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ABSTRACT: The fluid flow and heat transfer characteristics of a radial microchannel heat sink (RMCHS) with difference 

divergent channel have been studied numerically using soft packaged Fluent ANSYS. A five different divergent angles was 

applied at the side walls of the radial microchannel only, while the upper and bottom walls were remained horizontal. The 

calculations were conducted for laminar flow with Reynolds number of 50. Results of (RMCHS) with divergence angle 

1.15° show that maximum enhancement in heat transfer performance of around 32.4% over that of the uniform channels 

arrangement and decrease in uniformity temperature about 7.9%. 
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INTRODUCTION 

The significant development of electronic devices recently requires designing a high-performance cooling system for its 

electronic chips by which more heat flux would be dissipated to keep these devices as cool as possible because of the high 

operation works through these devices. It was found literary that the microchannel heat sinks are the most suitable cooling 

systems to be integrated with these electronic devices as a consequence to its high heat transfer enhancement. This comes 

from the fact that heat transfer area per unit volume in micro channels is more efficient than this ratio in the conventional 

cooling system [1]. Recently, researchers are working to reduce pressure drop through these micro-channels to improve the 

pumping performance. One of the methods which would be used to reduce pressure drop in this paper is using divergent 

channels instead of using the regular uniform one. Two reasons are presented in this work to use divergent channels instead 

of using straight channel. First, divergent channel exploits more area in the radial region than the uniform straight one by 

which more heat flux would be dissipated. In addition, hydraulic diameter leading to reducing more pressure with using 

divergent channel as a result. There have been a number of studies that examine incompressible flow without heat transfer 

in variable cross-section channels. Mantion [2] was first studies who investigate steady fluid flow in a circular channel with 

a Re=1. Asymptotic series solution has been used to show that the flow cases could be approximated as Poisuelle flow. 

Lauga et al. [3] investigated flow in the channel with constant wall heights and changing widths analytically. However, 

studies that investigate flow with heat transfer in different channels are limited, in part because of their limited applicability 

to heat exchangers. Tuckerman and Pease [4] was first studied silicon microchannel heat sink for cooling technology 

proposed, the water without a phase change was able to reach a heat flux of 790 W cm −2in a pressure drop of 1.94 x105 

pa. Poppe et al. [5] experimentally measured the heat transfer coefficient values of the square plate with micro channels in 

radial arrangement and comparing the specific thermal resistance value with its calculation directly from the measured heat 

flow values. The values obtained were found to match. Muwanga and Ghorab [6]  A comparative study was conducted to 

analyze the variation in thermal performance between radial channels with the other channels. Thermal performance was 

found better or equal to other cases of channels. Desmulliez et al. [7] described the modeling, simulation, manufacturing 

and testing of micro-channel cooling plate for precision electronic packaging applications. The panel supports a total of 

128 radial channels each 100 micro wide meters extended from the center to the outside. The heat transfer coefficient of 

nitrogen gas was measured. Ghaedamini et al. [8] studied new arrangement for micro channels in form dendritic and radial 

to cool circular disc. The computed results for radial designs, the heat transfer rate was enhanced but the pressure drop 

increased. Ruiz and Carey [9] analyzed the heat and momentum transport for spiraling radial inflow heat sink. The design 

consists of swirling flow in a microchannel between two concentric disk surfaces with flow accelerating inwards and then 

exiting at the center. The governing flow and energy equations were solved using the integral method. The temperature, 

pressure, and velocity distributions in the microchannel heat sink have been found with relevant idealizations. Carey 

[10]experimental studied of the pressure drop and heat transfer   characteristics of a single phase high heat flux microchannel 

cooling system with spiraling radial inflow. The device was designed to display enhanced heat transfer characteristics. The 
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device tested reached an average heat flux of 113 W/cm2 at a surface temperature of 77 °C and of 158 W/cm2 at a surface 

temperature of 101 °C. Colgan et al. [11]used thermal test vehicles appropriate with a radial expanding channels and pin 

fields to cool high power processor using two-phase dielectric fluid. Experimental results provided an effective critical heat 

flux where the average core temperature rise was less than 30 °C was found to be 350 W/cm2. Yan et al. [12] obtained 

optimal designs of heat sinks with Y-shaped fractal network. Genetic algorithms with Single and multi-objective 

optimizations were performed to find optimization. Multi objective optimization based on genetic algorithms was an 

effective method for the design of micro channel heat sinks. Yang X. et al [13] investigated using hexagonal fins in micro 

channels numerically by using FLUENT. (50 to 550) Reynolds number were being tested in Yangs work. All simulations 

have been studied with branching angles ranged from 60° - 120° and hexagonal length side ranged from 1 to 2. Yang and 

his colleagues found that 60° angle and 1.5 hexagonal length side give the best cooling performance. A curved microchannel 

was studied by Zhang L. et al [14]with using a wavy shaped channels. The wave number and average radius were the 

parameters that have been tested. They found that more wave number and less radius, more heat transfer enhancement 

improvement. Li P. et al [15] conducted their research to four different microchannel configurations by using four different 

shark-skin bionic shapes as a baffles inside the channels. Their work was conducted by studying the thermal performance 

(TP) and the entropy generation ratio (s/so) for these models at Re ranged from (50-700). Overall, it was found that thermal 

performance and entropy generation ratio are related directly to Re number for the all proposed models. 

The main purpose of the present work is to investigate the effect of placing divergent channel in a radial heat sink, which 

represents the processor cooling system, instead of using the regular uniform one. Different divergence angles have been 

studied in the present project to find the most viable angle in term of cooling performance. Five angles have been tested 0°, 

0.3°, 0.6°, 0.9° and 1.15°. Furthermore, a comparison was included in this study with the uniform channeled heat sink. 

Finally, pressure drop was implemented in this work as a criteria to determine the system performance. 

MODEL DESCRIPTION 

The heat sink consists of a five layers of horizontal radial divergence channels each layer consist of (157) micro divergence 

channel in radial location, which dependent on angle of unit cell (β) as shown in Figure 1. Due to symmetry the 

computational domain (specified in the dashed line area) of the unit cell was consists of one section of the five channels 

and part of the half-wall, with surfaces adjacent to conditions of symmetry boundary conditions. The wall of the upper outer 

surface is heated by a constant heat flux, and the base and all other external walls are adiabatic. The modeled region consists 

of a five channels, as shown in Figure 2. A one channel consists of a fixed height 𝐻𝑐ℎ, fixed width at inletW𝑖𝑛, thickness t 

separating two channels, wall thickness 𝑊𝑤 and length of channel𝐿𝑐ℎ, which spans the inner 𝑅𝑖 (6mm) to outer 𝑅𝑜(16mm) 

radius. The divergent channel has the uniform cross section area of (100 x100μm2) at inlet and (100 x𝑊𝑜𝑢𝑡 μm
2) at exit, 

where 𝑊𝑜𝑢𝑡 depend on divergence angle. The channel outlet width is defined as some continuous function of the radial 

location. 

𝑊𝑜𝑢𝑡=𝑅𝑜 x θ𝑐ℎ                               (1) 

While the channel height 𝐻𝑐ℎ is constant. The divergence angle (θ𝑐ℎ), defined as the angle measured between the inner wall 

of the varying channel and the inner wall of the uniform channel. The angle of unit cell (β), defined as the angle measured 

from half of the solid wall separating the channels to the other half solid wall as shown in Figure 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. A radial heat sink 
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Figure 2. Computational domain (unit cell) of heat sink 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Top view of heat sink 

GOVERNING EQUATIONS  

Conduction in the solid of a radial heat sink and convection occurs between the solid and water flow in a micro channels. 

To illustrate the thermal properties and flow of these models, the following assumptions are made: (1) Three-dimensional, 

incompressible, laminar and steady state flow is assumed, (2) No slip flow is assumed, (3) The energy dissipation is 

negligible, (4) Radiation heat transfer is neglected, (5) Gravity effect is negligible and(6) Constant liquid and solid 

properties are assumed. The commercial package (ICEM CFD) is used for grid generation. The structured mesh was been 

used in all of the computational domain for all cases with hexahedral elements.  

The continuity, momentum, and energy equations for fluid was given by[16] 

 

∇ ∙ (𝜌�⃑� ) = 0                                            (2) 

 

�⃑� ∙  ∇(𝜌�⃑� ) = −∇𝑃 + ∇ ∙ (𝜇∇�⃑� )          (3) 

 

�⃑� ∙  ∇(𝜌𝑐𝑝�⃑� ) = ∇ ∙ (𝑘∇�⃑� )                    (4) 

And the equation for the solid part with the conductivity that is given by 

∇ ∙ (𝑘∇𝑇) = 0                                         (5) 

BOUNDARY CONDITIONS 

In order to obtain the current simulation results, it is assumed that the flow is fully developed at the channel outlet. Inlet 

velocity to the channel is assumed to be the uniform and the velocity is zero along the other solid boundaries. Unit cell 

walls are consider exposed to be insulated except the upper wall of the heat sink where a constant heat flux condition that 

simulates the generation of heat from the electronic chip is specified. Silicon material (k =148 w/m.°C) have been used to 
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the radial heat sink and water as single phase a cooling fluid in channels. A detailed description of the boundary 

conditions in mathematical expressions is as follows in table 1 as below: 

Table 1. Boundary conditions  

Location Boundary condition comment 

r=𝑅𝑖 u=𝑢𝑖𝑛, v=w=0, T=Tin At the inlet for all channel 

r=𝑅𝑜 𝜕𝑢

𝜕𝑥
=

𝜕𝑣

𝜕𝑥
=

𝜕𝑤

𝜕𝑥
= 0, 

𝜕𝑇

𝜕𝑥
= 0 At the outlet for all channel 

t≤ y≥(t+ 𝐻𝑐ℎ𝑛) , 0 ≤ θ≥ θ𝑐ℎ u=v=w=0, 𝑘𝑓
𝜕𝑇𝑓

𝜕𝑥
= 𝑘𝑠

𝜕𝑇𝑠

𝜕𝑥
 , 𝑇𝑓 = 𝑇𝑠 At the fluid–solid interface 

y=0, r=𝑅𝑖, r=𝑅𝑜, β≤ θ≥ β 𝜕𝑇𝑠

𝜕𝑛
= 0   At the bottom plate and all other 

solid wall 

y=H 𝑞′′ = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = −𝑘𝑠
𝜕𝑇𝑠

𝜕𝑦
  At the top of the heat sink (heating 

area) 

NUMERICAL SCHEME AND SIMULATION METHOLOGY 

A finite volume method (FVM) is used to convert governing equations to algebraic equations accomplished using an upwind 

scheme. The SIMPLE algorithm is used to enforce mass conservation and to obtain the pressure field. The segregated solver 

is used to solve the governing integral equations for the conservation of mass, momentum and energy [17]. Once the 

residuals for the continuity equation and velocity components are below   10-6 and the residual for energy equation was 

lower than 10-8, then the solving was thought to be completed. 

Grid Independence Test 

One way to obtain accurate results is to get simulations that are grid independent. The grid dependence test is first conducted 

by using several different mesh sizes depicted in Figure 4. First mesh size is (110 x30x100), the second mesh size is 

(160x50x150), the third is (220x60 x200) and the fourth is (270x70x200) in y, θ, z directions respectively. The result of 

this comparison suggests that the grid with a fine cell (third mesh) is more suitable for the numerical simulation. The mesh 

used is hexahedral un-structured elements using as shown in Figure 5. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Grid Test for Radial Microchannel 

 

 

 

 

 

 

 

 

 

 

 

 

 



Thermal Performance Study of a Radial Microchannel Heat Sink Using Multi-Layers Divergent Channels 

26 
 

 

Figure 5. Grid generation of heat sink 

CODE VALIDATION 

The numerical code is then validated by comparing the results with Qu and Mudawar [18], which studied three dimensional 

heat transfer and fluid flow in a rectangular micro channel heat sink numerically using water as the cooling fluid. The 

microchannel have a width of 57x10-3 mm and a depth of 180x10-3 mm. The used Reynolds number of 140, inlet temperature 

20°C and heat flux of 90 W/cm2 at top wall of the heat sink. The validation taken between heat flux for the channel side 

wall and Nusselt number for side wall of the channel, as can be seen in Figure 6 and Figure 7 respectively. Two results was 

found excellent agreement. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Code validation for heat flux using Ref. (18) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Code validation for Nusselt number using Ref. (18) 

Thermal parameters 

The value of Nusselt number is computed based on the local values of heat transfer coefficient (h) and defined as [19]: 

 

𝑁𝑢 =
ℎ𝐷ℎ

𝑘𝑓
                                                                      (6) 

Where 𝐷ℎ =
2(𝐻𝑐ℎ𝑊𝑖𝑛)

(𝐻𝑐ℎ+𝑊𝑖𝑛)
                                               (7) 

And 𝑇𝑤is the local average temperature of wall is given by: 

𝑇𝑤 =
∫𝑇𝑑𝐴𝑐

∫𝑑𝐴𝑐
                                                                     (8) 

Fluid bulk temperature can be calculated from: 
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𝑇𝑏 =
∫𝑢𝑇𝑑𝐴𝑐

∫𝑢𝑑𝐴𝑐
                                                                   (9) 

𝑞′′ = −𝑘𝑠
𝜕𝑇

𝜕𝑦
                                                                (10) 

Where 𝑞′′ is the heat flux 

The value 𝑁𝑢̅̅ ̅̅  of is obtained by integrating the local Nu along channel by using trapezoidal rule[20]: 

𝑁𝑢̅̅ ̅̅ =
1

𝐴
∫ 𝑁𝑢 𝑑𝐴

𝐴

0
                                                        (11) 

𝑁𝑢̅̅ ̅̅ =
∆𝑧

2𝐿
(𝑁𝑢𝑧=0 + 𝑁𝑢𝑧=𝐿 + 2∑ 𝑁𝑢𝑧=𝑖

𝑁
𝑖=2 )          (12) 

The factor used to calculate the performance of heat sink is performance index (PI) which is defined as the ratio of local 

average Nusselt number to the pressure drop required which takes into account the effect of both the hydrodynamics and 

thermal performance of radial heat sink[20]: 

performance index(𝑃𝐼) =
𝑁𝑢̅̅ ̅̅

𝑑𝑝
                                (13) 

The heat transfer enhancement performance (HT) is used to compare the heat transfer and pressure drop as defined by:  

𝑯𝑻 =
(𝑷𝑰)𝜽𝒄𝒉

(𝑷𝑰)𝜽𝒄𝒉=𝟎
                                                               (14) 

the temperature uniformity defined as the temperature difference between heated upper wall of heat sink  and min 

temperature defined as: 

∆𝑇 = 𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛                                                     (15) 

 

RESULTS AND DISCUSSION 

In this work, water was used as a working fluid with inlet velocity and temperature of 0.5m/s and 20 °C respectively. The 

flow is laminar with constant value of Reynolds number is selected to be 50. The top wall of the heat sink subjected to a 

constant heat flux of 90Wcm-2. The results are presented by temperature of the heat sink wall, bulk temperature and local 

average Nusselt number, drop of pressure, performance index (Nusselt number/ pressure drop), heat transfer enhancement 

and temperature uniformity (ΔT). 

Figure 8 represents a velocity contour in various cross sections along length in many locations in the flow direction for one 

radial channel at Re = 50 to show the development of the flow at varies region. Obviously, the flow develops and the 

boundary layer develops, and thickens towards the midline after which the entire flow develops. In this figure, the speed 

towards the center of the channel increases in all the specified plans and its equal to zero at all walls (no-slip flow) and 

corners.  

 

 

 

 

 

 

 

Figure 8. Velocity contour at various planes for one channel of the radial micro channels 

 

 



Thermal Performance Study of a Radial Microchannel Heat Sink Using Multi-Layers Divergent Channels 

28 
 

 

 

 

 

 

 

 

 

Figure 9.  Variation of average wall temperature (Tw) along the flow direction of channel for five channels at θ𝑐ℎ=1.15° 

Figure 9 shows the wall temperature distribution along the channel length for divergence angle=1.15° for all channels. 

From this figure it can be noticed that wall temperature increased along the channel length and channel one has the smallest 

wall temperature since it is located far from the top wall of sink, which exposed to heat source (heat flux). The increase of 

wall temperature with the radial distance since the heat flux is continuously supplied along the heat sink. 

 

 

 

 

 

 

 

 

 

Figure 10. The variation of average wall temperature (Tw) along the flow direction for channel 5 (Ch5) at different angles. 

Wall temperature variation with diverge angles can be observed in Figure 10. From this figure it can notice that as 

divergence angle increased from 0° to 1.15° the wall temperature decreased because increase the heat transfer with 

increasing angle which is due to increase the surface area.  

 

 

 

 

 

 

 

Figure 11. Temperature contour for a five radial micro channels 
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Figure 11 shows the temperature contours of the five layered RMCHS in the top wall, bottom wall, bottom wall of channels. 

The top wall temperature gradually increases along the flow direction due to the growth of the thermally boundary layer 

and the highest temperature appears at the top wall heat sink end with z=𝐿𝑐ℎ.  

 

 

 

 

 

 

 

 

Figure 12. Variation of bulk temperature (Tb) along the flow direction for a five channel at  θ𝑐ℎ=1.15° 

Variation of bulk temperature along channel Length for different channels at divergence angle=1.15° depicted in Figure 

12, from this figure it can be seen that the channel lies near the top sink has the highest fluid temperature, because there is 

small distance between the heat source and upper channel that contains the fluid.  

 

 

 

 

 

 

 

 

 

θ𝑐ℎ) at different 5) verses along the flow direction for channel 5 (ChbThe bulk temperature (T Figure 13. 

Figure 13 shows the bulk temperature variation with radial distance for channel 5 at different θ𝑐ℎ . From this figure it can 

be noticed that θ𝑐ℎ=0 has the lowest bulk temperature than other angles, followed by θ𝑐ℎ=0.3°, then θ𝑐ℎ=0.6°and the higher 

value for bulk temperature occurs at θ𝑐ℎ=1.15°.  

 

 

 

 

 

 

Figure 14. Temperature contour of fluid at various planes for the radial micro channel 
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Figure 14 shows the temperature contours of fluid to the five layered RMCHS. The fluid temperature gradually increases 

along the flow direction, highest temperature appears at the channel outlet with z=𝐿𝑐ℎ. The top channel (ch5) of RMCHS 

has the highest fluid temperature because near from the heat source.  

 

 

 

 

 

 

 

Figure 15. The variation of (Nu) for channel5 (Ch5) along the flow direction at different angles 

While Figure 15 shows the variation of 𝑁𝑢̅̅ ̅̅  along the radial axial distance for five θ𝑐ℎ(0, 0.3, 0.6, 0.9, 1.15 degree) for 

channel number 5. From this figure it's clears that the channel with divergence angle 0° has the highest value of 𝑁𝑢̅̅ ̅̅  this 

may be returned to increase the uniformity of heat flux with angle. 

 

 

 

 

 

 

 

 

Figure 16. The variation of pressure drop along flow direction at different angles 

Figure16 variation of pressure drop with radial axial distance for both uniform (θ𝑐ℎ=0°) and divergence channel with 

difference angles. This figure indicates that the pressure drop for uniform channel greater than that for divergence channel 

this is due to decrease the friction loss and shear stress with divergence because increases the cross section area. 

 

 

 

 

 

 

 

 

Figure 17. Ratio of average Nusselt number and pressure Nu/dp difference with the flow direction for channel5 (Ch5) at 

different angles 
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Figure 17 shows the relation of performance index along flow direction for five divergence angles for channel 5. From this 

figure it can be noticed that the channel with divergence angle of θ𝑐ℎ=1.15° has the largest value of performance index. 

Since that angle gives the best value of (average Nusselt number/pressure drop), and the acceptable value of average 

temperature of wall (which favorite to heat sink design) so the best angle choosing for channels to diverge with angle 

=1.15°.  

 

 

 

 

 

 

 

 

Figure 18. Distribution average temperature at bottom surface of a radial heat sink with the flow direction 

Figure 18 shows the average temperature of bottom wall heat sink for difference angles increases with the direction of flow. 

It can be noticed that large angle has the smaller temperature than other angles. Temperature distributions show the 

temperature rise with increasing channel length. The highest temperature point is located at the bottom wall immediately 

below the channel outlet.  

 

 

 

 

 

 

 

 

Figure 19. Distribution average temperature at side surface of a radial heat sink with the flow direction 

Figure 19 shows the average temperature at side wall of a radial heat sink at various divergence angles increases with the 

flow direction. It can be noticed thatθ𝑐ℎ=0° (uniform channel) has the highest temperature than other angles. Temperature 

distributions shows as temperature rise with increasing channel length.

 

Table 2. Heat transfer enhancement performance and uniformity temperature for heat sink at difference angles    

Angle θ𝑐ℎ=0° θ𝑐ℎ=0.3° θ𝑐ℎ=0.6° θ𝑐ℎ=0.9° θ𝑐ℎ=1.15° 

HT 1 1.11 1.23 1.37 1.48 

ΔT(°C) 47.46 46.52 45.33 44.43 43.97 

From table 2, it can be showed that increasing divergence angle leads to increase the heat transfer enhancement 

performance. As the angle increase, the temperature uniformity becomes better along the heated wall (better 

temperature uniformity can be achieved when the temperature difference has a small value). 
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CONCLUSIONS 

The effect of using divergent microchannel in a radial heat sink instead of using uniform channel was studied in this 

work at different divergence angles regarding their effect on the system performance and the pressure drop through 

the system. 0°, 0.3°, 0.6°, 0.9° and 1.15° were the angles which have been studies. It was found that increasing 

divergence angle leads to increasing the performance index and the heat transfer enhancement performance by 32.4% 

at 1.15° angle. In contrast, increasing the angle leads to reduce the pressure drop through the radial heat sink. 

Additionally, temperature difference (temperature uniformity) is mitigated with increasing the angle by about 7.9%. 
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