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Introduction  

 Plate Heat Exchangers have many applications in the food, 

petrochemical, power plant, oil and chemical industry. 

Compared to other types of heat exchangers, such as shell and 

tube, plate heat exchangers are commonly used because of their 

compactness, ease of production, sensitivity, easy care after set-

up and efficiency. Basically, the plate heat exchanger is a series 

of individual plates that pressed between two heavy and covers. 

Depending on the application the heat exchanger, these plates 

are gasketed, welded or brazed together. The pressed pattern on 

each plate surface induces turbulence and minimizes stagnant 

areas and fouling. Unlike shell and tube heat exchangers, which 

can be custom-built to meet almost any capacity and operating 

conditions, the plates for plate and frame heat exchangers are 

mass-produced using expensive dies and presses. Although the 

plate heat exchangers are made from standard parts, each one is 

custom designed as variation in the chevron angle, flow path or 

flow gap can alter the number of transfer units in the heat 

exchangers. Decreasing the chevron angle from 90
o
, the path 

becomes more tortuous and offers greater hydrodynamic 

resistance giving rise to high NTU ( The number of transfer unit) 

characteristics. Also, it is possible to use a combination of 

different plates to create an intermediate NTU passage, which 

can be used to meet a specific NTU requirement. 

Focke.W.W [1] suggested that one of the important 

parameters in the thermal performance of the plate heat 

exchangers is the inclination angle between plate corrugations 

and the overall flow direction. Mehrabian and Pouter [2] 

investigated the local hydrodynamic and thermal characteristics 

of the flow between two identical APV SR3 plates. They also 

studied the effect of corrugation angle on the thermal 

performance of the heat exchanger when plate spacing is fixed. 

Laminar periodically developed forced convection in sinusoidal 

corrugated-plate channels with uniform wall temperature and 

single-phase constant property flows was considered by 

Metwally and Mbanglik [3]. Gradeck et.al, [4] conducted  

experiments in order to study the effects of hydrodynamic 

conditions on the enhancement of heat transfer. They performed 

these experiments for a wide range of Reynolds numbers. 

Finally, they pointed out a strong relation between the wall 

velocity gradient and the Nusselt number. Bobbili and Sunden 

[5] conducted experimental investigations to find the flow and 

the pressure difference across the port to channel in plate heat 

exchangers for a wide range of Reynolds numbers 

 1000 Re 17000 
.  

Nomenclature  

tA  : corrugated area PHE  : plate heat exchanger  

a  : amplitude Re  : Reynolds number 

hD  : hydraulic diameter PW  : width 

f  : friction factor Greek symbols 

pH  : height   : dynamic viscosity 

h  : heat transfer coefficient   : chevron angle 

fK  : thermal conductivity   : surface enlargement factor 

cN  : number of channels per each 

fluid 

  : surface waviness 

pN  : number of channels per pass   : wave length 

tN  : number of plates   :  thickness 

N  : number of wavelength per plate  

Longo and Gasparella [6] used water as a working fluid in 

herringbone type plate heat exchanger with the chevron angle of 

65
o
, and developed Nusselt number correlations. 

Warnakulasuriya and Worek [7] studied heat transfer and 

pressure drop of a viscous absorbent salt solution in a 

commercial plate heat exchanger. They presented some 

correlations for calculating Nusselt number and friction factor. 
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The hydrodynamic characteristics and distribution of flow in 

two cross-corrugated channels of plate heat exchangers was 

investigated by Tsai and Liu [8]. 

 
Fig.1. Nature of fluid flow through plate heat exchanger 

Wang and Sunden [9] reported the optimal design of a PHE 

by adjusting corrugation patterns. An alternative design 

approach based on graphical representation, which facilitates the 

choice from the options calculated for the available plates was 

presented by Picon-Nunez, Polley and Jantes-Jaramillo [10]. 

They have estimated some correlations for heat transfer and 

hydraulic resistance from literature data. Also, Mehrabian [11] 

proposed a manual method for the thermal design of plate heat 

exchangers. Kanaris, Mouza and Paras [12] studied the 

parameters of Nusselt and friction factor correlations using CFD 

modeling of the flow in a PHE channel. The influence of 

varying plate corrugation pattern is achieved using combination 

of chevron plates with different corrugation inclination angle. 

The design approach and its advantages was offered by Marriot 

[13] for a one pass counter-current arrangement of PHE 

channels. Although the required heat ransfer load and pressure 

drops can be satisfied more efficiently by application of multi-

pass arrangement of PHE’s channels compared with one pass 

arrangement of channels, but this arrangement has many 

advantages in view of piping and maintenance. Kandlikar and 

Shah [14] studied different flow arrangements and proposed 

formulas for up to four passes, where the main assumptions 

made on driving such formulas are: 

 Constant fluid properties 

 Constant overall heat transfer coefficients 

 Uniformity of fluid flow distribution between channels. 

 Sufficiently large number of plates 

This papers presents a study on the effects of the 

wavelength and number of plates on the PHE thermal 

performance. In the plate and frame heat exchanger due to some 

reasons Reynolds number, heat transfer coefficient, friction 

factor and especially heat transfer area are dramatically 

dependence to the wavelength. Here, to analyze more efficiently, 

a case study for cooling application has been done. 

Development of mathematical modeling 

One problem associated with the PHE design is the precise 

matching of both the thermal and hydraulic loads. It is difficult 

to accommodate the required thermal duty and at the same time 

fully utilize the available pressure drop, as the minimum cross-

flow area and the surface area in a PHE are interdependent, 

unlike the in other types of heat exchanger. This limits the 

exchanger designed to be either pressure drop or heat transfer. 

The wavelength   of the chevron pattern is the corrugation  

pitch as shown in Figure.(1). The amplitude of the corrugation is 

denoted as 2a  , where a  is the amplitude of the sinusoidal 

corrugation with the plate thickness  . The number of 

wavelength per plate “ 
N “ is calculated by dividing the width 

“ PW
“ by the wavelength “   “. 

PW
N




                                                                   (1) 

Considering the front and end covers, it is possible to 

calculate the number of channels per each fluids. 

 
Fig. 2. Chevron-Type Plate 
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If tN
 be introduced as total number of plates, then the 

amplitude “ a  “ can be expressed in terms of the PHE height, “ 

PH
“: 

1
( )

2 1

P

t

H
a

N
 


                                                    (3) 

The surface waviness can be essentially represented by two 

dimensionless parameters, the corrugation aspect ratio “ 


“ and 

the surface enlargement factor “ 


“. The corrugation aspect 

ratio “ 


“  is:  

4a





                                                                    (4) 

It is noted that when 
0 

 , a flat-parallel plate is obtained. 

So, 
0 

 in indicative of surface area enlargement s well. Rising  

“ 


“ enlarges the surface area, but high “ 


“ may induce 

vortexes at the top and bottom of the channel which can trap the 

fluids locally and reduce the heat transfer. So, the plate heat 

exchanger design is commonly limited to 
1 

 , depending on the 

Reynolds number. 

The corrugated area is obtained  using the path distance of 

the sinusoidal corrugation. It is noticeable that the chevron angle 

 
has not any effects on the corrugated area. Therefore , the 

enlarged length per wavelength is : 

2

0

2 2
1 cos

a x
L dx




 

 

   
     

   


                        (5) 

So, the corrugated area for each fluid can be calculated by 

2t P CA L N L N 
                                                   (6) 
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The free-flow area in a channel that is equivalent to a 

rectangular area for taking half of each fluid is calculated by, 

2c P cA aW N
                                                           (7) 

The surface enlargement factor, 


, is expressed by 

.t

c p

A L N

A W

   

                                                        (8) 

The surface enlargement factor can be calculated 

approximately for sinusoidal corrugation by, 

2
20.16 1 1 4 1

2

x
x

 
     
 
                                (9) 

In this formula, x is: 

2 a
x






          
                                 (10) 
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h

a
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                                                                    (11) 

One of the important correlation for the friction factor is 

provided by Martin [3], 
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Where, 
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Here ,heat transfer coefficient is: 
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  (15)                                                                          

Where 
10 80 

 and fK
 is considered as thermal 

conductivity of the fluid. s  is also dynamic viscosity at the 

wall temperature. 

Case study 

To analyze the influence of the chevron angle on th thermal 

performance of corrugated plate heat exchanger a case study has 

been done. In the heat recovery application a cold water will be 

heated by wastewater using mentioned plate heat exchanger. The 

cold water with a flow rate of 130 kg/s enters the plate heat 

exchanger at 22 C , and it will be heated to 42 C . The hot 

wastewater  enters at a flow rate of 140 kg/s and 65 C . The 

maximum permissible pressure drop for each fluid is 70Kpa. 

The chevron plates rae single-pass with the chevron angle of 

30 . The metal of the plates is stainless steel AISI 304. 

Here, we face a sizing problem and then a rating problem to 

determine 
T,q,ε

 and P . 

Table.1. 

Designation information 

Description Value 

Number of passes, 1 

Chevron angle 
30  

Total number of plates 109 

Plate thickness 0.6 mm 

Corrugation pitch 9 mm 

Port diameter 200 mm 

Thermal conductivity 14.9 W/m.K  

After designing process, the thermal and hydraulic 

quantities  are according to the Table of (2).  Table of (3) and (4) 

also show the Geometry properties and outlet temperature and 

pressure drops for designed heat exchanger respectively. 

With increasing tN
, the surface area density increases 

while 
γ

decreases. Consequently, the volume of the heat 

exchanger decreases with increasing the surface area density or 

number of plates. 

Table.2. 

Thermal results 

Description Value 

Hydraulic diameter 5.734 mm 

Effectiveness  0.465 

Heat transfer rate 
1.087

7
×10 W  

UA Value 
4.581

5
×10 W/K  

Convective coefficient for hot stream 
1.787

4 2
×10 W/m .K  

Convective coefficient for cold stream 
1.242

4 2
×10 W/m .K  

Reynolds number for hot stream 
1.501

4
×10  

Reynolds number for cold stream 
7.642

3
×10  

Friction factor for hot stream 0.1 

Friction factor for cold stream 0.102 

Table.3 

Geometry result 

Description  Value 

Number of passes 1 

Number of plates 109 

Corrugation pitch 9 mm 

Plate thickness 0.6 mm 

Chevron angle 30 

Port diameter 200 mm 

Corrugation aspect ratio 0.874 

Surface enlargement factor 1.372 

Surface area density 
697.612 

2 3
m /m  

Heat transfer area for each fluid 
80.821

2
m  

Amplitude 1973 mm 

Table.4. 

Outlet temperatures and pressure drops 
Description Value 

Cold water outlet temperature 
42 C  

Hot wastewater outlet temperature 
46.45 C  

Pressure drop for hot wastewater 70 Kpa 

Pressure drop for cold water 60.857 Kpa 

Analysis and discussion 

Equation of (5) express a formula to calculate heat transfer 

area. From geometry view, the plates are sinusoidal curve, so 

calculating the length of this sinusoidal curve is necessary. The 

length of a curve is: 
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2

0
1 [ ( )]

a
f x dx

      
                          (16) 

Figure of (3) shows the sinusoidal curve of these plates. 

 
Fig .3. Sinusoidal curve of Plates 

The equation of (5) is a elliptical integral, which its solution is: 
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Terry.L Brown [15] offered a solution for incomplete elliptical 

integral of the first and second kind. Based on his research, 
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                            (19)                                                 

Here, E(m) is the complete elliptical integral of second kind. 

However, A.Narayan (2012)suggested a numerical 

approximation methods , based on series expansions. Based on 

his research a estimation of the incomplete elliptical integral of 

second type is: 

  

1

2

2
1 20

( ) 1 sin ( ) ( ). ( ).( )
t

t
E m m d R t dt R t t t


       

   (20)                                                                             
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                                       (21) 

Figure of (4) demonstrates the function of heat transfer area 

versus the wavelength. Although we expect that heat transfer 

area has a reverse relation with the wavelength, but the results 

denote that with increasing the wavelength, the heat transfer area 

will increase dramatically. To investigate its reasons, it is 

necessary to notice that heat transfer area is a function of 

number of plates as well. Figure of (5) shows this function. 

Here, similar to previous figure, the heat transfer function has a 

direct relation with number of plates. However, pressure drops 

impose some limitations for selecting optimal wavelength and 

number of plats values. In fact, it depends on where PHE will be 

employed. 

 
Fig.4. Heat transfer area versus Wavelength 

 
 

Fig.5. Heat transfer area versus Wavelength and number of 

plates 

 
Fig.6. Effects of the wavelength on the Reynolds number 
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Fig.7. Effects of the wavelength on the Friction factor 

 
Fig.8. Effects of the wavelength on the heat transfer 

coefficient 

As it is clear from the figure of (6) the Reynolds number 

will increase with growing the wavelength, consequently heat 

transfer coefficient have to rise this figure denotes that friction 

factor has increased with growing the wavelength . So, pressure 

drops for both fluids decrease. What it is important is that when 

the wavelength is 14 mm and more, the friction factor is constant 

approximately. On the other hands, in this limit, heat transfer 

coefficient did not change very much. Therefore, it is reasonable 

that the value of 12-14 mm for the wavelength is a optimal 

value( of course in this case study). 

Conclusion 

Plate and Frame heat exchangers are one of common types 

of the heat exchangers in industry. Many researchers studied 

about the effects of chevron angle, hydrodynamic conditions, 

and Nusselt numbers on the different thermal properties of the 

heat exchanger. However, the influence of wavelength on the 

Friction factor, heat transfer coefficients, heat transfer area and 

heat Reynolds number was remained unexplored. This matter 

when will be important that our objective is to optimize the heat 

exchanger and find optimum dimensions of the heat exchanger. 

The results showed that when the number of plates is below 150, 

the optimum value of the wavelength to have maximum heat 

transfer area is between 6 and 10 mm. 

References 
[1] Focke W.W, Zachariades J., Olivier I. , 1985 ―The effect of 

the corrugation inclination angle on the thermo hydraulic 

performance of plate heat exchangers‖, Int. J. Heat Mass 

Transfer 28 [8], pp 1469–1479.  

[2] Mehrabian M.A , Poulter R., 2000 ―Hydrodynamics and 

thermal characteristics of corrugated channels: computational 

approach‖, Applied Mathematical Modelling 24 ,pp 343-364. 

[3]  Metwally H.M. , Manglik R.M. ,2004 ―Enhanced heat 

transfer due to curvature-induce lateral vortices in laminar flows 

in sinusoidal corrugated-plate channels‖, International Journal of 

Heat and Mass Transfer 47, pp 2283–2292. 

[4]  Gradeck M. , Hoareau B., Lebouche M.,2005 ―Local 

analysis of heat transfer inside corrugated channel‖, International 

Journal of Heat and Mass Transfer 48 ,pp1909–1915. 

[5]  Bobbili Prabhakara Rao , Sunden Bengt , Das Sarit K.,2006 

―An experimental investigation of the port flow maldistribution 

in small and large plate package heat exchangers‖, Applied 

Thermal Engineering 26 ,pp 1919–1926.  

[6]  Longo G.A., Gasparella A., 2007 ―Refrigerant R134a 

vaporization heat transfer and pressure drop inside a small 

brazed plate heat exchanger‖, International Journal of 

Refrigeration 30 , pp 821–830.  

[7] Warnakulasuriya F.S.K, Worek W.M.,2008, ―Heat transfer 

and pressure drop properties of high viscous solutions in plate 

heat exchangers‖, International Journal of Heat and Mass 

Transfer 51 ,pp 52–67.  

[8] Tsai Ying-Chi, Liu Fung-Bao , Shen Po-Tsun, 2009 

―Investigations of the pressure drop and flow distribution in a 

chevron-type plate heat exchanger, International 

Communications in Heat and Mass Transfer 36 ,pp 574–578. 

[9] Wang L, Sunden B. Optimal design of PHEs with and 

without pressure drop specifications. Applied Thermal 

Engineering 2003;23:295e311. 

[10] Picon-Nunez M, Polley GT, Jantes-Jaramillo D. Alternative 

design approach for plate and frame heat exchangers using 

parameter plots. Heat Transfer Engineering 2010;31(9):742e9. 

[11] Mehrabian MA. Construction, performance, and thermal 

design of plate heat exchangers. Proceedings of the Institution of 

Mechanical Engineers, Part E: Journal of Process Mechanical 

Engineering 2009;223(3):123e31. 

[12] Kanaris AG, Mouza AA, Paras SV. Optimal design of a 

plate heat exchanger with undulated surfaces. International 

Journal of Thermal Sciences 2009;48: 1184e95. 

[13] Marriott J. Performance of an Alfaflex plate heat 

exchanger. Chemical Engineering Progress 1977;73(2):73e8. 

[14] Kandlikar SG, Shah RK. Asymptotic effectiveness-NTU 

formulas for multipass plate heat exchangers. Transactions of 

the ASME 1989;111(5):314e21. 

[15] Terry.L Brown. A subroutine for the calculation of the 

Incomplete Elliptic Integrals of the First and Second type, 

August 1970. 

[16] Aravind Narayan, Perimeter of the elliptical arc a geometric 

method, May 2012. 

[17] Asadi, Masoud .Design and Optimization of Plate and 

Frame Heat Exchangers. Saarbrücken, Germany: LAP 

LAMBERT Academic Publishing, 2012. (ISBN: 978-3-8465-

1203-6). 

Authors’ information 

M.Asadi was burned on 21 March of 1986 in Aligoodarz, Iran. 

He obtained his B.Eng. from Power and Water University of 



Masoud Asadi et al./ Elixir Thermal Engg. 60 (2013) 16603-16608 
 

16608 

Technology in 2009. His M.Eng. is 

Mechatronics Engineering from Azad 

Islamic University Science and 

Research branch, and he got it in 2012. 

Masoud published 18 papers in 

International journals and more than 8 

papers in conferences. He has 

published two books in Lambert 

Publication about designing Plate and Frame heat exchanger as 

well as compact heat exchangers. His research interests are 

Thermodynamic, Heat Transfer, Heat Exchanger, Solar Energy, 

and Gas Turbine. 

Mr. Asadi is a membership of Iranian Mechanical Engineering 

society. 

Ramin Haghighi Khoshkhoo is an assistant professor of heat 

transfer and thermal power plants at Power & Water University 

of Technology, Tehran, Iran. He received his B.Eng. and M.Eng. 

degrees from Tehran University with Top-Class Honours, 

Tehran, Iran, in 1991, 1994, respectively and his Ph.D in 2004 

from Joseph-Fourier University, 

Grenoble, France, all in mechanical 

engineering. His main research interests 

are heat exchangers, boilers, cooling 

towers and renewable energies related 

to heat transfer. 

Ramin has published more than 70 

articles in international journals and 

proceedings and the English version 

book of “Design of Plate-Fin Heat 

Exchanger” with Mr Masoud Asadi. He has participated in 

writting five chapters in two volumes of books in title of 

“Elementary Design of Thermal Power Plants”. 

Dr. Khoshkhoo is a manager of research & development office 

of Monenco consultant engineers in the MAPNA Groups. He is 

also director of scientific technical committee of electrical 

power generation in the International Power System Conference 

(PSC). 


