 31 , 32 ] performed LES for different cross-corrugated

hannels, and used the simulation output to optimize the PHE

erformance. 

The inconsistency among experimental data and correlations

oncerning the f versus the Reynolds number ( Re ) in PHEs suggests

hat there is the need for a comprehensive analysis on the topic. In

his paper, the f of the PHE was computed by meticulous CFD sim-

lations. The LES technique was used to model the flow in cross-
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Fig. 2. A review of the experimental data of the f in PHEs reported in literatures, ( a ) for β = 30 ◦ , and ( b ) for β = 60 ◦ . Note that all the data points in the figures are the 

Darcy friction factor defined by Eq. (2) with the character length D h = 2 b/φ. 

Fig. 3. Assessment of the prevalent f correlations for PHEs. ( a ) β = 30 ◦ , φ = 1 . 17 . 

( b ) β = 60 ◦ , φ = 1 . 17 . Note that figures (a) and (b) share the same legend. 
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orrugated channels over a wide Re range (10 < Re < 60 0 0), cover-

ng laminar and turbulent regimes. The β was varied from 18 ◦ to

2 ◦. This range is wider than the design scope of most commercial

HEs, for which usually 30 ◦ ≤ β ≤ 65 ◦. The aspect ratio, i.e. the

atio of the corrugation pitch to the height was fixed to 1 in this
tudy, corresponding to a φ = 1 . 46 according to Eq. (1) . Based on

umerous simulations, a refined database of f for cross-corrugated

hannels was produced, benchmarking the f of fully developed

ow in cross-corrugated channels. The critical point for laminar-

o-turbulent transition was identified and then correlated with β .

n addition, generalized correlations between the f and the β , for

oth laminar and turbulent flow regimes, were derived based on

he numerical data. Furthermore, the vortex structure and the flow

tatistics were analysed in order to unveil fundamentally the ef-

ect of different inclination angles on the fluid hydraulics inside

he PHE. 

The major contribution of this paper is that the generalized re-

ationship between the inclination angle (as the key design pa-

ameter of PHEs) and the friction factor is established. We extend

he use of Colebrook equation to PHEs, by making the hypothesis

hat the inclination angle can be regarded as a kind of roughness

f the channel. The developed friction factor correlations can be

ractically used for the PHE design and optimization. Meanwhile,

e found the dependence of the flow transition on the β . Novel

orrelations were formulated, which can be used to discriminate

hether the flow is laminar or turbulent in a PHE. Overall, our re-

ults will support both industry and academia in designing more

ost-efficient and compact PHEs. 

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

odels are presented. In Section 3.1 , the f data resulted from the

imulation is presented and validated; then generalized correla-

ions between the f and the β are derived; this is then followed by

 study of the flow transition criteria inside the PHE in Section 3.2 ;

y warping up all the established correlations, a friction factor di-

gram for the PHE is created in Section 3.3 ; finally in Section 3.4 ,

he effect of the inclination angle on the friction factor is analysed
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Table 1 

The dimension of the cross-corrugated channel 

for the CFD simulation. 

Geometric parameter Value 

Corrugation pitch, � 10 mm 

Corrugation height, b 5 mm 

Inclination angle, β 18 ◦-72 ◦
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w  
and interpreted from the fluid dynamic perspective. In Section 4 ,

the conclusions are summarized. 

2. Numerical models 

2.1. Governing equations 

In this study, the incompressible flow of Newtonian fluid (wa-

ter) in cross-corrugated channels was modelled based on the LES

technique. The filtered governing equations of mass, momentum

and energy are written in the following form: 

∂ u i 

∂ x i 
= 0 (3)

ρ
∂ u i 

∂t 
+ ρ

∂ u i u j 

∂ x j 
= − ∂ ̄P 

∂ x i 
+ 

∂ 

∂ x j 

[
μ

(
∂ u i 

∂ x j 
+ 

∂ u j 

∂ x i 

)]
− ∂ τi j 

∂ x j 
(4)

ρ
∂ ̄T 

∂t 
+ ρ

∂ u i T̄ 

∂ x i 
= 

∂ 

∂ x i 

(
μ

P r 

∂ ̄T 

∂ x i 
− q i 

)
(5)

The sub-grid turbulent stress in Eq. (4) was approximated ac-

cording to the Boussinesq hypothesis in the form of τi j = −2 μt S i j .

The sub-grid turbulent heat flux q j is expressed as q i = − μt 
P r t 

∂ ̄T 
∂ x i 

,

with turbulent Prandtl number P r t = 0 . 85 . The eddy viscosity was

modelled by using an Algebraic Wall-Modelled LES (WMLES) For-

mulation [33] 

μt = ρ · min 

[ 
( κd w 

) 
2 
, 
(
C Smag �

)2 
] 

· S ·
{ 

1 − exp 

[ 
−
(
y + / 25 

)3 
] } 

(6)

where d w 

is the wall distance, S the strain rate, κ = 0 . 41 and

 Smag = 0 . 2 . y + is the normal to the wall inner scaling, and � is

the local grid scale. The laminar flow in PHEs is mainly in the

low-Reynolds number range. The corresponding strain rate S of the

laminar shear is small, so is the turbulent viscosity μt predicted by

Eq. (6) . Therefore, it is appropriate to use the LES model to predict

the laminar flow hydraulics in PHEs. 

It should be noted that although this paper does not discuss

the heat transfer aspect, the energy equation was sloved as well.

Results about the heat transfer will be presented in a separate pa-

per. 

2.2. Channel geometry and computational domain 

Focke et al. [34] measured the f in cross-corrugated channels for

a wide range of β and Re . A test section was customized to allow

for uniform flow to be developed in the cross-corrugated geometry.

Therefore, the measurements by Focke et al. [34] should represent
Fig. 4. ( a ) The extraction of computational domains from a cross-corrugated channel. The

of the stream-wise velocity at Re = 1006 in the “S” and “L” domains are compared. Note 
ell the hydraulics of fully developed flows in the cross-corrugated

hannel, which were hence chosen as references to validate our

umerical results. The corrugation pitch and height for the present

umerical study are identical to the experiment of Focke et al. [34] ,

s listed in Table 1 . In order to understand better the effect of β
n the flow hydraulics, seven cases with different β (18 ◦, 30 ◦, 38 ◦,

5 ◦, 52 ◦, 60 ◦ and 72 ◦,) are investigated. 

The cross-corrugated channel of the PHE consists of repetitive

eometric units; therefore, it is possible to reduce the computa-

ional cost by only considering a few respective units of the chan-

el. Before doing so, the sensitivity of the simulation result on the

omain size should be exmined at the first place. In Fig. 4 , two dif-

erent sized domains are foregrounded, which are both repetitive

lements extracted from a cross-corrugated channel. The larger

ne (labelled “L ”) is four times the size of the smaller one (labelled

S ”). Fig. 4 shows the comparison of the time history of the stream-

ise velocity resulting from two different sized domains. They are

lose to each other in terms of their instantaneous fluctuation and

he mean value, which suggests that the simulation results are not

trongly influenced by the domain size, and therefore, the smaller

omain is chosen for the simulation in the present study. 

The hexahedral grid was designed for the domain as illustrated

n Fig. 5 . The near wall grids were carefully refined to ensure

 

+ < 1 for all simulations. Four grid sizes, labelled respectively as

1 (0.2 million elements), G2 (0.5 million elements), G3 (1.24 mil-

ion elements) and G4 (2.08 million elements), were tested to en-

ure the grid independency. Fig. 5 ( a ) shows the friction factor from

ifferent grid sets for β = 60 ◦ case. Apparently, the G2-grid with

.5 million elements is ample for the case of Re = 1263 , while the

3-grid with 1.24 million elements satisfies the case of Re = 3597 .

ince we performed in total 58 case studies, it was not feasible

o do a respective grid test for each case. It was assumed that the

rid test for β = 60 ◦ applies for the other β as well. In this respect,

he G2-grid was applied for the cases if Re < 1263; otherwise, the

3-grid was used. 

.3. Boundary conditions and numerical methods 

The periodical boundary condition was applied to both stream-

ise and span-wise directions. A pressure gradient was imposed
 “S” and “L” represent a small and a large domain, respectively. ( b ) The time history 

that the velocity is monitored in the middle cross-section of the domains. 
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Fig. 5. ( a ) The dependence of the simulation results on the number of total grid elements at two different Reynolds numbers for the β = 60 ◦ case. ( b ) The details of the 

G3-grid ( β = 45 ◦); the zoomed images show the grid refinement around the contact corner and in the wall boundary layer. 
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n the stream-wise direction to drive the fluid flow, while zero

ressure gradient was applied to the span-wise direction. The non-

lip boundary condition was assigned to the bounded walls. For

he thermal boundary condition, a constant and uniform heat flux

as applied to the corrugated walls. 

The governing equations incorporated with assigned bound-

ry conditions were solved by a finite-volume based solver, AN-

YS Fluent 18.2. The velocity-pressure coupling was achieved by

sing the PISO algorithm. A second-order accurate central differ-

ncing scheme was used for spatial discretization. The temporal

iscretization was based on a second-order backward differencing

cheme. 

. Results and discussion 

.1. Friction factor: numerical data and generalized correlations 

The friction factor f was calculated based on the CFD results,

ith the pressure gradient �P L a time-averaged value. Fig. 6
ig. 6. Validation of the numerical results against the experimental results mea- 

ured by Focke et al. [34] . Solid marks represent experimental results, while empty 

arks represent our CFD results. 

Fig. 7. The symbols represent the f calculated from the CFD simulations. The pink 

lines and blue lines plot the solutions of Eq. (8) and Eq. (11) , respectively. The red 

dots with the bar indicate the Re range wherein the critical transition point is lo- 

cated. The red dashed line corresponds to Eq. (13) . 
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resents the f obtained from the CFD simulations. They are com-

ared with the experimental results measured by Focke et al. [34] ,

hich show a nice agreement except for cases with smaller β . In

rder to confirm further the validity of the numerical model, the

ully developed laminar flow in a double-sine channel is simulated.

he double-sine channel is an limiting case of the cross-corrugated

hannel ( β = 0 ◦). The numerical results suggest an inverse propor-

ional relationship between f and Re , which is f Re = 62 . 8 . This

grees with the analytical solution of the friction factor in the

ouble-sine channel ( f Re = 62 . 3 ), derived by Ding and Manglik

35] . 

In Fig. 7 , all the calculated f data for the cross-corrugated chan-

els are presented. The relationship between Re and β is now com-

rehensively revealed. The data trend shown in Fig. 7 resembles

he Moody diagram [36] , a well-known graph that relates the f of

he pipe flow with the Re and the surface roughness. Given the

esemblance between Fig. 7 and the Moody diagram, we hypoth-

sized that the mathematical formula underlying the Moody dia-

ram could be shared by the cross-corrugated channel flow. Based
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Fig. 8. Correlating model constants c and n of Eq. (7) with the β . The circle sym- 

bols are the model constants obtained through curve fitting of the CFD results into 

Eq. (7) . The red line is a plot of the correlation conveyed in the figure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. The dependence of the f on the β at different values of Re , calculated from 

Eq. (11) . The experimental results from Gaiser & Kottke [39] , Okada et al. [40] and 

Focke et al. [34] are also presented. 
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on this idea, we derived the correlations among f, Re and β , as

presented below. 

At low Re , Fig. 7 displays a zone wherein log f is almost linearly

correlated with log Re ; that is 

f = cR e n (7)

For each case located in the linear zone, the simulation was

able to reach steady state, i.e. the resolved flow field has become

independent of the time. Therefore, the flow remains laminar and

steady in this linear zone. Eq. (7) is valid for fully developed lam-

inar pipe flow, too, for which f = 64 R e −1 . This also recalls the

f − Re correlation for the double-sine channel ( β = 0 ◦) shown in

Fig. 6 , which is f = 62 . 8 R e −1 . This verifies the fact that in Eq. (7) ,

n = −1 always holds true for a straight channel, whereas the con-

stant c depends on the shape of the channel cross-section. How-

ever, this is not the case for the cross-corrugated channel with

β � = 0 ◦. The exponent n and the model coefficient c are both β de-

pendent when β � = 0 ◦. This is because the cross-corrugated chan-

nels can produce a complex laminar flow pattern due to the flow

separation and recirculation [37] . By fitting the f data in the lin-

ear zone into Eq. (7) , the c and the n for each β were obtained,

which are displayed in Fig. 8 . It is interesting to see that c and n

can be nicely expressed as a function of sin β . Therefore, a general-

ized Eq. (8) is obtained for predicting the f for steady laminar flow

in cross-corrugated channels. The predictions of Eq. (8) are plotted

in Fig. 7 (pink lines) for validation, which nicely match the CFD

results. 

f = e [ 1 . 13 ( sin β) 
2 . 5 +4 . 13 ] R e 0 . 43 ( sin β) 

5 −0 . 92 (8)

When the Reynolds number is beyond a threshold value, the f

abruptly deviates from the linear slope, which indicates the onset

of flow unsteadiness. Zhu et al. [37] suggests that the flow transi-

tion from steady to unsteady is caused by the instability associated

with the curved, free shear layers established over the lip of the

corrugation crests. When the Kelvin–Helmholtz instability becomes
ritical, the free shear layers are destabilized, corresponding to the

nset of flow unsteadiness. When the flow becomes unsteady, the

ow enters the transition zone; it is no longer able to correlate

 with β using a simple formula like Eq. (7) . It is known that the

lots in the Moody diagram for turbulent flows are calculated from

he Colebrook equation [38] , written as 

1 √ 

f 
= −2 . 0 lo g 10 

( 

ε/D 

3 . 7 

+ 

2 . 51 

Re 
√ 

f 

) 

(9)

here ɛ is the surface roughness, and D is the inner diameter of

he pipe. Based on the resemblance between the Moody diagram

nd Fig. 7 , we extended the use of the Colebrook equation to PHEs,

y making the hypothesis that the inclination angle can be re-

arded as a kind of roughness of the channel. The postulated for-

ula of f for the cross-corrugated channel is 

1 √ 

f 
= −2 . 0 lo g 10 

( 

a 1 + 

a 2 

Re 
√ 

f 

) 

(10)

here a 1 and a 2 are model constants, both should depend on the

. By fitting the f data on left side of the red dashed line in the

ig. 7 into Eq. (10) , a 1 and a 2 were obtained for each β case; then,

hey were correlated with the sin β and cos β . The final expression

f f for the cross-corrugated channel is given as 

1 √ 

f 
= −2 . 0 lo g 10 

( 

1 . 48 sin β4 . 85 cos β0 . 45 + 

60 sin 2 β3 cos β5 + 16 

Re 
√ 

f 

)

(11)

Eq. (11) is an implicit formula, which requires an iterative pro-

edure to solve it. The solutions are presented in Fig. 7 for valida-

ion. The comparison with the CFD results verifies that Eq. (11) can

ell approximate the f for the PHE with different β . Although the

quation is not purposed for the laminar regime, it behaves sur-

risingly well in the laminar regime as well, as evidenced in Fig. 7 ,

hich implies that Eq. (11) can be practically applied to all flow

egimes. 

As the Re increases, the second term in the right-hand side

arentheses of Eq. (11) becomes insignificant, which means the f

ecomes less dependent on the Re . Fig. 9 plots the asymptotic con-

ergence of f to the f ( Re → ∞ ) as Re is increased. Some experimen-

al results from different literatures are also displayed in the figure

s a proof of our numerical results. It can be seen that the trend
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Fig. 10. The relationship between the critical Re c and the β , which are correlated 

by Eq. (16) and Eq. (17) . The bar indicates the possible location of the critical Re c . At 

the upper bound and lower bound of the bar, the flow are turbulent and laminar, 

respectively, according to the flow information provided by CFD simulations. 
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f f versus β predicted by Eq. (11) for Re = 20 0 0 agrees excellently

ith the experimental outcomes. The plot indicates that the f is

ore influenced by the β at high Re flow. For instance, at Re = 100

laminar flow), f β=72 / f β=18 ≈ 11 , while this ratio can increase up

o 208 for Re → ∞ . The f is independent on the Re for the extreme

ondition with Re = ∞ , then it is purely defined by β

f ( Re → ∞ ) = 

[
−2 . 0 lo g 10 

(
1 . 48 sin β4 . 85 cos β0 . 45 

)]−2 
(12) 

From Fig. 9 , it is seen that the larger the β is, the faster the f

onverges to the f ( Re → ∞ ). 

.2. Criteria for the flow transition 

The inclination angle β has a profound impact on the laminar-

o-turbulent transition in PHEs. Focke and Knibbe [34] observed

hat the flow in the cross-corrugated channel with β = 80 ◦ was

lready turbulent at Re h ~ 109. Blomerius et al. [41] suggested that

he transition in a β = 45 ◦channel taking place at Re h ~ 245. From

he experimental data published by Thonon et al. [42] , it can be es-

imated that the critical Re for a PHE with β = 30 ◦ is around 500.

part from those results, the relationship between the flow transi-

ion and the β of PHEs has not been investigated in the past. As

 consequence, there is no well-established rule or equation that

an be used to discriminate whether the flow is laminar or turbu-

ent inside a PHE. In this section, the critical pressure gradient and

he critical Reynolds number for the onset of flow transition are

nveiled by analysing the CFD results, and a set of transition crite-

ions are established for the PHE, which can be used to determine

he flow characteristics in a PHE with any β value. 

By extensively screening the flow state at different Re , the in-

erval of Re in which the flow transition occurred were narrowed

own. As a result, the possible location of the critical Re c for

he onset of flow turbulence were identified for each β case, as

arked by the red dots and bars in Fig. 7 . It can be observed that

ll these transition points approximately align on a line that can

e expressed as 

f c = e 9 . 97 R e c 
−1 . 75 (13) 

The equation approximately defines the boundary between the

aminar zone and the transition zone. It can be slightly adjusted to

f c = e 11 . 4 R e −2 (14) 

Since we want to cancel the Re term by substituting the above

quation into Eq. (2) , the following correlation is then obtained 

 �P L 〉 c = 

e 11 . 4 μ2 

2 D 

3 
h 
ρ

(15) 

The 〈 �P L 〉 c is the critical pressure gradient of the PHE. When

he imposed pressure gradient along the channel stream-wise di-

ection is larger than the 〈 �P L 〉 c , the flow transition is most likely

o occur. Eq. (15) suggests that 〈 �P L 〉 c is governed by the channel

ydraulic diameter D h and the fluid properties. This implies that

he flow transition in PHEs is primarily determined by the im-

osed pressure gradient, while the role of the β is trivial to the

ow transition from this perspective. Eq. (15) is particularly useful

n engineering practice and in the experimental study, since the

ow regime (laminar or turbulent) in the PHE can be easily pre-

icted based purely on the pressure difference measured between

he inlet and outlet of the PHE. 

In Fig. 7 , the critical Reynolds number Re c of the flow transi-

ion can be readily located by calculating the intersection point

etween the laminar-to-turbulent boundary line (red dashed line)

nd the f curves (blue or pink lines). Accordingly, the Re c can

e derived by substituting Eq. (13) into Eq. (11) , or by substitut-

ng a modified transitional boundary line, f c = e 9 . 75 R e −1 . 75 , into
q. (8) . Following the latter approach, the following correlation is

btained: 

 e c = e 
5 . 62 −1 . 13 ( sin β) 2 . 5 

0 . 83+0 . 43 ( sin β) 5 (16) 

Another way to correlate the Re c to the β is via the curve fit-

ing, which relates the Re c and the β in an even simpler form 

 e c = 954 cos β4 + 53 (17)

Eq. (16) is logically derived based on the f - Re diagram, while

q. (17) is more informative on the dependency between the Re c 
nd the β . Although shown in different forms, both equations are

alid for the estimation of the Re c over the considered β range,

s shown in Fig. 10 . The equations indicate that a smaller β cor-

esponds to a larger Re c . Specifically, the Re is strongly dependent

n the β when β ≤ 45 ◦, while the dependence is less significant

hen β > 45 ◦. 

.3. Friction factor diagram for plate heat exchangers 

According to the Moody diagram, the entire f - Re diagram for

ircular pipes can be divided into three regions based on the flow

haracteristics, which are termed as: laminar flow, transition zone

nd complete turbulence, respectively. By wrapping up Eqs. (8) ,

11) , (13) and (18) , a f - Re diagram for the fully developed cross-

orrugated channel flow is created; see Fig. 11 . This diagram fol-

ows the same principles as those of the Moody diagram for the

ipe. In Fig. 11 , the friction factor is mapped for the PHE with dif-

erent β for 10 ≤ Re ≤ 10 6 , and is divided into three regions. The

aminar flow and transition zone are divided by the Eq. (13) , while

he boundary line between the transition zone and the complete

urbulence can be defined as follows: 

f c2 = 0 . 98 f ( Re → ∞ ) (18)

This equation states that the flow is assumed to be complete

urbulence if the f is 2 percent less than the f ( Re → ∞ ). Hence,

he f curve in the complete turbulence zone is almost horizontal,

mplying that the viscous effect on the flow friction is trivial in this

one. 

The similarity and the difference between Fig. 11 and the

oody diagram are worthwhile to be elaborated here. It can be

ecognized in Fig. 11 that the β plays a similar role as what the

urface roughness ( ɛ / D in Eq. (9) ) does in the Moody diagram. Then

irtually, the inclination angle β can be analogized as a type of

roughness element” of the cross-corrugated channel. From this
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Fig. 11. The friction factor diagram for cross-corrugated channels of the PHE. The pink and blue lines are resulted from Eq. (8) and Eq. (11) , respectively. The dashed lines 

are boundaries between the neighbouring zones, which are calculated from Eq. (13) and Eq. (18) , respectively. 

Fig. 12. The vortex structure in cross-corrugated channels described by the iso-contour of the Q -criteria. (a) β = 60 ◦ , Re = 1784 ; (b) β = 45 ◦ , Re = 1934 ; (c) β = 30 ◦ , Re = 

3601 . Three values of Q are depicted in the figure using different colors: Q = 1 . 6 × 10 6 s −2 is green, Q = 8 × 10 5 s −2 is white, and Q = 4 × 10 5 s −2 is pink (with 50% 

transparency). 
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perspective, a larger β corresponds to a rougher channel geome-

try, and hence, a larger flow friction factor. Practical proofs of this

analogy will be presented in Section 3.4 . 

The f strongly depends on the β in the laminar zone, whereas

the f is independent from the surface roughness for pipe flows.

This is because the β can affect the laminar flow pattern in the

cross-corrugated channel by causing the flow separation and recir-

culation, while the surface roughness cannot make any change to

the laminar pipe flow. The transition zone in Fig. 11 denotes that

the flow friction comes from both the turbulent stress and the vis-

cous stress. When the flow enters complete turbulence zone, the

flow friction is dominated by the turbulent stress, so that the f

is almost independent from the Re , and can be directly calculated

from Eq. (12) . In a PHE’s cross-corrugated channel, the strong tur-

bulence can be promoted by the channel geometry even at mod-

erate Re . The friction resulting from the turbulent structure is the

main source of the friction in the turbulent flow regime. Although

the friction due to the viscous stress in a PHE is probably still there
t a moderate Re , the friction resulting from the strong turbulence

s much larger than the viscous friction, making the latter insignif-

cant. This explains why the f in a PHE with large inclination angle

s almost independent of the Re , even when the Re is only a few

housand. 

.4. Influence of inclination angle on the flow dynamics 

In this section, the vortex structure and the mean flow proper-

ies in cross-corrugated channels are examined, aiming to explain

hy the β influences the flow friction in such a profound way. The

ortexes are identified by the iso-contour of the Q -criterion, which

s defined as 

 = 

1 

2 

(∥∥�2 − S 2 
∥∥)

(19)

here � and S are the vorticity tensor and the rate-of-strain ten-

or, respectively. A positive value of Q identifies vortexes as the
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Fig. 13. ( a ) The z 0 -to- z 1 line indicates the location where the flow statistics is performed; dimensionless z ∗ is defined to indicate the coordinate along the line. The main flow 

is in x -direction. ( b-g ) show the time-averaged velocity components in three axis directions, which are normalized by the mean velocity magnitude 〈 ̄u 〉 along the z 0 -to- z 1 
line. The time-averaged velocity profiles for three different β values are compared for both laminar ( b-d ) and turbulent ( e-g ) conditions. Note that ( b-d ) share the legend 

shown in ( d ), while ( e-g ) share the legend shown in ( g ). 
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fore causing a higher flow friction. 
egions where the vorticity magnitude is greater than the magni-

ude of the rate-of-strain. Snapshots of vortexes for three different

are displayed in Fig. 12 . The vortex strength of β = 60 ◦ case is

emarkably stronger than that of the β = 45 ◦ case at an equivalent

evel of Re . Although the Re for the β = 30 ◦ case almost doubles

he Re for the β = 60 ◦ case, the vortex strength is not as intense

s the latter. Therefore, it can be concluded that the increase of β
ignificantly intensifies the vortex production in PHEs, and hence

ncreases the flow friction. 

The mean flow velocity profile in the middle of the computa-

ional domain is examined. For clarity, Fig. 13 (a) specifies the loca-

ion at where the flow statistics was performed. Fig. 13 (b-d) shows

he laminar velocity profiles for three β values at Re ~ 29. The ve-

ocity profile is semi-parabolic for the β = 30 ◦. The velocity profile

s deformed with the increase of β; and the velocity gradient near

he wall is apparently increased, which probably results in a higher

iscous shear stress and larger friction factor for the larger β case.

ig. 13 (e-g) shows the mean velocity profiles of turbulent flows

or the three β values at Re ~ 20 0 0. The profiles are no longer

emi-parabolic. It can be seen that the span-wise components u y 
nd u z increase remarkably with the β . For the β = 60 ◦, the span-

ise component u y is even larger than the stream-wise component

 x , indicating that span-wise momentum is significant in this case.

his suggests that a larger β can lead to stronger crosswise flows

n the cross-corrugated channel. It should be noted that the flow

elocity profile varies significantly from one location to another in

he cross-corrugated channel. Therefore, Fig. 13 is deemed to be

 local description of the mean flow characteristics in such kind

f channels. It quantitatively reflects the fact that the β can alter

he strength of span-wise secondary flows in the cross-corrugated

hannel. 

. Conclusions 

This paper presented a comprehensive numerical study of the

ow friction factor f in cross-corrugated channels. The study ad-
ressed the question of how and why the inclination angle β influ-

nces the f of plate heat exchangers. The major findings/outcomes

f the paper are the following: 

1) The simulations yielded a high-fidelity database of the f for

PHEs with enlargement factor φ = 1 . 46 , 18 ◦ ≤ β ≤ 72 ◦, and

10 ≤ Re ≤ 60 0 0. The results serve as a benchmark for the f of

fully developed flows in cross-corrugated channels. 

2) Based on the CFD results, correlations are developed to describe

the relationship between the f and the β for both laminar and

turbulent flow regimes. The results for the laminar zone indi-

cate that the logarithmic f is linearly related with logarithmic

Re . Based on this observation, the laminar model is developed.

The correlation for turbulent flow is established based on the

form of Colebrook equation. The correlation is able to predict

well the f of a PHE with any β value, and can be extendedly

used for laminar flow regime as well. 

3) The critical pressure gradients and critical Reynolds numbers

for laminar-to-turbulent transition in cross-corrugated channels

are identified based on the simulations. Novel correlations are

established for estimating the critical pressure gradients and

the critical Reynolds number. These correlations can help to

discriminate whether the flow is laminar or turbulent in a PHE.

4) A friction factor diagram is developed for the cross-corrugated

channel flows, which maps the relationship between f and β
over a wide Re range. The diagram resembles the well-known

Moody diagram, which is divided into laminar, transition and

complete turbulence zones. The β can be analogized as a type

of “roughness element” of the channel. Based on this analogy,

it can be interpreted that a larger β corresponds to a “rougher”

channel, and therefore a higher friction factor. The diagram can

be straightforwardly used to look up f of a PHE. 

5) The flow field analysis indicates that a larger β leads to

strengthened vortexes and span-wise secondary flows, there-



10 X. Zhu and F. Haglind / International Journal of Heat and Mass Transfer 162 (2020) 120370 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

 

[  

 

 

 

[  

 

[  

 

 

[  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

 

Declaration of Competing Interest 

The authors declare that there is no conflict of interest. 

CRediT authorship contribution statement 

Xiaowei Zhu: Conceptualization, Methodology, Investigation,

Data curation, Formal analysis, Writing - original draft. Fredrik

Haglind: Conceptualization, Methodology, Supervision, Writing -

review & editing. 

Acknowledgement 

The research presented in this paper was funded by the

European Union’s Horizon 2020 research and innovation pro-

gramme under the Marie Skłodowska-Curie grant agreement num-

ber 713683 . The financial support is gratefully acknowledged. 

References 

[1] H. Martin, A theoretical approach to predict the performance of chevron-type

plate heat exchangers, Chem. Eng. Process. Process Intensif. 35 (1996) 301–310,
doi: 10.1016/0255-2701(95)04129-X . 

[2] B. Sundén , R.M. Manglik , Plate Heat Exchangers: Design, Applications and Per-
formance, W.I.T. Press, Southampton, UK, 2007 . 

[3] L.L. Tovazhnyanski , P.A. Kapustenko , V.A. Tsibulnik , Heat transfer and hydraulic

resistance in channels of plate heat exchangers, Energetika 9 (1980) 123–125 . 
[4] B. Thonon , Echangeurs a plaques: dix ans de recherché au GRETh, Rev.

Générale Therm. 34 (1995) 77–90 . 
[5] B. Kumar , A. Soni , S.N. Singh , Effect of geometrical parameters on the perfor-

mance of chevron type plate heat exchanger, Exp. Therm. Fluid Sci. 91 (2018)
126–133 . 

[6] K. Shaji , S.K. Das , Effect of plate characteristics on axial dispersion and heat

transfer in plate heat exchangers, J. Heat Transf. 135 (2013) 41801 . 
[7] A. Muley , R.M. Manglik , H.M. Metwally , Enhanced heat transfer characteristics

of viscous liquid flows in a chevron plate heat exchanger, J. Heat Transf. 121
(1999) 1011–1017 . 

[8] A. Muley , R.M. Manglik , Experimental study of turbulent flow heat transfer and
pressure drop in a plate heat exchanger with chevron plates, J. Heat Transf. 121

(1999) 110–117 . 

[9] F.S.K. Warnakulasuriya , W.M. Worek , Heat transfer and pressure drop proper-
ties of high viscous solutions in plate heat exchangers, Int. J. Heat Mass Transf.

51 (2008) 52–67 . 
[10] J. Huang , Performance Analysis of Plate Heat Exchangers Used as Refrigerant

Evaporators, University of the Witwatersrand, 2010 . 
[11] I. Gherasim , M. Taws , N. Galanis , C.T. Nguyen , Heat transfer and fluid flow in

a plate heat exchanger part I. Experimental investigation, Int. J. Therm. Sci. 50

(2011) 1492–1498 . 
[12] C. Gulenoglu , F. Akturk , S. Aradag , N.S. Uzol , S. Kakac , Experimental comparison

of performances of three different plates for gasketed plate heat exchangers,
Int. J. Therm. Sci. 75 (2014) 249–256 . 

[13] T.S. Khan , M.S. Khan , Z.H. Ayub , Single-phase flow pressure drop analysis in a
plate heat exchanger, Heat Transf. Eng. 38 (2017) 256–264 . 

[14] S. Jin , P. Hrnjak , Effect of end plates on heat transfer of plate heat exchanger,

Int. J. Heat Mass Transf. 108 (2017) 740–748 . 
[15] B.P. Rao , B. Sunden , S.K. Das , An experimental and theoretical investigation of

the effect of flow maldistribution on the thermal performance of plate heat
exchangers, J. Heat Transf. 127 (2005) 332–343 . 

[16] O. Arsenyeva , P. Kapustenko , L. Tovazhnyanskyy , G. Khavin , The influence of
plate corrugations geometry on plate heat exchanger performance in specified

process conditions, Energy 57 (2013) 201–207 . 
[17] Z.H. Ayub , Plate heat exchanger literature survey and new heat transfer and
pressure drop correlations for refrigerant evaporators, Heat Transf. Eng. 24

(2003) 3–16 . 
[18] W.W. Focke , P.G. Knibbe , Flow visualization in parallel-plate ducts with corru-

gated walls, J. Fluid Mech. 165 (1986) 73–77 . 
[19] D. Dovi ́c , B. Palm , S. Švai ́c , Generalized correlations for predicting heat transfer

and pressure drop in plate heat exchanger channels of arbitrary geometry, Int.
J. Heat Mass Transf. 52 (2009) 4553–4563 . 

[20] O.P. Arsenyeva , L.L. Tovazhnyanskyy , P.O. Kapustenko , G.L. Khavin , The gener-

alized correlation for friction factor in criss-cross flow channels of plate heat
exchangers, Chem. Eng. Trans. 25 (2011) 399–404 . 

[21] S.W. Churchill , Friction-factor equation spans all fluid-flow regimes, Chem. Eng.
84 (1977) 91–92 . 

22] A.S. Wanniarachchi , U. Ratnam , B.E. Tilton , K. Dutta-Roy , Approximate Correla-
tions For Chevron-Type Plate Heat Exchangers, American Society of Mechanical

Engineers, New York, NYUnited States, 1995 . 

23] M.P. Bond , Plate heat exchangers for effective heat transfer, Chem. Eng. (1981)
162–167 . 

[24] V. Solotych, D. Lee, J. Kim, R.L. Amalfi, J.R. Thome, Boiling heat transfer and
two-phase pressure drops within compact plate heat exchangers: Experiments

and flow visualizations, Int. J. Heat Mass Transf. 94 (2016) 239–253, doi: 10.
1016/j.ijheatmasstransfer.2015.11.037 . 

25] Y.-C. Tsai , F.-B. Liu , P.-T. Shen , Investigations of the pressure drop and flow

distribution in a chevron-type plate heat exchanger, Int. Commun. Heat Mass
Transf. 36 (2009) 574–578 . 

26] K. Sarraf , S. Launay , L. Tadrist , Complex 3D-flow analysis and corrugation angle
effect in plate heat exchangers, Int. J. Therm. Sci. 94 (2015) 126–138 . 

[27] W. Li , H. Li , G. Li , S. Yao , Numerical and experimental analysis of composite
fouling in corrugated plate heat exchangers, Int. J. Heat Mass Transf. 63 (2013)

351–360 . 

28] S. Alzahran , M. Islam , S. Saha , A thermo-hydraulic characteristics investigation
in corrugated plate heat exchanger, Energy Procedia 160 (2019) 597–605 . 

[29] H. Blomerius, C. Hölsken, N.K. Mitra, Numerical investigation of flow field and
heat transfer in cross-corrugated ducts, J. Heat Transf. 121 (1999) 314–321,

doi: 10.1115/1.2825982 . 
[30] M. Ciofalo , J. Stasiek , M.W. Collins , Investigation of flow and heat transfer in

corrugated passages—II. Numerical simulations, Int. J. Heat Mass Transf. 39

(1996) 165–192 . 
[31] J. Lee , K.-S. Lee , Flow characteristics and thermal performance in chevron type

plate heat exchangers, Int. J. Heat Mass Transf. 78 (2014) 699–706 . 
[32] J. Lee , K.-S. Lee , Friction and Colburn factor correlations and shape optimiza-

tion of chevron-type plate heat exchangers, Appl. Therm. Eng. 89 (2015) 62–69 .
[33] M.L. Shur , P.R. Spalart , M.K. Strelets , A.K. Travin , A hybrid RANS-LES approach

with delayed-DES and wall-modelled LES capabilities, Int. J. Heat Fluid Flow.

29 (2008) 1638–1649 . 
[34] W.W. Focke, J. Zachariades, I. Olivier, The effect of the corrugation inclina-

tion angle on the thermohydraulic performance of plate heat exchangers, Int.
J. Heat Mass Transf. 28 (1985) 1469–1479, doi: 10.1016/0017- 9310(85)90249- 2 . 

[35] J. Ding , R.M. Manglik , Analytical solutions for laminar fully developed flows in
double-sine shaped ducts, Heat Mass Transf. 31 (1996) 269–277 . 

[36] L.F. Moody , Friction factors for pipe flow, Trans. Asme. 66 (1944) 671–684 . 
[37] X. Zhu , J.H. Walther , D. Zhao , F. Haglind , Transition to chaos in a cross-corru-

gated channel at low Reynolds numbers, Phys. Fluids 31 (2019) 114107 . 

[38] C.F. Colebrook , C.M. White , Experiments with fluid friction in roughened pipes,
Proc. R. Soc. London. Ser. A-Math. Phys. Sci. 161 (1937) 367–381 . 

[39] G. Gaiser , V. Kottke , Flow phenomena and local heat and mass transfer in cor-
rugated passages, Chem. Eng. Technol. 12 (1989) 400–405 . 

[40] K. Okada , M. Ono , T. Tomimura , T. Okuma , H. Konno , S. Ohtani , Design and
heat transfer characteristics of new plate heat exchanger, Heat Transf. Jpn. Res.

1 (1972) 90–95 . 

[41] H. Blomerius , C. Holsken , N.K. Mitra , Numerical investigation of flow field and
heat transfer in cross-corrugated ducts, J. Heat Transf. 121 (1999) 314–321 . 

42] B. Thonon, R. Vidil, C. Marvillet, Recent research and developments in plate
heat exchangers, J. Enhanc. Heat Transf. 2 (1995) 149–155, doi: 10.1615/

JEnhHeatTransf.v2.i1-2.160 . 

https://doi.org/10.1016/0255-2701(95)04129-X
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0002
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0002
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0002
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0003
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0003
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0003
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0003
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0004
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0004
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0005
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0005
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0005
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0005
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0006
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0006
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0006
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0007
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0007
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0007
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0007
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0008
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0008
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0008
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0009
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0009
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0009
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0010
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0010
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0011
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0011
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0011
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0011
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0011
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0012
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0012
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0012
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0012
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0012
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0012
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0013
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0013
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0013
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0013
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0014
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0014
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0014
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0015
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0015
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0015
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0015
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0016
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0016
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0016
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0016
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0016
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0017
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0017
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0018
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0018
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0018
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0019
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0019
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0019
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0019
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0020
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0020
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0020
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0020
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0020
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0021
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0021
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0022
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0022
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0022
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0022
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0022
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0023
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0023
https://doi.org/10.1016/j.ijheatmasstransfer.2015.11.037
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0025
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0025
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0025
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0025
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0026
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0026
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0026
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0026
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0027
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0027
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0027
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0027
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0027
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0028
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0028
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0028
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0028
https://doi.org/10.1115/1.2825982
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0030
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0030
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0030
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0030
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0031
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0031
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0031
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0032
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0032
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0032
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0033
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0033
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0033
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0033
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0033
https://doi.org/10.1016/0017-9310(85)90249-2
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0035
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0035
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0035
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0036
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0036
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0037
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0037
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0037
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0037
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0037
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0038
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0038
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0038
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0039
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0039
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0039
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0040
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0040
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0040
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0040
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0040
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0040
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0040
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0041
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0041
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0041
http://refhub.elsevier.com/S0017-9310(20)33306-8/sbref0041
https://doi.org/10.1615/JEnhHeatTransf.v2.i1-2.160

	Relationship between inclination angle and friction factor of chevron-type plate heat exchangers
	1 Introduction
	2 Numerical models
	2.1 Governing equations
	2.2 Channel geometry and computational domain
	2.3 Boundary conditions and numerical methods

	3 Results and discussion
	3.1 Friction factor: numerical data and generalized correlations
	3.2 Criteria for the flow transition
	3.3 Friction factor diagram for plate heat exchangers
	3.4 Influence of inclination angle on the flow dynamics

	4 Conclusions
	Declaration of Competing Interest
	CRediT authorship contribution statement
	Acknowledgement
	References


