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A B S T R A C T   

The performance of microchannel with sidewall dimples and fillet profile in the bottom surface is investigated. 
Two dimple sizes of (0.5 mm and 1 mm) are systematically clustered along the channels with and without fillet 
are considered. The laminar flow regime is assumed with Reynolds numbers ranging from 200 to 1200. The 
results show that the dimples and fillet profile have a significant effect on the thermal performance of micro
channel. The Nusselt number of the microchannels with 1 mm dimples is 20% higher than the plain micro
channel. However, an increase in pressure drop of 10% was obtained. In addition, the fillet profile impacts the 
thermal performance of microchannels without pressure drop penalty increase. Combining both dimples and 
fillet profile causes a significant enhancement in the thermal performance. Nusselt number of microchannels heat 
sink with 1 mm dimple size and fillet profile is 60% higher compared to the plain microchannel.   

1. Introduction 

Increase deamnd in energy sector motvited reserchers to conduct 
studies to enhance understanding on the heat transfer in many appli
cations [39,40] .With continuous progress in the enhancement tech
nology methods in the performance of thermal cooling and heat transfer 
removal, microchannel heat sink devices still play an important role in 
cooling devices such as thermoelectric devices that are used to cool 
down the electric chips of computers for example. Various studies have 
been conducted on the heat transfer improvement in cooling applica
tions to further understand the physical concept of cooling in micro
channels [1–13]. Maintaining microelectronic devices within operation 
temperatures is vital to protect such components. In addition, the 
applicability of the use of phase change materials makes microchannels 
an attractive field for researchers. Various techniques were used to 
improve heat transfer characteristics and to reduce the high-pressure 
drop cost starting from the plain channels to the modified ones like 
adding a variety of dimples along the channels, fins and so on. However, 
one of the major issues that may impact their applications are the high 
axial heat transferred due to the large channel walls in comparison with 

their hydraulic diameters [14,15]. Using a MC with an embedded fins 
structure inside the microchannels enhances the thermal performance 
due to enhancing the turbulent flow inside the channels. Also, perfora
tion increases the heat transfer area and heat dissipation from the sur
face and boosts cooling performance [16]. When compared to the 
plate-fin MC, the enhanced designs’ thermal resistance was reduced 
by 30% at various fluid velocities. A perforated MC increases the heat 
transfer performance in comparison to the plain MC with the addition of 
pressure losses [17]. The heat transfer is enhanced due to the increase in 
the conventional area. Increasing the perforation diameter increased the 
heat transfer performance while a notice of the pressure drop was 
increased. The thermal performance of MC that is air-cooled and MC 
that is air-cooled with perforations in power electronic applications is 
discussed [18]. The perforated MC can keep the electronic devices in the 
temperature criteria since it dissipates more heat than the air MC. Sur
face MC’s thermal performance has been improved as a result of the 
changes in flow behaviour and heat transfer area. The use of knurling on 
the channel surface improves the heat transmission performance of 
microchannels [19]. The enhancement of heat transfer of Nu was 255% 
compared to the smooth surface due to an increase in surface roughness. 
The roughness causes the separation of the boundary layers and fluid 
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mixing. Moreover, the performance of heat transfers in microchannels 
improved using the hybrid wettability bottom surface of elliptical pat
terns [20]. The surface wettability is controlled using sandblasted and 
smooth surfaces. The heat transfer increased using hybrid patterns and 
fully sandblasted surfaces compared to the smooth surface. 

Modifying the channel geometry at different mass fluxes resulted in a 
further increase in heat flux in microchannels during flow boiling. The 
thermal and hydraulic performance of microchannels during flow 
boiling with various inlet restrictor configurations is investigated. [21]. 
The intake restrictors improve heat transfer performance at high Rey
nolds numbers while reducing performance at low flow rates. The 
restrictors produce high-pressure drop as a penalty of heat transfer 
enhancement. Heat transfer enhancement of flow boiling in parallel 
microchannels with interconnecting slots beginning from the middle to 
the end of the channel is obtained [22]. When compared to plain 
microchannels, the heat transfer rate is boosted by 172%t due to the 
mass flux of 462 kg/m2. Enhanced flow boiling heat transfer in micro
channels is performed using multiple micronozzles [23]. For improving 
the mixing effect and thermal performance, micronozzles with mass 
fluxes varying from (120 to 600) kg/m2. s was incorporated. Perfor
mance of heat transfer and pressure drop in silicon nanowires micro
channels at mass flux ranging from 400 to1600 kg/m2 s was investigated 
in comparison with plain microchannels [24]. The silicon nanowires 
microchannel enhanced the heat transfer performance by 400% more 
than plain microchannels and recused the pressure drop by 70%. The 
shape and design of the fins have a major impact on the performance of 
MC. Changing the fin’s shape changes the flow behaviour which in
creases the heat transfer efficiency. The optimization of heat transfers of 
the heat sink using pin-fin was tackled in [25]. The heat sink perfor
mance was determined by the key parameters like thermal resistance 
and pressure losses because they influence the forced convection flow. A 
variety of materials were investigated in this work and different pa
rameters affect the thermal and hydraulic performance of the heat sink. 
The investigation concluded that the elliptical and circular pin-fin ge
ometries are thermally the best in comparison with other shapes. 
Generally, all types of inserts that cause circulation to the fluid are 
favourable to improving heat transfer performance as they allow more 
fluid to be contacted with hot surfaces. The effect of pin-fin shapes and 
dimension ratios on the thermal performance of MC is studied. The 
square pin-fin has a better performance at low air velocity compared to 
other shapes but higher pressure drop which reduces its effectiveness. 
The streamlined shape has the best performance at different air veloc
ities with a lower pressure drop penalty. A comparison in thermal per
formance of plate-fin MC and pin-fin MC was investigated during 
parallel flow conditions [26]. A comparison in thermal performance of 
plate-fin MC and pin-fin MC was investigated during parallel flow con
ditions [27]. The pin-fin MC led to lower thermal resistance than the 

plate-fin MC at the same heat flux and flow rates. The effect of modifying 
the cross-sectional shape of the fins (rectangular, trapezoidal, and tri
angle) on the thermal performance of the MC was investigated [28]. The 
MC with triangle fin cross-section has the best performance compared to 
the fins cross-section. In addition, different perforation shapes which are 
(square, triangle and circle) are conducted on triangle fin cross-section 
for optimizing thermal performance. Triangular perforation advances 
the heat transfer performance compared to square and circle perfora
tion. Heat transfer and pressure drop analysis of serpentine micro
channels in laminar flow was investigated [29]. The thermal resistance 
and pressure drop losses were reduced at ranges of Reynolds number of 
(200–1000) which enhanced the thermal performance. To study the 
effect of the geometry of the pin-fin on thermal performance and friction 
losses, different pin fin-shaped were configured [30]. The performance 
enhances with the use of cone pin fin heat sink while Nusselt number 
with friction losses increase in case using rectangular pin fin heat sink. 

Using dimples increases the heat transfer performance with pressure 
penalty because they cause fluid circulations and mixing which in
creases the heat transfer area. Enhancement of heat transfer perfor
mance of trapezoidal microchannels with lateral slots and dimples 
located at the end of the channels was studied [31–33]. Flow separation 
and vortex generation were noticed at different flow velocities. The 
dimples improve the heat transfer performance by enhancing the Nus
selt number by 108.2% compared to the channel without modifications. 
A new design of microchannels with circular and elliptic ribs and fillet 
corners on the bottom surface was investigated to improve the thermal 
performance [34] and [35]. The heat transfer rate and Nusselt number 
values indicate that an enhancement of (18–21)% was obtained in the 
case of elliptic ribs with fillet corners with a slight increase in pressure 
drop. Heat transfer and fluid flow analysis in microchannels with 
pin-fins and dimples were investigated. The influence of pin-fin diam
eter, spacing between fins and depth of dimples were discussed to find 
the optimum design. The heat transfer increases with increasing the 
pin-fin diameter and decreasing the spacing between the fins at constant 
dimples depth. However, increasing the depth of dimples reduces the 
heat transfer performance, especially at low Re. Heat transport in a 
dimpled channel was investigated using Re and dimple dimensions. 
[36]. The size and buoyancy of the dimple have an impact on the Nusselt 
number. To boost heat transfer performance, different dimples were 
created on the heat channels to generate a vortex in the working fluid 
[37]. When compared to a smooth microchannel, the vortexes and 
dimples improve heat transfer performance by 23.4–59.8% and increase 
the friction factor by 22.1–54.4%. To improve the thermal performance 
of turbulent flow, different perforation forms on heat sink channels were 
used [38]. Perforation shape improves fluid dynamic performance, with 
triangular perforated fins having the lowest skin friction coefficient 
value and efficient heat transfer performance compared to other types of 

Nomenclature 

L The microchannel’s length (mm) 
W The microchannel’s width (mm) 
Wl The single channel’s width(mm) 
H The height of microchannel (mm) 
Hb The microchannel base height (mm) 
v Fluid velocity (m/s) 
Cp Specific heat (KJ/kg. K) 
k Fluid thermal conductivity of the (W/m. K) 
Nu Nusselt number 
Tf Fluid temperature (K) 
ks Solid thermal conductivity of (W/m. K) 
Ts Surface temperature (K) 
P Pressure (pa) 

Re Reynold number 
Dh Hydraulic diameter (mm) 
U overall velocity (m/s) 
Qeff Effective heat transfer rate (W) 

Greek symbols 
Δ Difference 
ρ Fluid density (kg/m3) 
µ Fluid dynamic viscosity (Pa s) 

Subscripts 
f Fluid 
in Inlet 
s Solid  
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fins. 
To improve the heat transfer rate, improved microchannels with 

fillet profile and sidewall dimples are proposed in this work. The fillet 

profile is applied to the bottom channel surface. Two dimple sizes of 0.5 
mm and 1 mm forming two rows (one row contains 12 dimples are 
mounted on each side of the rectangular microchannel) will be con
ducted. To have a better comparison, the sizes of the same dimples 
performed on the microchannels with and without fillet will be 
considered. The fillet configuration refers to that the bottom side of the 
microchannel is made to be curved downward to boost the amount of 
the enforced flow. The investigations are applied at different ranges of 
Re under the laminar flow regime. It is not far-fetched in the literature 
that one of the essential channel flows is dynamics of water regardless of 
volume. Water is commonly used in the industry because it is readily 
available, inexpensive, and can dissolve to form a solution, suspension, 
or colloidal suspension. In view of this, if water is to be used as a heat 
exchanger, its poor thermal conductivity property characteristics must 
be changed by incorporating nanoparticles not only because its pH is 7, 
but could also exist in three states in nature with high surface tension. 
The dimples cause mixing and circulations in fluid flow while the fillet 
profile increases the heat transfer area. Investigation of Nusselt number 
and friction loss effects will be discussed. Studying the thermal of each 
case’s performance is employed to find the optimum enhanced surface. 

Fig. 1. Microchannels schematic design (a) 3D perspective (b) side view.  

Fig. 2. The microchannels domain, with a fillet profile and a dimple size of 
1 mm. 

Table 1 
The boundary conditions.  

Region Boundarycondition Expression 

Inlet Velocity u = (0.1− 0.5) m/s, T = 293 K 
Outlet Pressure P = 0 
Bottom 

wall 
Constant 
heat flux 

− ks
∂Ts

∂y
= q = 20 W W 

Other 
walls 

adiabatic ∂Ts

∂y
= 0 =

∂Tf

∂y  

Table 2 
The thermal properties of aluminium and water.  

Material p Cp k µ 

Aluminium 2719 871 202.4  
Water 998.2 4181 0.6 0.0010013  

Table 3 
The grid independence study.  

Grid size Nusseltnumber Pressure drop Pa 

733,888 9.92 28.43 
942,784 10.1 28.604 
1,136,873 10.15 28.59 
1,398,331 10.29 28.68  
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2. Numerical method and procedure 

2.1. Physical model 

The schematic design of the microchannels (MC) is shown in Fig. 1. 
The dimensions of the MC are (L*W) which is (30×10) mm and consists 
of two channels. The channel width (wl), fin height (Hf), and fin width 
(wf) are 2.75 mm, 1 mm and 1.5 mm respectively. The Microchannels 
domain, with a fillet profile, has the same dimension as a flat micro
channel with a dimple size of 1 mm. The MC material is aluminium with 
constant thermo- physical properties. Constant heat flux was applied on 
the bottom surface of microchannels. To improve the heat transfer 
performance, a fillet profile was performed on the bottom channel sur
face and dimples applied on the sidewalls of each fin are designed. The 
fillet profile depth is 0.5 mm in each channel. The arrangement of 
dimples was in the horizontal direction with a constant distance be
tween them. The dimples are placed at 1 mm from the entrance of the 
channel. Microchannels without modification are referred to as MC, 

microchannels with fillet profiles are referred to as MC-FP, micro
channels with dimples are referred to as MC-D, and microchannels with 
fillet profiles and dimples are referred to as MC-FP-D. Two dimples sizes 
are investigated of o.5 and 1 mm with both MC-D and MC-FP-D which 
generates six cases analysed in this work aiming to enhance the thermal 
performance of microchannels using fillet profile and different dimple 
sizes along with the plain microchannels. Water is used as a working 
fluid in all cases. Fig. 2 shows the total domain of the fillet profile MC 
with a dimple size of 1 mm which is the case (MC-FP-D1.0). 

2.2. Governing equations and boundary conditions 

The governing equations of fluid flow and heat transfer are Navier 
stokes equations as follows: Continuity equation: 

∇.U→= 0 (1) 

The momentum equation given below in the case of forced convec
tion is considered in this work due to the higher heat transfer rates and 

Fig. 3. The mesh and grid for microchannels (a) 3D view (b) top view.  

Fig. 4. The comparison results of the present model and [37] results for (a) temperature distribution along the channel and (b) pressure drop.  
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more applicable in the complicated systems. Also to allow the flow to 
overcome the sheer stress that occurs near the channels walls. 

ρf
(

U→.∇U→
)
= − ∇P +∇.

(
μf∇U→

)
(2) 

Energy equation: 

ρf .Cpf

(
U→.∇Tf

)
= ∇.

(
kf∇Tf

)
(3)  

where U→, P, Tf, ρ, Cp, μ and k are velocity, pressure, temperature, den
sity, specific heat, viscosity and thermal conductivity. The subscripts f 
and s refer to fluid and solid respectively. The thermal calculations in 
microchannels can be obtained from numerical results. The hydraulic 
diameter of the channel is defined as: 

Dh =
4
(
W1 × Hf

)

2
(
W1 + Hf

) (4) 

The indicator of the flow regime is conventionally controlled by 
Reynolds number and it is defined as: 

Re =
ρf uiDh

μf
(5) 

The average heat transfer coefficient and Nusselt number is [28]: 

h =
Qef(

Tw − Tf
) (6) 

The Nusselt number is: 

Nu =
h × Dh

kf
(7) 

The friction losses are: 

f =
2ΔPDh

ρfLu2
m

(8) 

The boundary conditions are assumed to be uniform for the laminar 
and steady-state flow inside the channels. Table 1 shows the boundary 
conditions for microchannels. The water flows in the channel and the 
MC is made from aluminium. The constant thermal conductivity and 
dynamic viscosity are considered. The thermal and physical properties 
of aluminium and water are shown in Table 2. 

The thermal performance criteria TPC which is the rate of heat 
transfer and friction factor for modified and unmodified surfaces is 
determined on all surfaces. The TPC is defined as [27]: 

PTC =
(Nu)
Nu0

×

(
f − 1

)3

f0
(9) 

The Nu0 and f0 were the average Nusselt number and friction factor 
of the MC without modifications. 

2.3. Numerical solution 

In this work, the governing equations for solid and liquid domains 
were solved using the finite volume method with the simulation of Ansys 
18.1 software. The geometry was created using Solidwork 2013 soft
ware. The velocity, temperature and pressure calculations were simu
lated with the use of SIMPLEC algorithm. In addition, the continuity, 
momentum and energy equations were utilized using the second upwind 
scheme. To obtain the acceptable converging for Navier-stokes equa
tions, the residual for continuity, momentum and energy equations are 
set to be less than 10− 6 and 10− 9 respectively. 

2.4. Mesh independence study 

A mesh independence study is conducted to ensure that the mesh size 
does not influence the solution. The dimples and fillet domains are 
analyzed with finer mesh than other solid and fluid domains to obtain 
accurate results. An analysis of Nusselt number calculation for case (MC- 
D-0.5) was achieved to ensure the mesh independence study. The Nus
selt number and pressure drop calculations are obtained in Table 3 for 
different mesh sizes for the case (MC-D 0.5) at Re = 200. Therefore, the 
mesh size of 1,136,873 gives an acceptable accuracy which can be 
considered in the present study. The 3D view and top view of the mesh 
and grid for the microchannels are shown in Fig. 3. 

3. Model verification 

Verification was carried out to validate the numerical solution of the 
present model by solving and comparing the model design results re
ported in [37]. The model was consisting of the 3D microchannels with 
and without different configurations of pin-fins. The length, width and 
height of the MC are (16, 6 and 1) mm respectively. The pin-fins height 
and width are 0.5 mm. The working fluid is water with an inlet tem
perature of 293 K. The calculations were obtained at different ranging of 
Reynolds numbers between (100–1000) and the bottom surface was 
exposed to a constant temperature of 373 K. The solution is modelled 
using the finite volume method, i.e. fluent 18.1 software. Fig. 4 shows 
the comparison results of the present model and [37] results for tem
perature distribution along the channel and pressure drop in case of the 
un-finned MC. The agreement between the present model and [37] is 
about 3% for temperature and 2% for pressure drop. 

Fig. 5. Variation of the Nusselt number with Reynold number at different 
configurations of the microchannels. 

Fig. 6. The temperature distribution along with the MC at Re = 200.  
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4. Results and discussions 

4.1. Effect of dimples and fillet profile on thermal performance 

To show the influence of fillet profile and dimples on heat transfer in 
microchannels, various configurations of the (MC) are considered, MC 
with fillet profile MC-FP, with dimples (MC-D) and with both fillet 
profile and dimples (MC-FP-D) is performed. Two dimples diameters 
were investigated 0.5 mm and 1 mm. The same inlets velocity, tem
perature and heat flux are applied in all case studies (i.e. six cases). The 
investigation is performed at laminar flow for ranging of Reynolds 
numbers of (200–1200). The Nusselt number is obtained at different 
Reynolds numbers as shown in Fig. 5. The heat transfer performance of 
Nu increases in all cases with increasing Re. The performance of fillet 
profile and fins MC with dimples diameter of 1 mm case MC-FP-D1.0 and 
MC-D1.0 is the best performance due to the high fluid circulation inside 
the channels which enforces more fluid in contact with solid MC surface. 

The enhancement in Nu is 60% and 50% compared to the plain MC case 
(MC). The dimple’s size has a significant effect on heat transfer perfor
mance because of increasing the flow recirculation after fluid leaves the 
dimples. The temperature along the MC for six cases at Re equals 200 is 
shown in Fig. 6. The surface of using (MC-FP-D1.0) significantly reduces 
the sink temperature by 7 compared to only using MC. 

4.2. Effect of dimples and fillet profile on velocity, pressure drop and 
friction factor 

The impact of dimples and the profile of the fillet on hydrodynamics 
characteristics of the microchannels is investigated. Different configu
rations include microchannels (MC), microchannels with fillet profile 
MC-FP, microchannels with dimples (MC-D) and microchannels with 
fillet profile, and microchannels with fillet and dimples (MC-FP-D) dis
cussed. The contour of velocity distributions of MC surfaces is shown in 
Fig. 7 at Re is 1200 and (z = 2 mm). The dimples have a significant effect 

Fig. 7. The velocity distribution behaviours of modified MC surfaces.  
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on fluid velocity distribution. The dimples size of 1 mm for MC increases 
the fluid velocity and circulation while the size of 0.5 mm reduces the 
fluid velocity. Dimples have the same behaviour of effect on fluid ve
locity in the fillet profile. Microchannels with a fillet profile and dimples 
have a lower fluid velocity than microchannels without a fillet profile 
and dimples. The dimples create mixing and circulation in fluid flow 
inside the channels as in cases (MC-D1.0) and (MC-FP-D1.0). The high 
fluid velocity is responsible increase the heat transfer performance. 

Fig. 8 shows the pressure distribution of all configurations in the x-y 
plane at (z = 2 mm) and Re = 200. In the case of using dimples, the 
pressure drop lightly increases in comparison with the plain one. 
However, in the case of fillet profile, the pressure losses are lower than in 
cases of microchannels without fillet profile. By considering the influ
ence of dimples and fillet profiles on pressure drop, a significant 
decrease of 30% in the case of MC-FP-D1.0 is less than in the case MC- 
D1.0. It can be noticed that the fillet profile not only enhances the 
thermal performance, but it reduces the pressure losses. This is obvious 
in Fig. 9 where friction losses are represented at ranges of Re (200–1200) 
for all case studies. The friction factor of the MC with dimples of 1 mm 
diameter gives the highest friction factor for all Re values. Dimple sizes 
have an impact on friction losses. At high Re, the variation in friction 
factor is small compared with friction factor at low Re values. In addi
tion, the fillet profile eliminates the effect of friction losses. The friction 
factor of fillet microchannels with dimple sizes of 1 mm is 10% lower 
than microchannels with dimple sizes of 1 mm alone. 

The thermal performance criteria were used to evaluate the MC’s 
performance. TPC for all MCs that have been modified. The thermal 
performance criteria (TPC) for all cases are illustrated in Table 4. The 
calculations of TPC are obtained at different ranges of Reynolds number 
values. The results show that the TPC value increases with an increase in 
the Re values in modified surface cases. However, the dimples reduce the 

Fig. 8. The pressure distribution behaviours of modified MC in the x-y plane at (z = 2 mm) and Re = 200.  

Fig. 9. The variation of friction losses at ranges of Re (200–1200).  

Table 4 
The (TPC) for all modified MCs.  

Thermal performance criteria (TPC) 
Re MC -D0.5 MC -D1.0 MC - FP MC - FP- D0.5 MC - FP-D1.0 

200 1.1013 0.7287 1.1204 1.0677 0.9506 
600 1.1175 0.8049 1.5414 1.4541 1.35032 
1000 1.1197 0.8967 1.5517 1.4569 1.34759  
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TPC values because they increase the viscous forces and pressure losses 
which make MC-D1.0 the worst thermally performed one. Therefore, it 
is not recommended as the friction losses rise and dimple size should be 
minimized as shown in case MC-D0.5. The best TPC is obtained in fillet 
profile microchannels case MC – FP with and without dimples compared 
to other cases. An exemption is only at small Re which also gives a poor 
thermal performance. This is manipulated at intense flow. The optimal 
value is recorded at MC – FP for all Re. The high value of TPC tells the 
value of viscous forces is lower than the momentum forces. Fillet profile 
and dimples have a substantial impact on TPC values. Changing the 
dimple raises in size the value of TPC because it decreases the friction 
losses and viscous effect. The increase of Reynolds number increases the 
value of TPC in all cases of the microchannels. 

5. Conclusions 

In this study, the effect of dimples and fillet profile in microchannels 
has been systematically characterized in six cases through comparisons 
with the plain MC and between each other. The influence of dimple size 
on heat transfer performance is considered. Two dimple sizes were 
considered which are 0.5 mm and 1 mm. Dimples at various Re ranges 
have a significant impact on MC performance. The dimples increase the 
friction losses. In addition, the fillet profile MC provides better perfor
mance compared to and lower pressure drop losses than the plain MC. 
The dimples enhance the thermal performance with pressure drop 
penalties. The thermal performance criteria TPC are evaluated in all 
cases at different ranges of Reynolds number. The MC with fillet profile 
has the highest TPC value but it decreases with applying dimples. The 
dimples contribute to increasing the friction losses and lowering the TPC 
value. 
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