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ABSTRACT 

A numerical study to investigate the effects of different corrugated channel configurations on the flow 

and thermal fields are performed with Reynolds number from 6000 to 20000 and heat flux of 6000 

W/m
2
. The simulation adopts FLUENT- based control volume to solve the turbulent flow field and 

the associated thermal behaviour of the different configurations of corrugation. Seven types, in three 

groups, of trapezoidal corrugated channels; i.e., one face outward (1FOC), one face inward (1FIC), 

inward on one face and outward on opposite face (2FIOC). Moreover, two faces inward (2FIC), two 

faces outward (2FOC), outward and inward are aligned on both surfaces (IAO), and outward and 

inward are staggered on both surfaces (IOSIO), were examined and compared with smooth one. 

Simulated results displayed that the 2FIC provides maximum friction factor and heat transfer rate than 

the others. The performance evaluation criterion (PEC) values decrease with increasing Reynolds 

number, and the highest was predicted for 1FOC and 2FOC in turbulent flow. PEC comparative 

evaluation of the influence of flow regime on corrugated channel configurations showed that the 

(PEC) in laminar regime (600 ≤ Re ≤ 2000) increases and the 2FOC seem to have better values. 

However, laminar regime offered higher value than the turbulent flow. Computed results are validated 

as they have an acceptable agreement with the findings of previous works as well as with the existing 

well-established correlations. 

Keywords: Corrugated channel configurations, Turbulent flow, Laminar flow, Outward and inward 

corrugations, Performance evaluation criterion. 

 انخلاصو

اخشٚج دساسّ عذدّٚ نفسص حأثٛش حفٛٛش ْٛئت ٔحصًٛى انقُٕاث يخعشخت انسطٕذ راث انًقطع انًسخطٛم عهٗ يعذل اَخقبل انسشاسِ  

W/m 6000( ٔبخسهٛط فٛط زشاس٘ ثببج ٔبًقذاس )06666( انٗ )0666اندشٚبٌ ظًٍ يذٖ نعذد سُٕٚنذص يٍ )ٔ
2

( .حًج 

( ٔانز٘ ٚعخًذ عهٗ حقُٛت انسدى انًسذد نسم انًعبدلاث انسبكًّ انخبصّ Fluent-CFD-6.3انذساسّ ببسخخذاو بشَبيح فهَٕج )

ببندشٚبٌ الاظطشابٙ ٔانًخعهقّ ببَخقبل انسشاسِ نًخخهف إَاع انقُٕاث انًخعشخّ. اخشٚج انذساسّ نسبعت إَاع بثلاد يدبيٛع 

(,سطر ٔازذ يخعشج ٔانٗ  1FICخم)نقُٕاث راث حعشج عهٗ شكم شبّ يُسشف ْٔٙ قُبِ راث حعشج نسطر ٔازذ ببحدبِ انذا

(,انخعشج 2FIC(,انخعشج نسطسٍٛ ببحدبِ انذاخم )2FIOC(,سطر ببحدبِ انذاخم ٔالاخش ببحدبِ انخبسج )1FOCانخبسج )

(,حعشج انٗ انخبسج IAO(,حعشج نسطسٍٛ انٗ انذاخم يخعبقب يع حعشج نهسطسٍٛ انٗ انخبسج)2FOCنسطسٍٛ ببحدبِ انخبسج)

 Smooth(.ٔقذ حًج يقبسَت انُخبئح يع َخبئح نقُبة اعخٛبدّٚ )IOSIOاخم ٔٚخكشس عهٗ طٕل انقُبة )ٚقببم حعشج انٗ انذ

Channel( انُخبئح اظٓشث ببٌ أعهٗ يعبيم ازخكبك ٔاَخقبل زشاسِ كبٌ نهقُبة.)1FOCٔاقهٓب نهقُبة )(IAO) نغشض حقٛٛى ثأثٛش.

أظٓشث انُخبئح اٌ يعبيم الاداء ٚقم بضٚبدِ سشعت انًبء نهدشٚبٌ ( ,فقذ PECَٕع اندشٚبٌ عهٗ أداء انقُٕاث بأعخًبد حقٛٛى )

(اعهٗ قٛى بًُٛب كبٌ يعبيم الاداء ٚضداد بضٚبدة سشعت انًبئع نشقى سُٕٚنذص يٍ 2FOC( ٔٚهّٛ )1FOCالاظطشابٙ ٔقذ زقق انُٕع )

ًقبسَخٓب يع َخبئح انعلاقبث انخدشٚبّٛ نٓزا ( نهدشٚبٌ انطببقٙ نسذٔد يعُّٛ يٍ انسشعّ.حى انخسقق يٍ دقت انُخبئح ب2000( انٗ)600)

 ٔكبٌ انخطببق يقبٕل خذا.  انخصٕص
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1. INTRODUCTION 

     Heat exchangers are used in various applications throughout the different industrial fields. 

Therefore, they are bulleted to reach high heat transfer and small volume at lower cost.Employing 

coarsening walls is an appropriate technique to provide higher compactness and increase the 

performance. Corrugated channels represent one of the coarsening walls methods in both types: inward 

and outward corrugations were considered in present paper [1, 2]. Many studies have examined the 

characteristics of heat transfer, and fluids flow in a one corrugation direction (inward or outward) in 

different geometrical parameters, and some of them tested the using of corrugated channels surface 

with upper and lower with a specific configuration. Studies on characteristics of single or double 

corrugation direction with one or two side coursed channels are summarized chronologically as 

follows: 

     The experimental work of two sides corrugated channel with an in-line arrangement laminar flow 

and staggered arrangement turbulent flow are performed by Naphon [3, 4]. The results displayed that 

the corrugated wall has a significant influence on the increment of pressure drop and heat transfer due 

to the occurrence of recirculation flow regions. Naphon and Kornkumjayrit [5] studied the numerical 

work on the flow developments and heat transfer along the channel with the single surface corrugated 

plate under constant heat flux condition. The influences of rib and grooved in a single wall corrugated 

rectangular channel on a forced convection heat transfer were described experimentally by Eiamsa-ard 

and Promvonge [6]. Results showed that the duct with rectangular rib and triangular groove type 

provides maximum friction factor and heat transfer rate. Mohammed et al. [7] investigated the results 

of variant corrugation parameters numerically through inward roughened tubes. The results revealed 

that the Nusselt number increased with the increase of height, the width of roughness and Reynolds 

number also with the reduction of corrugations pitch. Mohammed et al. [8] studied the influences of 

corrugation parameters of inward wavy roughened channel height, wavy tilt angle and channel height. 

The results indicated that the using of the corrugated channel is an efficient method to increase the 

thermal performance. 

Mirzaei et al. [9] performed a numerical investigation of turbulent convective flow through a half-

roughed channel for different ranges of the wave amplitudes. The results illustrated that the 

recirculating region of flow depends on the wave amplitude. As the wave amplitude increases, the 

Nusselt number of the turbulent region becomes larger then it keeps on approximately constant. Dizaji 

et al. [10] experimentally investigated flow and thermal fields in heat exchanger corrugating shell and 

tube. Results showed that the type of corrugation arrangement has an essential effect on thermal and 

frictional characteristics. The geometrical parameters of fully developed turbulent flow in outward and 

inward trapezoidal corrugated channels using nanofluids were analyzed by Abed et al. [11]. It was 

mentioned that the maximum enhancement improves with increasing of the corrugation height. 

Mohammed et al. [12] studied numerically three types of internally rib and groove shapes (semi-

circular, rectangular, and trapezoidal) of turbulent nanofluid flow corrugated channels. The results 

revealed that the semi-circular has the highest thermal enhancement influence. Chandra et al. [13] used 

periodic converging and diverging circular cross-section microchannel to study numerically and 

analyze the impacts of the corrugation size on the thermal performance for laminar flow. Results 

displayed that significant enhancement in heat transfer over traditional smooth microchannel with a 

penalty of pressure drop due to flow separation and recirculation.  Lee et al. [14] analyzed seven cross-

corrugated shape heat exchanger passages with various surface profiles. They observed that the high 

heat transfer region growths with the increasing of the corrugations radius and the pressure loss also 

increases.  
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     Wang et al. [15] investigated the effect of geometrical parameters to achieve the optimal values of 

the height and pitch for undulated plate heat transfer surfaces. Zhai et al. [16] performed a laminar 

hydrodynamics water flow experimentally in micro heat sinks with ribs and cavities. They found that 

the flow turbulence and heat transfer area increase due to the presence of ribs and cavities. A new 

model of one wall corrugated channel heat exchanger was performed and numerically tested by 

Schmidmayer et al. [17]. The results revealed that the mass flow rate and heat transfer coefficient 

enhance with an increase in amplitude with applying of the positive pressure difference.  

     As described in the literature review, these works have studied channels with a detailed corrugation 

design and flow regime concerning the pressure drop and heat transfer with corrugated surfaces. The 

primary aim of this study is to investigate the effects of the various kinds of configuration design of 

corrugated surfaces on pressure drop and heat transfer characteristics of a corrugated channel with 

numerically analyzed. Another objective of this paper is to have a better balance among different 

designed channels by using hydraulic diameter based on the enclosed volume to the surface area 

instead of the cross-section area to the wetted perimeter. Which is more accurate for different types of 

the surface, when the cross-section area varies with flow direction. Numerical calculations were 

performed through the test section region in which the flow of water becomes fully developed in both 

thermally and hydrodynamically boundary layers. The present results, friction factor and the average 

Nusselt number are validated by comparing with that of the single-phase fluid empirical correlations 

for water flow in a smooth channel. 

2. MATHEMATICAL MODELING 

2.1. Physical Model and Assumptions 

     The rectangular corrugated channel of seven configurations design of successive trapezoidal 

corrugation along the upper and lower walls is depicted schematically in two dimensions by Figs. 1 and 

2. The computational domain is a flat or corrugated channel with the height (H) of 10 mm, and the 

length is 100 mm. To ensure a fully-developed flow, the length of the upstream heated smooth channel 

is 200 mm, while the length of downstream adiabatic channels is 100 mm to avoid adverse pressure and 

reversed flow through the simulation domain [11].Therefore, the simulation adopts 400 mm of the total 

length of the channel for each configuration type. The upper and lower walls of upstream and domain 

are subjected to a constant wall heat flux at a rate of 6000 W/m2    .  The trapezoidal roughness shape 

is defined by the rib height (e) of 6mm, pitch length (p) of 10 mm, and width (w) of 2 mm were 

retained constant as presented in Fig. 1.The simulation of this study depends on the following 

assumptions: 

1- The flow through the test section is assumed to be fully developed, Newtonian, steady, and 

incompressible parallel to the x-axis.  

2- The thermophysical properties of water are assumed constant.  

3- Because the inward and the outward corrugation between them are periodically distributed, and the 

channel height is much smaller than the width of the channel. Thus, the geometry and the steady flow 

in this respect are assumed to be two-dimensional [8]. 

4- The external lower and upper surfaces of each channel are subjected to a uniform heat flux. 

2.2 Governing Equations 

    The turbulent flow is modelled by partial governing conservation equations which are continuity, 

momentum and energy equations as indicated by equations 1, 2 and 3, respectively as [7]: 
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Continuity equation:   
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Momentum equation:    
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  ̅̅ ̅̅ ̅̅ ̅ represent the fluid density, dynamic viscosity, fluctuated velocity, 

axial velocity, radial velocity and turbulent shear stress, respectively. 

Energy equation: 
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The k-ε turbulent model introduced by Launder and Spalding [18] is adopted in the present simulation 

to express the turbulent stresses and heat flux quantities of the related physical phenomenon [19].  

2.3. Boundary Conditions 
     The set of boundary conditions adopted are: 

At inlet: The uniform velocity and temperature boundary condition are used: 

       constant,     , T=    = 300 K                                                                       (6) 

And turbulent inlet intensity is set as [19]: 

        ⁄                                                            (7) 

At outlet: zero normal gradients for all flow variables (B) except pressure whereas the pressure 

boundary condition is used [20]. 
  

  
                                                                                                                                       ( ) 

At the upper and lower walls: no-slip condition and constant heat flux are supplied at the upper and 

lower walls for the inlet fluid and test sections. 

                                                                                                                             (9)           

2.3 Calculation of Thermal and Hydrodynamic Parameters 

     The dimensionless parameters considered in the current investigation are the Nusselt numbers, the 

Reynolds number, friction factor, and performance evaluation criteria [7, 14]. The variation of the local 

Nusselt number along the lower and upper walls could be defined as: 

  ( )   
 ( )  

  
                                                                                                                 (  )  

The local convection heat transfer coefficient h(x) is representing as: 

h( ) 
 

  a( )   ( )
                                                                                                                    (  )  

The local and average Nusselt numbers are calculated as: 

  ( ) 
     

   (   ( )   ( ))
                                                                                                               ( 2)  

The Reynolds number can be defined as: 
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                                                                                                                       (  ) 

For the corrugated surface, the cross flow area varies with passage length, so for this situation an 

alternative definition of the hydraulic diameter Dh is determined as [15]: 

       ⁄                                                                                                                   (14) 

Where V is the enclosed volume, and   is the wetted surface area. The Darcy friction factor over the 

entire walls is determined as follows [21]: 

  =             
 ⁄                                                                                                                              (  )  

Where    is the pressure difference between inlet and outlet which is calculated by: 

                                                                                                                                                 ( 6) 
The enhancement of heat transfer using corrugated channels goes together with a penalty of pressure 

drop which increases the pumping power. The performance evaluation criteria index (PEC) is employed 

to study the fluid-dynamic and thermal performance of channels for seven various configurations. The 

PEC is defined using the results of friction factors and Nusselt numbers as follows [7]: 

     
     ⁄

(    )⁄       ⁄
                                                                                                                                (  ) 

2.4. Computational Procedure 
     The thermal characteristics and flow field for all geometries are simulated by implementing finite 

volume based FLUENT software to solve the equations and the boundary conditions of continuity, 

momentum and energy. GMBIT software was adopted to configure the geometries and meshing. The 

model of standard k–ε turbulence, RNG model, the SIMPLEC algorithm, and first-order differencing 

upwind scheme were employed to resolve the pressure-velocity coupling system [8, 21]. The 

convergence criterion solutions for all dependent variables is realized when the residual results are 

lower than  0
- 

, where the steady computation is completed if ∑ |   
     

   |   |   
 |   0

- 
 . Here M 

stands for either velocity or temperature components, and (n) represents the iteration step. The non-

uniform structured grid with an appropriate number of control volumes is generated with suitable 

expansion ratio to obtain fine meshing near the wall. 

2.5. Grid Test 
    The 2D channel with trapezoidal corrugation shape (2FIC) was used to evaluate the numerical 

procedure accuracy.  Eight different arrangements of mesh were tested to assess the number of 

elements required in this study by adopting the variation of the Nusselt number with the grid number as 

shown in Fig. 3.By comparing the results regarding the average Nusselt number rate, the sixth grid 

layout with approximately 88,000 nodes was adopted to get an adequate compromise between the result 

accuracy and the computational time, an additional increase in cells number shows less than 3% 

relative error in the average Nusselt number rate. 

2.6. Code Validation 

     The code validation was performed based on the boundary conditions and channel geometry in the 

previous results of Mohammed et al. [8]. They carried out Numerical study through a 2D corrugated 

channel with outward, and inward roughness arrangement over heat flux and Reynolds number in the 

range of 0.4 – 6 KW/m2 and 8000 –20,000, respectively. The average Nusselt number results of the 

present simulation are relatively close to that of Mohammed et al. [8] with maximum deviation for Nu 

of 6% as shown in Fig. 4. 
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3. RESULTS AND DISCUSSION 
     Simulations of forced convection fluid flow and heat transfer through one smooth and seven types 

of the corrugated channel using water were carried out to study the effects on the thermal and flow 

fields as well as on the performance evaluation criteria. Flow velocity, friction factor and the Nusselt 

number values are calculated based on the hydraulic diameter and the inlet cold water temperature was 

kept constant at 27℃. At the upstream outlet section, the temperature and flow fields are fully 

developed where the entrance length >10  h [22]. Therefore, we can assume fully developed turbulent 

flow through the middle part of total geometry.  

3.1. Validation of smooth channel  
     In the following validation, the average Nusselt number and friction factor found from the present 

work for the water flow through the smooth channel (Fig.2 case A) are calculated and compared with 

the results of empirical correlations of Petukhov, Eq. (18), and Filonenko, Eq. (19) [18]. 

     
    (   ⁄ )

          (   )⁄   ⁄
(    ⁄    )

                                                                                (  ) 

    (             -    ) -                                                                                                                       (19)                                                        

The comparison of the results calculated using these two equations and their deviations with the current 

numerical values are presented in Figs. 5(a) and (b). The comparison displays a good agreement 

between the predicted present results and the previous correlations for fully developed turbulent and 

water flow. Therefore, this solution procedure with its boundary conditions can be employed to study 

the current work through corrugated channels. 

3.2. Heat Transfer Investigations (Nusselt number) 
     Nusselt number results with Reynolds number for the smooth and corrugated channels are presented 

in Fig. 6. As illustrated in the figure, the increased flow rate has a more significant effect on the Nusselt 

number of the corrugated channels in compare with the smooth channel. As Reynolds number 

increases, the mixing of core stream and recirculating flows coming from the regions between 

corrugations bring additional heat from the heating wall and can efficiently increase the total heat 

transfer rate. Also, adapting equal channel length of corrugated and smooth configurations tends to 

increase the surface area of the corrugated in comparison with the smooth channel.  This is one of the 

corrugated channels advantages when they are used in the same size of heat exchangers. The highest 

values of the Nusselt number were obtained in the channel with two faces corrugation (2FIC) followed 

by IAO and IOSIO types at the same Reynolds number. The two types of two face corrugation 

channels (2FIOC, 2FOC) and channels with one face (1FIC, 1FOC) take the next place, while the 

lowest is the smooth channel. The slope of this enhances for channel made of two faces outward 

corrugated walls is less than the others. Therefore, the using of various types of corrugated channel 

configurations can create different amounts of thermal performance and frictional losses due to 

generate a particular motion of flow in the longitudinal and vertical directions. 

The effect of different configuration type on enhancement in heat transfer (Nu/   ) is presented in 

Fig.7. It is clear that the ratio decreases as the Reynolds number increase. However, the slope of this 

drop depends on configuration type. The reduction slope for the channel (2FOC) is more than the other 

corrugated channels. The (Nu/   ) of the 2FIC kind is most significant, and that of 1FOC is 

apparently the smallest. Aligned type IAO has a slight advantage in heat transfer enhancement 

(Nu/   ) compared to staggered case IOSIO, and both of them have much higher enhancement than 

configuration 2FIOC. From the above results, it can be suggested that the corrugated channels are not 

reasonable to save energy at higher values of Reynolds numbers [6, 24]. 
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3.3. Friction Factors Characteristics 
     The pressure drop of different corrugated channel configurations was numerically measured to 

determine friction factor (f ) over the tested range of Reynolds numbers. The smooth and corrugated 

channels friction factors are presented in Fig. 8. The results show that the friction factor decreases with 

increasing of Reynolds number. The sharp trapezoidal edge presences in flow area cause substantial 

flow recirculation and separation which creates an extra pressure drop. Further, in the diverging 

section, the losses slowly increase, and fluctuate wildly due to the stagnation region grow at the exit of 

the diverging zone. As seen from Fig. 8, the use of IAO, IOSIO and  2FIC corrugated channels 

increases the friction factor about 43-60 times while with one face, 2FOC  and 2FIOC channel 

configurations, the friction factor increases about 1.5-12 times only in comparison with the smooth 

channel.  The channel with IAO configuration has the most significant friction factor, while the channel 

with 1FOC design in the same condition of Reynolds number has the lowest friction factor.  

Comparison of the channel configurations regarding the ratio of friction factor in corrugated channels 

to that in smooth one (f/  ) is presented in Fig. 9. In general, enhancement of heat transfer leads to 

increase in pressure drop and as result high (f/  ) value, therefore with an increase of the Reynolds 

number, f/   values tend to increase for the seven channel configurations and lies between 2 and 90 

values. From this figure, the increase in the ratio of friction factors of case IAO is most substantial and 

that of case 1FOC is lowest. This ratio of cases 2FIC and IOSIO are a comparatively large while of all 

one face configurations, 2FOCand 2FIOC are low.  

3.4. Performance Evaluation Criteria. 
     The overall performance comparison regarding performance evaluation criteria (PEC) is presented 

as a function of Reynolds number in Fig. 10. The values of PEC for all configurations tend to decrease 

as Reynolds number increase. It means that, as the velocity increases the friction factor grows much 

faster than the Nusselt number and as result the value of (f/  )  becomes higher than the value of 

(Nu/   ). In general, the PEC for IAO, IOSIO, 2FIC, 2FIOC and 1FIC geometry configurations are 

relatively low while for 1FOC followed by 2FOC geometries is relatively high. The outer corrugation 

profile in both one and two sides leads to a reduction of frontal area requirement. This suggests that 

enhancement in heat transfer is more efficient at the low range of Reynolds number while at the high 

Reynolds number the resistance to fluid flow increases and gradually becomes dominant. 

3.5. Effect of the Reynolds number 
     A sample of the results showing the velocity contours is illustrated in Figs. 11 and 12 along 

corrugated flow channels (1FOC and 2FOC) at Re of 2000 and 20000, respectively. The results of 

these figures show the hydrodynamic flow in the tested domains. The separation and recirculation flow 

show an increase with the increase of fluid velocity due to the presence of corrugation when the 

mainstream becomes perpendicular to the core stream towards the walls where the velocity becomes 

slow and reaches zero value. At Reynolds number of 20000, flow vortices increase near the corrugated 

wall, then friction factor shows a sudden increase in the flow field. Therefore the mixing between the 

near-surface region and main flow enhances, so the temperature decreases at channel walls, and as a 

result, the rate of heat transfer between the walls and fluid is improved.  

The PEC results for Reynolds number in the range of 600 to 2000 in case of laminar flow and of 6000 

to 20000 for turbulent type are presented in Fig.13.The PEC profiles show that the 2FOC configuration 

at the lower range of Reynolds number is the most efficient one with values greater than unity and vary 

between 1.48 and 1.16, and the highest value is provided at Reynolds number of 1600.  For 1FOC and 

2FOC of laminar flow, the PEC values increase rapidly when the Reynolds number is less than 1600 

and then decrease for all Reynolds number values. The values of PEC were reduced for the range of 

turbulent flow and reach the minimum value at highest Reynolds number. The reasons behind that, the 
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heat transfer enhancement at the low Reynolds number is more dominant, but as Reynolds number 

increases more than 1600 for all cases, the flow resistance increases gradually and becomes more 

dominant. This is because the corrugations of the channel have a disturbance effect on the core flow.  

So the improvement of heat transfer or resistance becomes dominant, depending on the Reynolds 

number value. Therefore, the flow regime has a vital influence on improving the PEC of the corrugated 

channel. 

 

4. CONCLUSION 
     The influences of different corrugated channel configurations on the Nusselt number, friction factor, 

and performance evaluation criterion were presented numerically over Reynolds number ranges with 

water was used as working fluid. In the present study, the primary objective is to compare various 

configurations of outward and inward corrugated channels with detailed investigation through a 

comprehensive performance analysis. The findings can be summarized as follows: 

 It is measured that the addition of corrugation to smooth channel is advantageous and can significantly 

enhance the flow and thermal fields with a flow resistance penalty.  

 The using of outward and inward trapezoidal corrugated channel is a strong function of configuration 

type and Reynolds number: the higher the Reynolds number, the higher the Nusselt number and friction 

factor in the ranges of 25-130% and 150 -5000% respectively. 

 The performance evaluation criterion decreased with the increasing of Reynolds number in the range of 

6000 to 20000 for all configuration types, both 1FOC and 2FOC achieve the highest overall 

enhancement, and it is increased sharply in case of laminar flow, and it has the maximum value at 

optimal Reynolds number of 1600 with 2FOC type. 

The finding of the present study can be a helpful guiding principle for designers and in the 

manufacturing of the compact plate heat exchangers units. 
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NOMENCLATURE 
A  Surface Area, (m2) 

    Specific Heat (kJ/kg · °C) 

    Hydraulic Diameter, (m)  

e   Height of Roughness, (m) 

   Friction Factor,(   =             
 ⁄ ) 

H  Heat Transfer Coefficient,( W/m
2
.K) 

H  Smooth Channel Height, (m) 

I  Turbulent Intensity 

K  Kelvin 

kt   Thermal  Conductivity, (W/m. K) 

k  Turbulent Kinetic Energy,( J/kg) 

Nu  Nusselt Number, (Nu = h   /kt) 
P  Pressure, (N/m2) 

 

pe  Corrugation Pitch, (m) 

    Pressure Drop,( Pa) 

PEC  Performance Evaluation Criteria,(          ⁄ (   ⁄  )
 

 ⁄ )⁄  

   Heat Flux, (W/m2) 

Re  Reynolds Number, (Re =         ⁄ ) 

T  Temperature, (K) 

   Component of Flow Velocity,( m/s) 

    Local Flow Velocity (Fluctuated Velocity), (m/s) 

V  Volume, (m ) 

w  Width of Corrugated,( m) 

   Horizontal Coordinate, mm 

y  Vertical Coordinate, mm 

Greek Symbols 

   Fluid Density, (kg/m ) 

   Dynamic Viscosity, N.s m2)⁄  

   Turbulent Dissipation Rate, m
2
/s ) 

τ  Shear Stress, (kg m2)⁄  

Subscripts 
av  Average 

s  Smooth Channel 

Wa   Wall 

in          Inlet 

out  Outlet 

m  Mean 

t  Turbulent 

     Components 

b  Bulk 

eff  Effective 
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Fig. 2: Investigated region of eight different channel configurations: (1) Case A: smooth channel ;         

( 2) Case B1: one side outward corrugations (1FOC) ;( 3) Case B2: one side inward corrugations 

(1FIC);( 4) Case C1: inward and outward corrugations (2FIOC) ;( 5) Case C2: inward corrugations 

(2FIC) ;( 6) Case C3: outward corrugations (2FOC) ;( 7) Case D1: outward and inward are aligned on 

both surfaces (IAO), (8) Case D2: inward and outward staggered with outward and inward corrugations 

(IOSIO). 

 

 

 

Fig. 1: Schematic diagram of the studied test section. 
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Fig. 5: Comparison of the present work results with the results obtained by Mohammed et al. [8]:       

(a) average Nusselt number, (b) Darcy friction factor. 
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Figure 4: Comparison of the Nusselt number of 

the present results versus Reynolds number with 

that of Mohammed et al. [8]. 
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Figure 3: Grid-independence test. 
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Fig. 6: Nusselt number results for smooth and 

corrugated channels with different Reynolds 

number. 

 

 

Fig. 7: Comparison of corrugated channel 

Nusselt number with that of the smooth 

channel. 

 

Fig. 8: Friction factors values for smooth and 

corrugated channels versus Reynolds number. 

 

 

Fig. 9: Comparison of corrugated channel 

friction factors with the smooth channel friction 

factors. 
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Fig. 10: PEC for channels with different 

trapezoidal corrugated configurations as function 

of Reynolds number. 

 

 

Fig. 13: Variation of PEC with Reynolds number 

for 1FOC and 2FOC. 

 

 

Fig. 11: Velocity contours for 1FOC and 2FOC 

channels at Re = 2000. 

 

 

 

 

 

 

 

 

 

 

Fig. 10:   

Fig. 12: Velocity contours for 1FOC and 2FOC 

channels at Re = 20000. 


