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Curved microchannels with cavities have warranted significant interest from 

researchers due to their potential to improve the thermo-hydraulic 

performance of micro-scale hot components. However, there is a scarcity of 

information concerning the impact of using rough surfaces to such devices 

for heat transfer enhancement. To this focus, CFD simulations are 

conducted on a curved microchannel featuring cavities and different surface 

roughness without identifying any symmetrical planes. The microchannel 

comprises two curved segments, having a hydraulic diameter (Dh) of 0.3mm. 

Aluminum serves as a solid material, whereas water functions as a coolant. 

Reynolds number (Re) varies from 10 to 800. A constant heat flux of 

30kW/m² is applied. Three cases with varying surface roughness (Ks/D) are 

analyzed: 0%, 3%, and 9%. The findings indicated that using rough surfaces 

is helpful for effective turbulence-inducing through boundary layer 

disturbing for heat transfer enhancement at low Re. An enhancement in heat 

transfer of 22.3% is observed, attributable to the roughness of 9% at 

Re=800, compared to the smooth baseline scenario, while the overall 

performance improved by about 12.2%. Two correlations are developed as a 

function of Re and Ks/D for Nusselt and Poiseuille numbers, which are 

believed to be useful for designers of microchannels. 

 

Keywords: Rough surfaces; Curved microchannel; Cavity; Heat transfer 

enhancement; Pressure drop. 
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1. Introduction 

For researchers aiming to maximize energy exchanges within micro-scale devices for cooling 

enhancement purposes, studies on microchannel designs are quite crucial [1]. In the case of several 

micro-scale applications, such as electronics cooling, microfluidics, and energy systems, that involve 

dissipating high heat flow from very small components, the heat sinks must be greater than the 

components themselves. However, it is common for hot patches and non-uniform amounts of heat 

flow to be seen at the heat sink level. When the cooling demand exceeds 100 W/cm2, it is not feasible 

to provide sufficient cooling using conventional air or water heat exchangers. Therefore, researchers 

have been encouraged to create novel heat sinks that can be directly integrated into the heat source's 

rear to provide consistent heat flux removal. A heat sink of this kind is often constructed using silicon, 

which is accompanied by a silicon oxide layer to ensure electrical insulation of the component. Using 

fins in micrometer-sized rectangular channels creates narrow passages that facilitate the efficient 

evacuation of heat by cycling cool fluid through the microchannels.  

The concept of microchannel devices was first elucidated by Tuckerman and Pease [2], as 

cited by Asadi et al. [3]. Microchannels have gained popularity among researchers due to their high 

heat transfer coefficients, which have the potential to reach record highs. Additionally, microchannels 

offer the advantage of low-to-restrained pressure drops when associated with typical air and liquid-

cooled systems [4]. An instance of microchannel heat sinks has been shown to cool high-power Laser 

Diode arrays and achieve a heat flux elimination rate of 500 W/cm2 [5]. Several investigators have 

suggested distinct criteria for classifying heat exchanger devices based on the hydraulic diameter (Dh), 

from micro-scale applications to macro-scale applications to normal-scale applications [6-8]. 

Different cooling working fluids, from single-phase to two-phase, were employed within 

microchannels. Researchers have examined single-phase gases within microchannels, such as air, 

argon, hydrogen, helium, and nitrogen [9-11]. Water was popularly used in microchannel studies 

[12,13]. 

Researchers are focusing on the addition of wall structures like cavities and fins to straight 

microchannels. Such studies focus on their geometry [14, 15], dimensions [16], and orientation [17-

19]. However, the commonly used straight microchannels suffer from a problem as the flow becomes 

regular and the boundary layer thickens, resulting in poor heat transfer performance along the 

streamwise direction. As a result, curved microchannels have been developed and recognized as an 

effective means of improving hydraulic and thermal performance by disrupting the boundary layer, 

inducing secondary flows or Dean vortex, due to centrifugal forces inside the curved section  [20, 21], 

and promoting chaotic advection [22].  

A curved microchannel consists of a curved portion with a certain curvature radius (R) 

coupled to two straight sections on each side. Their use encompasses the fields of bioengineering [23], 

energy management [24], and microfluidic systems [25, 26], demonstrating their diversity and 

efficacy. The following are related research studies that focus on investigating curved microchannels. 

Khoshvaght-Aliabadi et al. [27] examined the impact of several cross-section geometries on the 

efficiency of a corrugated micro heat sink. The study considered four cases: uniform, convergent, 

divergent, and hybrid. Zhang et al. [28] investigated the flow and heat transfer properties in 

microchannels with wavy and curved wavy geometries. Additional research has shifted towards the 

development of curved microchannels that are combined with wall constructions. Utilizing the 

combined advantages of secondary flows and disruptions in wall construction to improve thermal 



3 

 

efficiency. The study of Chandratilleke et al. [29] examined the flow instability caused by helicity 

functions and unfavorable pressure gradients on the outer wall. Liu et al.[30] introduced the concept of 

Dean instability to investigate sinusoidal microchannels. Introducing wall features such as cavities, 

ribs, and nano-wires is acknowledged as an efficient approach to enhancing fluid mixing in curved 

microchannels [31]. The curved microchannel with wall voids is optimal for achieving efficient 

convective heat transfer. Liu et al. [32] performed a study on serpentine microchannels, including fan-

shaped cavities, primarily investigating the dimensions and morphology of the wall structures.  

The recent research by Li et al. [1] highlights cavities as an optimal option for wall 

construction in curved microchannels. Its uncomplicated production, cost-effectiveness, and structural 

stability further support this decision. The researchers conducted a quantitative analysis to examine 

how the distribution of cavities affects the flow dynamics and heat transmission in curved 

microchannels. Four traditional cavity configurations were employed: symmetrical, staggered, 

exterior-only, and interior-only, along with a microchannel without any cavities for comparative 

purposes. Their findings showed that the staggered distribution of cavities significantly decreases flow 

resistance, which is supported by its high cavity throughput ratio. The distribution of the cavity in a 

symmetrical manner exhibits the highest level of thermal efficiency, resulting in the attainment of the 

maximum thermal performance assessment. In their subsequent study, Li et al. [33] explored the 

curvature ratio's impact on flow and heat transmission. Three different curvature radii were employed: 

1 mm, 3 mm, and 5 mm. Their findings demonstrated that greater curvatures display enhanced overall 

thermal efficiency, although at the expense of increased flow resistance within a manageable range. 

Nevertheless, the capacity to create bigger curvatures is limited by factors such as the accuracy of 

machining, the stability of mechanical components, and the expenses associated with production.  

Roughening the microchannel heat transfer surfaces was proposed as a passive technique for 

heat transfer enhancements in such devices [25] as it helps to accelerate the transition from laminar to 

turbulent, which makes it an effective method for turbulence-inducing through disturbing the 

boundary layer at low Re. However, in addition to the difficulty of measuring roughness from small 

cross sections like microchannels, there are still difficulties in fabricating such rough surfaces, 

particularly at such a small scale. As a result, the literature has limited investigations on surface 

roughness in microchannels. Compared to challenging experimental research, this presents numerical 

simulations (CFD) as a viable and efficient method of obtaining a precise understanding of 

microchannel flows at a lower cost [34].  

In a notable investigation conducted by Mandev and Manay [35], tests were conducted to 

examine the impact of surface roughness on heat transfer in numerous straight microchannels made of 

stainless steel. The research specifically focused on the combined impacts of natural and induced 

convection on the overall heat transfer process. The studies used microchannel heat sinks with three 

distinct surface roughness values (Ks): 1.1, 1.8, and 3.0 μm. These heat sinks also had three different 

microchannel widths of 300, 500, and 700 μm, and two dissimilar heights: 300 and 450 μm. The 

microchannel heat sink was subjected to a steady heat flux on its backside surface using pure water as 

the working fluid. The trials were included within a Reynolds number range of 10–80 to guarantee 

mixed convective conditions. Their findings demonstrated that an augmentation in hydraulic diameter 

decreased the impact of surface roughness on the total heat transmission. The influence of surface 

roughness on mixed convection in a microchannel with constant width and height is only noticeable 

when the Grashof number rises. The most optimal heat transfer outcomes were achieved with the 
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microchannel with the narrowest cross-section of 300 × 300 μm2 and the maximum roughness value of 

3.0 μm.  

 Based on the preceding information and concluding remarks, the present study was suggested 

to provide more details to ensure the validity of using rough surfaces beside body cavities for effective 

turbulence-inducing, even at low Re values, aiming to enhance the heat transfer and consequently 

improve the cooling of micro-scale devices. This gives the potential of the current paper for better 

design and manufacture of microchannels, especially when there are very limited papers found in the 

literature regarding this issue, due to many difficulties in measuring roughness from small cross 

sections like microchannels and their fabrication. 

 

2. Methods 

2.1 Geometrical parameters and considered domains 

 Fig. 1 shows the specifications of the studied geometry, a curved multiple-turn microchannel 

with cavities, with full dimensions in mm. The dimensions are taken as found by Li et al. [1, 33]. 

However, the geometry is modified to include two curved sections as a proposed option for more 

practical usage. Two distinct domains can be identified: solid domain and passing fluid domain. The 

physical model of the microchannel comprises two curved sections of 1 mm curvature radius (R) and 

three straight sections; two of them are equal in length (L = 20 mm), and the third one is the 

connecting part between the two curvature sections with a length of 18.45 mm. A total of 10 wall 

cavities are grooved in the solid body. Two cavities are located at the end of the straight section in 

connection with the curvature sections, and the remaining three cavities are evenly distributed along 

the curved circumferential [1, 33]. All cavities have the same width (wcav) of 0.3 mm and a depth (hcav) 

of 0.1 mm. The height of both the cavities and the fluid channel (h) is the same (0.3 mm). The total 

height (H) of the microchannel is 0.35 mm, and the width (W) is 1.1 mm. The length of the straight 

sections is enough to ensure fully developed conditions before entering the curved sections. An 

important parameter to describe fluid flow in a channel is the hydraulic diameter (Dh), which can be 

computed based on Eq. (1). The hydraulic diameter (Dh) of the present channel geometry is 0.3 mm. 

All geometrical parameters with full descriptions and values are listed in Table 1. 

wh

wh
Dh




2
 (1) 

 

Table (1): Geometrical parameters 

Geometry 

parameter 

Description Value in 

mm 

R Curvature radius 1.0 

L Straight section length 20 

W Solid-body width 1.1 

H Solid-body height 0.35 

w Fluid channel width 0.3 

h Fluid channel height 0.3 

Dh Hydraulic diameter 0.3 

wcav Cavity width 0.3 

hcav Cavity depth 0.1 
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2.2 Used materials and boundary conditions 

 Aluminum is used here as the material for the solid microchannel body, and water acts as the 

working fluid. Water enters and leaves the microchannel, as displayed in Fig. 1 (a). The fluid inlet is 

defined as a "velocity inlet" that corresponds to the studied Reynolds number range from 10 to 800 

[1], including 13 points (10, 20, 40, 60, 80, 100, 200, 300, 400, 500, 600, 700, and 800). Such a range 

of Reynolds number is sufficient to cover a wide range of applications using microchannels. The 

relation between the velocity and Reynolds number is demonstrated in Eq. (2), and all fluid properties 

are recorded in Table 3. The fluid outlet is defined as a “pressure outlet" with a zero value 

corresponding to the atmospheric pressure (fully developed flow). The upper surface of the flowing 

fluid is sealed, preventing any transfer of heat. A continuous heat flux (q) density of 300,000 W/m2 is 

employed on the bottom surface of the solid body, while the remaining surfaces of the solid body are 

thermally insulated from the external environment.  

Three cases with different surface roughness at the microchannel inner surfaces are examined. 

This surface roughness is expressed by the relative roughness (Ks/Dh) in many publications [36, 37, 

38]. From the smooth base case (Ks/Dh=0) to Ks/Dh= 3 % and Ks/Dh= 9 %. All simulation 

specifications are found in Table 2. Where Ks is the sand grain roughness in µm, and Dh is the 

hydraulic diameter. 

 



hDρ v
Re  (2) 

 

Table (2): Simulation specifications 

Re 

Roughness presentation 

Relative (Ks/Dh) 

in % 

Sand grain (Ks) in 

µm 

10-20-40-60-

80-100-200-

300-400-500-

600-700-800 

0* 0* 

3 9 

9 27 

Dh - hydraulic diameter = 0.3 mm 
* smooth base case 

 

 

Table (3): Working fluid properties 

Property Value 

Density ( ) 998 kg/m3 

Specific heat (cp) 4182 J/kg.K 

Thermal conductivity (k) 0.6 W/m2. K 

Dynamic viscosity (µ) 0.001003 Pa.s 
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(b) Cuvature raduis (R) 

 

(a) Geometry overview (c) Zoom in isometry view 

Figure 1. Specifications of the studied geometry: curved multiple-turn microchannel with 

cavities (dimensions are in mm). 

 

The model encompasses the fundamental equations governing mass, momentum, and energy 

transmission as [39]: 
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Energy equation 
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 This study uses ANSYS-CFX R18.0 CFD solver code. "SIMPLE" pressure-velocity coupling 

was used. For pressure, second-order upwind discretization was used. Second-order upwind 

discretization was used for momentum, turbulent kinetic energy, and dissipation rates. Problem 

convergence was based on a residual mean square. Solutions were accepted at residual goals of 10-6. 

All simulations were done without symmetry planes.  

 

2.3 Meshing specifications and independent study 

 This CFD research used ANSYS-ICEM Mesh R18.0 [40] with non-uniform grid spreading. A 

computational domain mesh setup overview is shown in Fig. 2. Six distinct mesh densities were 
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examined at Re = 450 for the grid independence investigation to choose the best mesh. The number of 

elements used is 228657, 293988, 328201, 599565, 1009966, and 1495523. The selection criterion is 

based on the minimum deviation in measuring the fluid inlet pressure. It is found that the pressure is 

more sensitive to the fluid grid size. The deviations of these measurements are found as: 4.52, 2.52, 

1.55,0.11, and 0.12, respectively. Thus, it is reasonable to use the mesh setting found in mesh number 

"5" for the simulations that have been studied. 

 

 
Figure 2. Overview of the meshing in the studied domains. 

 

2.4 Model validation 

 To assess the reliability and accuracy of the existing computational model and methodologies, 

the numerical results of Nu are compared with those reported by Li et al. [19]. The physical model 

comprised a microchannel with dimensions: length L = 40 mm, width W = 1 mm, and height H = 0.5 

mm. The microchannel comprised an entrance segment of length Lin = 0.8 mm, a central section, and 

an exit segment of length Lout = 1.08 mm in the flow direction. Symmetrical fins or chambers were 

developed on the lateral aspects of the central region. The fin width and spacing measured If =0.12 mm 

and ls = 0.5 mm, respectively. The fluid domain's cross-sectional area measured 0.3 x 0.3 mm2. The 

upper boundary of the fluid domain was sealed, inhibiting mass and heat transfer. A continuous heat 

flux of 30 kW/m2 was applied to the bottom surface of the solid, with the remaining walls being 

thermally insulated. Silicon was selected as the solid channel, and water was utilized as the fluid. The 

Reynolds number was defined within the range of 25 to 500. The validation relied on a singular 

example featuring a fin height of 0.04 mm, an aspect ratio of 3, and an angle of 90 degrees. Figure 3 

presents the validation findings, illustrating the concordance between the two outcomes. 
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Figure 3. CFD validation with literature. 

 

3. Equations 

 The heat transfer process of the presently studied problem is simply illustrated in Fig. 4. The 

applied heat flux is used to heat the bottom surface of the solid body through the heating area (Ah). At 

steady state conditions and with the assumption of perfect insulation for outer microchannel surfaces. 

This amount of heat is conducted to the solid body surfaces that face the moving fluid (As). The heat 

energy is then transferred by convection to the passing cooling fluid under the assumption of radiation 

neglect. Hence, the temperature of the fluid tends to rise from the cold inlet (Tin) to the hot outlet (Tout). 

Such a heat balance can be expressed as follows. 

)( ,, avgfavgssconvh TTAhAqQ   (6) 

Where Q is the heat transfer rate in Watt, q is the applied heat flux, Ah is the solid bottom heating 

area, hconv is the average convection heat transfer coefficient, As is the solid-fluid contact area, 

Ts,avg is the average solid surface temperature, and Tf,avg is the fluid average temperature. 

 

 

Figure 4. Heat transfer mechanism. 
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Nusselt number (Nu) is an important dimensionless group that represents the enhancement in 

heat transferred due to convection by fluid motion. It is considered here for the evaluation of the 

current problem's thermal performance. The average Nusselt number can be evaluated as: 

k

Dh hconvNu  (8) 
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The fluid pressure drop is a main parameter that controls the fluid pumping power. The 

evaluation of the studied problem based on the pressure drop is verified by employing the Poiseuille 

number (Po) that can be expressed as [1]: 

Re
2

2v
Po

total

h

L

Dp




  (9) 

Where ∆p is the difference in pressure between the fluid inlet and outlet, and Ltotal is the total length of 

the fluid path. 

Finally, an overall performance evaluation (OPE) parameter is presented for the overall 

performance [1]: 

  3/1
/PoPo

Nu/Nu
OPE

smooth

smooth  (10) 

Nusmooth corresponds to the smooth case (base case), Po is the Poiseuille number for a studied case and 

Posmooth is the Poiseuille number for the corresponding smooth case (base case). The higher the OPE, 

the more it verifies the main target of this study, as it yields the significance of heat transfer 

improvement using a specified microchannel design over the drawbacks from pressure drop and 

pumping power penalties. 

 

4. Results and Discussions 

The present study focuses on the enhancement of the heat transfer rate with an optimal 

pumping power. This is accomplished by employing different surface roughnesses on the studied 

geometry. The performance is assessed by discussing the results of Nu, Po, and OPE. In the following 

subsections, all these performance parameters are presented for a specified case as normalized by the 

corresponding results of the smooth case (base case). 

Fig. 5 depicts the variation of normalized Nu with Re for the two cases studied, namely, 

roughness 3% and 9%. The first observation from Fig. 5 is that all the values are above one. This 

means heat transfer enhancement is possible when using rough surfaces over the base case of smooth 

surfaces. This has been proved by previous research on other geometries [35]. Rough surfaces are 

found helpful in promoting turbulence induction through boundary layer disturbances, even at low Re 

values. Consequently, it increases the surface side convection heat transfer coefficient and Nusselt 

number. Moreover, it could be deduced that the enhancement in Nu is more pronounced for higher Re 

values. This helps to effectively cool the microchannel’s surface temperature, as will be discussed later 

in the temperature gradient subsection. Also, this is consistent with the results from previously 

published research [1, 33]. As an example, at Re = 800, the surface roughness of 9% ensures an 

enhancement in the heat transferred by about 22.3%, while the surface roughness of 3% achieved an 

enhancement of about 8.2%. 

The variation of the normalized Po with the Re is demonstrated in Fig. 6. Back to Eq. 9, the 

Po is a good choice to describe the relation between the fluid pressure drop and velocity at the constant 

fluid properties and geometry. It could be deduced from Fig. 6 that all the values are above unity, 

which indicates a higher-pressure gradient when employing surface roughness over the smooth base 

case. This implies that higher pumping power is required. Moreover, this high pumping power is more 

pronounced for the higher values of Re, indicating the main drawback when increasing the surface 

roughness. As an example, the required pumping power is increased by about 29.3% and 10% for the 

cases, roughness 10.2% and roughness 3% respectively, at Re = 800. 
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A final judgment of the present study of employing different surface roughness is based on the 

OPE parameter as presented in Fig. 7. It can be seen from Fig. 7 that the OPE increases with Re, due 

to the enhancement of the Nu over the drawbacks from increasing the pressure drop. However, this 

enhancement in the OPE is more pronounced for the higher surface roughness of 9%. As an example, 

from Fig. 7, an increase in the OPE value with an average of 12.2% for the case of 9% surface 

roughness is reported at Re = 800. In contrast, a lower increase is noted for the 3% roughness case 

with an average value of 4.8% at the same Re. Hence, a conclusion can be drawn here that, for better 

overall performance, it is recommended to use heat transfer devices with higher surface roughness and 

higher values of Re. This general conclusion is confirmed by previous studies on other straight 

microchannel geometries [35, 41]. 

 

 
Figure 5. The variation of the normalized Nu number with the Re number range. 

 

 

 

Figure 6. The variation of the normalized Po number with the Re number range. 
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Figure 7. The variation of the overall performance evaluation (OPE) with the Re number range. 

 

 Two correlations were developed by gathering all the resulting data as a function of Re and 

Ks/D. One correlation is found for the Nu/Nusmooth while the other is for the Po /Posmooth, as given in the 

following: 
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It is worth noting that the above two correlations are valid for the ranges of studied 

geometrical and varied parameters within the present study. The maximum error of the calculations 

from the two equations is 2.18 % and 3.25 %, respectively.   

 

For more discussion and verifications of the preceding results from the present study, selected 

contours from the temperature and the velocity gradients are demonstrated in Fig. 8 and Fig. 9, 

respectively. For the case of 9% surface roughness at Re values of 10, 500, and 800. It can be 

observed from Fig. 8 that the highest temperatures attained by the passing fluid are in the case of a 

lower Re value of 10 due to a lower fluid flow rate, which results in the cooling degradation of the 

microchannel surface temperature. Clearly, it is shown from Fig. 9 that the remarkably varied velocity 

gradients correspond to different Re values. Also, it is clearly demonstrated that the increase in the 

velocity gradients inside the curvature sections is due to the induced centrifugal force causing the 

secondary flow or Dean vortex. 
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(a) Re = 10 (b) Re = 500 (c) Re = 800 

 

Figure 8. Selected temperature contours at ZX mid-plane for the cases of roughness 9%. 

 

 

 

 

 

 

   

   
(a) Re = 10 (b) Re = 500 (c) Re = 800 

 

Figure 9. Selected velocity contours at ZX mid-plane for the cases of roughness 9 %. 

 

5. Conclusions 

 

 In this work, many CFD simulations are carried out to simulate a curved multiple-turn 

microchannel with cavities at different surface roughness values, without using any symmetrical 

planes. The physical model of the microchannel is comprised of two curved sections of 1 mm 

curvature radius (R) and three straight sections; two of them are equal in length (L = 20 mm). A total 
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of 10 wall cavities are grooved in the solid body. Two cavities are located at the end of the straight 

section in connection with the curvature sections, and the remaining three cavities are evenly 

distributed along the curved circumferential. All cavities have a width (wcav) of 0.3 mm and a depth 

(hcav) of 0.1 mm. The height of both the cavities and the fluid channel (h) is the same at 0.3 mm. The 

total height (H) of the microchannel is 0.35 mm, and the width (W) is 1.1 mm. The hydraulic diameter 

(Dh) of the present channel is 0.3 mm. Aluminum is used as the solid material, and water acts as the 

passing fluid. The studied range of Reynolds number is from 10 to 800, including 13 points. A 

constant heat flux (q) density is imposed on the bottom of the solid body at a rate of 30 kW/m2. Three 

cases with different surface roughness at the microchannel inner surfaces are examined, expressed by 

the relative roughness (Ks/Dh), from the smooth base case (Ks/Dh=0) to Ks/Dh= 3 % and Ks/Dh= 9 %.  

 The result from the present study is assessed in terms of Nusselt number (Nu), Poiseuille 

number (Po), and an introduced parameter representing the overall performance evaluation (OPE). The 

results confirmed the augmentation of heat transfer due to the use of rough surfaces. That is due to the 

turbulence induced through the disturbance found in the boundary layer, even at low Re values. Such 

an enhancement is also associated with the higher Re range. With some drawbacks on the higher 

pumping power required. At Re=800, the surface roughness of 9% ensures an enhancement in the heat 

transferred by about 22.3%, while the drawbacks from the pumping power increased by about 29.3%. 

A final judgment of the present study is based on the OPE parameter that emphasizes the 

overall enhancement due to the increase in both surface roughness and Re values. An increase in the 

OPE value of about 12.2% for the 9% surface roughness case compared to the smooth base case is 

reported at Re of 800. Hence, a final conclusion from the present study can be drawn that for better 

overall performance, it is recommended to use heat transfer devices with higher surface roughness and 

higher values of Re. Previous studies on other geometries confirm this general conclusion. Two 

correlations were developed for the Nu/Nusmooth and for the Po /Posmooth, as a function of Re and Ks/D.  

 The present study, along with related studies found in the literature, has a potential benefit for 

microchannel manufacturers. Manufacturing cavities and rough surfaces at such a micro scale presents 

challenges. Future work should examine different coolant fluids for heat transfer enhancement. 

 

Nomenclature 

Symbols  Subscripts  

Ah heating area, [m2] avg Average 

As contact areas between fluid and solid, [m2] conv Convection 

cp fluid specific heat coefficient, [Jkg-1K-1] f, avg fluid average 

Dh hydraulic diameter, [mm] In Inlet 

H microchannel total height, [mm] out Outlet 

H fluid channel height, [mm] s, avg solid average 

hcav cavity depth, [mm] smooth Smooth 

hconv average convection coefficient, [Wm-2K-1] total Total 

K fluid thermal conductivity, [Wm-1K-1]   

Ks sand grain roughness, [µm] Greek letters  

L straight section length, [mm] 


 fluid density, [kg/m3] 

Nu Nusselt number ∆ Difference 

OPE overall performance evaluation µ fluid dynamic viscosity, [Pa.s] 
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P pressure, [Pa]   

Po Poiseuille number   

Q heat transfer rate, [W]   

Q heat flux, [Wm-2]   

R curvature radius, [mm]    

Re Reynolds number   

T temperature, [K]   

V velocity, [m/s]   

W microchannel width, [mm]   

W fluid channel width, [mm]   

wcav cavity width, [mm]   
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