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Abstract: In micro-manufacturing, roughness is unavoidable due to the tolerance
of micro-machining methods. Roughness in microchannel could have a significant
influence on flow and heat transfer since the size of microchannel is very small. In
our work, roughness is modeled as a superposition of waves. A simple Fourier
series method is proposed to construct the rough surface. With this method,
roughness is constructed on the bottom of the rectangular microchannel which
has a hydraulic diameter of 0.5 mm. Two important parameters during roughness
construction, triangulate size and correlation length are studied under the same
relative roughness 1%. Results show that flow and heat transfer characteristics
are not sensitive to triangulate size. While triangulate size is changing from
0.1 mm to 0.05 mm, the variations of pressure drop and average Nusselt number
are less than 1%. Correlation length could influence the topography of roughness
surface a lot, smaller correlation length will lead to more pressure drop and lower
Nusselt number.

Keywords: Numerical simulation; nano/micro; electronic cooling; surface
roughness

1 Introduction

Because of the power density growth of electronics, traditional cooling methods such as natural or
forced air convection couldn’t afford the cooling demands of high power electronics. As a much more
efficient cooling method, liquid cooling method which uses microchannel heat sink to remove the
massive heat on electronics becomes a trend [1-3]. During the machining and finishing process of
microchannel, surface roughness is unavoidable. Different micro-machining methods such as electrical
discharge machining (EDM), electrochemical machining (ECM), etching, micro-milling, etc., have
machining tolerance varying from 107 pm to 5 pm [4—8]. Such absolute roughness could be neglected in
the macro channel, but in the microchannel, due to the small feature dimension, roughness could have
significant influence on flow and heat transfer compared to the macro channel. So it’s necessary to study
the influence of roughness on flow and heat transfer characteristics in the microchannel heat sink.

Experimental studies of roughness in microchannel have already been carried out by many researchers.
Most experiments were focused on the comparison between smooth channel and rough channel. Qu et al. [9]
experimentally studied water flow in trapezoidal silicon microchannel with hydraulic diameter ranging from
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51 um to 169 um. Data show that friction in the rough microchannel is higher than conventional theory. Li
et al. [10] studied rough steel microtubes with 3%—4% relative roughness and compared with smooth glass
microtubes and silicon microtubes. They found that Poiseuille number in rough microtubes is increased by
15%—-37%. Kandlikar et al. [11] used acid etching to change the roughness of microtubes of two different
diameter 0.62 mm and 1.067 mm. For the 1.067 mm diameter tube, the effects of relative roughness varies
from 0.178% to 0.225% are insignificant. For the 0.62 mm diameter tube, 0.3% relative roughness could
apparently enhance the heat transfer and increase the pressure drop. Wu et al. [12] investigated 13 different
trapezoidal silicon microchannels with relative roughness ranging from 0.003% to 1.09%, Nusselt number
and apparent friction constant both increase with surface roughness under laminar flow. Dai et al. [13]
reviewed 33 papers and 5569 experimental data points, flow and transition characteristics were summarized.
1% relative roughness is recommended as a threshold to divide smooth and rough for flow in
microchannels, while 5% for macro tubes. Shapes of cross-section have little effect on friction and
transition characteristics. From the previous studies, it could be concluded that the effects of roughness are
significant in the microchannel, flow resistance and heat transfer efficiency are all related to roughness. But
experiments could only obtain an average value of pressure drop or heat transfer intensity with uncertain errors.

Besides the experimental method, another commonly used method is numeric method. There are two
main paths to model a rough surface, regular rough element method and random roughness method.
Regular rough element method creates a rough surface by place cuboid, pyramid or other regular
obstructions on a smooth surface. This method is easy to deploy, so many researchers chose this method
to model roughness. Hu et al. [14] used cuboid elements to construct roughness, they found that
geometry parameters such as height, spacing, size, and channel height have a strong effect on velocity
distribution and pressure drop. Croce et al. [15] modeled roughness as a set of conical peaks on smooth
surfaces. Influence of peak height, distance and Reynolds number are studied. They concluded that
roughness has much more influence on pressure drop than heat transfer. Gamrat et al. [16] modeled
roughness as cuboid elements and concluded that roughness increases the friction factor more than the
heat transfer coefficient. Zhang et al. [17] used triangular, rectangular and semicircular roughness
elements to construct rough surfaces. Effects of Reynolds number, roughness height, roughness spacing
were investigated. Results show that triangular and semicircular elements have more influence on flow
and heat transfer than rectangular elements. Both pressure drop and heat convection are increased.

Regular element method is an easy way to model a rough surface, but the flow and heat transfer are
highly depending on the geometry shapes and parameters of roughness elements, too many parameters
need to be considered. Therefore, some researchers were trying to find a more proper method to model
random roughness. Random roughness method considers the physical characteristics of roughness and is
much closer to real roughness than regular roughness. Chen et al. [18] modeled 2.5D roughness with
Weierstrass-Mandelbrot function and studied under different Reynolds numbers, relative roughness and
fractal dimension. Compared to the smooth channel, Poiseuille number is increasing linearly with
Reynolds number. Another important conclusion is that under the same relative roughness, a larger fractal
dimension which could yield more frequent variations results in larger pressure loss. Xiong [19]
generated random roughness in microtube with Gaussian number generator. They found that Poiseuille
number could still be predicted by conventional theory with the mean hydraulic diameter of rough
microtube and roughness has a negligible effect on average Nusselt number. Guo et al. [20] modeled
rough surface with regular rough elements, fractal function and random Gauss distribution in 2D and 3D.
Their study shows that 2D roughness couldn’t reveal the effects of real roughness. Simulation results in
3D indicate that both pressure drop and Nusselt number are increasing with roughness. Pelevicé et al.
[21] generated rough surfaces with Gauss method and studied with lattice Boltzmann method, they also
concluded that 2D roughness couldn’t represent the 3D roughness. When relative roughness is 2.93%,
Poiseuille number increases by up to 7%, heat transfer increases by up to 4%. Compared to model
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roughness as regular elements, model roughness with random feature is closer to reality and could obtain
more reasonable results about the effects of roughness.

Concluded from the previous experiments and simulations, experiments could only obtain some flow
and heat transfer features on the whole, simulations are still needed to understand the effects of
roughness. In simulations, the most important part is to model the roughness. In this paper, a simple
Fourier series method is proposed to model the roughness. This method is easy to deploy than Fourier
transform method and considers the most significant feature of roughness: random and correlation. With
this method, much more convincing results could be obtained compared to the traditional method that
model roughness as regular rough elements or completely random method that ignore the correlation
feature of roughness. Two key parameters in roughness construction, triangulate size and correlation
length are studied under the same relative roughness 1% to evaluate the usability of this roughness model.

2 Roughness Model

Since any surface include rough surface could be seen as superposition of simple surfaces with different
frequencies and phases, the 2D Fourier series is used to model the rough surface mathematically. Eq. (1) is
the complex form of the 2D Fourier series.
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Z(x, y) here is the expression function of rough surface. w, and w,, are cut off frequencies to ensure the period
length is far larger than the geometry dimension. To solve c,,,, amplitude spectrum A(nw,, nw,) and phase
spectrum ¢ (nwy, hw,) are introduced, ¢ (nw,, nw,) is random from 0 to 2z (isotropic roughness), A(nw,, nw,)
is the square root of power spectrum:
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R(r) is the exponential correlation function, r is the distance between two points on a rough surface, /, and /,
are correlation length. o is standard deviation. Since Z(x, y) is always a real number in our case, the real form
of 2D Fourier series is used to generate roughness:
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a and b in Eq. 5 could be obtained from A4 and ¢. a = 2A4cosgp, b = 2A4sing.
With above method, steps to generate roughness on a surface is listing below:
1. Triangulate the smooth surface to triangular mesh.
2. With give parameters, calculate Z(x,y) to obtain the offset Z at nodes of smooth surface.

3. Move the nodes of triangular mesh to produce roughness.
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3 Microchannel Description

Flat microchannel heat sink with 1 mm x 1 mm X 2 mm dimensions is used in this study. Water is chosen
as working fluid and cooper is the material of microchannel heat sink. As shown in Fig. 1, the microchannel
is in the center of the heat sink and has a hydraulic diameter of 0.5 mm. Constant heat flux is employed on the
bottom of the microchannel heat sink. Roughness is generated on the bottom surface of the microchannel
(marked as gray). Different triangulate sizes from 0.01 mm to 0.05 mm, different correlation lengths from
0.01 mm to 0.07 mm are used as parameters to generate roughness on this geometry model. Both fluid
and solid domains are included in the simulation.

4 Numeric Method

4.1 Governing Equations
To simplify the problem, fluid flow is assumed as steady, incompressible laminar flow with constant properties.
Gravity and viscous heating are not considered. Continuity momentum and energy equations are written as:

Continuity:
ou Ov Ow
Ew + e + % 0 (6)
Momentum:
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where x, y and z are coordinates. u, v and w are velocity magnitude on x, y and z direction. p is the density of
fluid or solid. p is pressure. c,, is fluid specific heat and 4 is thermal conductivity of the fluid or solid.

4.2 Boundary Condition

For all cases, periodic flow conditions are employed on the inlet and outlet (marked as blue ones in
Fig. 1) . Heating source on the bottom of heat sink is 0.2 W/mm? (marked as pink in Fig. 1). Other walls
are adiabatic and there is no velocity slip on the wall. Average inlet temperature is 300 K, Reynolds
number is 500.

4.3 Auxiliary Relations
The average Nusselt number Nu is defined as

__hD, oD,
Ar SwaH)\f(Twall - 7})

Nu (11)
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Figure 1: Schematic of the geometry model (mm)

where £ is the heat transfer coefficient, O is the total heating power. Sy, is the area of fluid-solid interface.
Tyan 1s the average temperature of fluid-solid interface and 7} is the average fluid temperature. The average
wall temperature T, is defined as

[ Tds || Tds

Twa _ wall _ wall 12
T S I as (12)

wall

The average fluid temperature Tj;q is evaluated as

[[] Tav
T, _ fluid (13)
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fluid

4.4 Mesh Independency Check

Hexahedral mesh with refinement near the rough surface of the microchannel is used as computational
grid as shown in Fig. 2. Mesh independency is checked carefully on the case with 0.01 mm correlation length
which has the smallest roughness feature size.

Figure 2: Mesh of the fluid zone with local refinement near rough surface
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Figure 3: Mesh independency check of the case with 0.01 mm correlation length

Fig. 3 shows the variation of pressure drop and Nusselt number while cell number grows. The changes of
pressure drop and Nusselt number are less than 1% while cell number changes from 16.2 million to 31.5 million.
As a result, mesh size configuration of 16.2 million is used for all cases to obtain a mesh independent result.

5 Results

5.1 Influence of Geometry Triangulate Size

The first step to generate roughness on a surface is to triangulate that surface. After the surface is
triangulated, that surface is converted to mesh which consists of triangles and nodes. It’s much easier to
generate roughness on triangular meshes by offsetting the nodes. The triangulate size means the edge
length of triangles or the distance between two adjacent nodes. Smaller triangulate size could capture the
feature of roughness more precisely and the roughness surface is closer to a continuous surface, but more
fine mesh is needed. Also, the triangulate size could influence the contact characteristics of a rough
surface, when triangulate size is large, that means the contact of the rough surface is sharp.

As shown in Fig. 4, roughness is generated on the bottom faces of the microchannel with five different
triangulate sizes and identical correlation length 0.05 mm. The surface profile is the same in these five cases
and average relative roughness is 1%, also the same. The only difference between these surfaces is triangulate
size. It is seen that with smaller correlation size, the surface is smoother and contains more details that defines
a rough surface. When the correlation length is growing, there is possibility to lose the key features of
roughness surface, peaks and valleys on the surface are not that clear. The Probability density distribution
of absolute roughness with different triangulate sizes are shown in Fig. 5. Roughness should obey Gauss
distribution perfectly but because of the simplify of the geometry which uses triangles to represent

S
PR

0.05 mm 0.04 mm 0.03 mm 0.02 mm 0.01 mm

Figure 4: Rough surfaces of microchannel with 1% roughness and different triangulate sizes
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Figure 5: Probability density distribution of absolute roughness with different triangulate sizes

continuous surfaces, the distributions are not exactly Gauss distribution. The smaller of the triangulate size,
the closer to exact Gauss distribution. The cosine similarity of probability distribution between the cases with
0.01 mm and 0.05 mm is 0.989, which means they are highly similar to each other on the distribution of
roughness. To find out the actual influence of triangulate size on local and average flow and heat transfer
characteristics, these five cases are numerically studied using the same boundary conditions.

The influence of triangulate size on pressure drop and Average Nusselt number is shown in Fig. 6.
Compared to the smooth channel, pressure drop in rough channel has a minimal increase of about 1%,
while the Nusselt number almost unchanged. Both pressure drop and average Nusselt number are not
sensitive to triangulate size. When the triangulate size is decreasing, the wetting length of the channel
cross-section is growing and causes minimal raise in flow resistance. The changes in pressure drop and
Nusselt number are 0.35% and 0.15% respectively while triangulate size varies from 0.01 mm to
0.05 mm. So the influence of triangle size on pressure drop and average Nusselt number could be
neglected on this view. Local Nusselt number distribution and streamline near the rough surface is plotted
in Fig. 7, comparing these five cases, it is seen that the case with smaller triangulate size has better
precision on local Nusselt number, especially on local peaks of rough structures. On the whole, the local
Nusselt distribution is much the same. Since there’s no visible difference in streamline between these five
cases, the streamline plotted in Fig. 7 is only for 0.01 mm triangulate size. The streamline is disturbed by
the roughness structure and the fluid impinges on the roughness structure, on the peaks of the rough
structures, there is higher local Nusselt number and flow resistance, while in the valleys of roughness
structures, there is lower local Nusselt number due to the low fluid velocity.
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Figure 6: Influence of triangulate size on pressure drop and Nusselt number
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Figure 7: Local Nusselt number on the rough surfaces and streamlines near the rough surfaces (different
triangulate sizes)

From the above analysis, average Nusselt number and pressure drop are not sensitive to triangulate size
while triangulate size is smaller than correlation length. Minimal influence of triangulate size on local Nusselt
number is observed. For computational resource saving, triangulate size could set equal to correlation length
if local values are not excessively concerned.

5.2 Influence of Correlation Length

Correlation length is a very important parameter in the roughness generation process. In the actual
machining process, correlation length is related to material property, micro machining method, polishing
method, and other manufacture conditions. It’s difficult to predict correlation length and the best path to
obtain correlation length is experimental measurement. This part discusses the influence of correlation
length only in assumption and ignores the actual degree of correlation length. Seven different cases, with
correlation length varies from 0.01 mm to 0.07 mm, are numerically studied. All of the cases have
equivalent relative roughness 1% and triangulate size 0.01 mm. The bottom faces of microchannel with
different correlation lengths are shown in Fig. 8.

[T

0.04 mm

00lmm  002mm  0.03mm 0.05mm  006mm  0.07 mm

Figure 8: Rough surfaces of microchannel with different correlation length and the same relative roughness 1%

Physically, correlation length represents the influence range of one roughness point on other points, in
other word, correlation length is a measurement of the constraint between the roughness of neighboring
points. As shown in Fig. 8, with the growth of correlation length, the constraint between points on rough
surface is stronger and there are fewer sudden peaks and valleys. With the decrease of correlation length,
constraint between points are weaker and there will be much more random fluctuations on the rough
surfaces. There is huge topography changes when the correlation length is varying. Influence of
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correlation length on geometry, flow and heat transfer characteristics are listed in Tab. 1. With the decrease of
correlation length, there are more peaks and valleys in smaller scale and that makes the surface area of
roughness fast-growing. Also, the scale down of the roughness structure leads to the growth of the wetted
perimeter and cross-section area. Hydraulic diameter is decreasing during this process and causes drag
increase. It is seen in Fig. 9 that pressure drop has an approximately linear relation with correlation length
within our computed range. Correlation length also affects the heat transfer characteristics. There are two
adverse effects of roughness, on one hand, roughness expands the surface area of heat convection, on the
other hand, the valleys that capture fluid in them could decrease the heat convection and bring additional
thermal resistance. The overall effect of those two adverse factors could be either enhance or weaken the
heat convection. It is shown in Tab. | that average Nusselt number is decreasing with correlation length and
could be either larger or smaller than the smooth channel. While correlation length is bigger than 0.02 mm,
heat transfer is slightly enhanced. While correlation length is smaller than 0.02 mm, the enhancement is
disappearing. The maximum enhancement of average Nusselt number occurs at the maximum correlation
length and the increase is 1.1%. Average Nusselt number has a linear relation with surface area 4. Besides
the influence of roughness on average Nusselt number, the actual influence of roughness on the most
important parameter in electronics cooling - maximum temperature 7, is quite small.

Table 1: Compare of models with different correlation length

Correlation length (mm) A (mm?) Ap (Pa) Nu Tnax (K)
0.01 4311 232.20 241 323.60
0.02 4.150 231.66 2.50 323.58
0.03 4.076 231.10 2.58 323.27
0.04 4.050 230.64 2.58 323.38
0.05 4.034 230.22 2.60 323.27
0.06 4.027 229.99 2.60 323.26
0.07 4.019 229.69 2.61 232.26
Smooth 4.000 227.23 2.58 323.40
232.5 T T T T T T T 2.65
232.0¢ 1560
231.5¢ —o—A4p
- —0— Nu 12.55
<
& 2310 =
= 2,
Y 12.50
<2305}
2300+ 124
229.5¢ 1240

0.01 0.02 0.03 0.04 0.05 0.06 0.07

Correlation length (mm)

Figure 9: Influence of correlation length on pressure drop and Nusselt number
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Local Nusselt number distribution on the bottom rough surfaces is plotted in Fig. 10. It is seen that
correlation length affects the local heat transfer a lot. Despite the scale of correlation length, heat transfer
on the peaks of the roughness structure is enhanced because the fluid impinges on the peaks. While the
correlation length is decreasing, the size of cavities on the rough surface becomes smaller. It’s more
difficult for fluid to flow into the cavities and that weakens the heat convection. According to our
calculation, while the correlation length is 0.07 mm, average velocity gradient on the rough surface is
1.47 times larger than that correlation length is 0.01 mm.

0.01 mm 0.02 mm 0.03 mm 0.04 mm 0.05 mm 0.06 mm 0.07 mm

Figure 10: Local Nusselt number on the rough surfaces of microchannel and streamlines near the rough
surfaces

While correlation length varies from 0.01 mm to 0.07 mm, the pressure drop and average Nusselt
number changed by 2.2% and 7.7% respectively. The heat convection is more sensitive to correlation
length than flow resistance. Though the average Nusselt number has some reduction while correlation
length is decreasing, the growth of the heat convection area balanced this reduction in average Nusselt
number. The final cooling effect of microchannel almost the same since the maximum temperature of the
heat sink barely changes.

6 Conclusions

A simple Fourier series method which considered the random and correlation features of roughness is
used to construct roughness on the bottom face of flat microchannel heat sink with 0.5 mm hydraulic
diameter. The smooth model is triangulated first and then processed in our software to generate
roughness. Effect of triangulate size and correlation length are studied under the same relative roughness
1% and the same Reynolds number 500. The main conclusions are listed below:

1. Triangulate size, which is the precision of roughness structure and could also represent the contact feature
of rough surface, has little influence (within 1%) on the overall flow and heat transfer characteristics of
microchannel.

2. Correlation length, which is a parameter determined by machining and finishing process, has a limited
influence on flow and heat transfer. While correlation length varies from 0.01 mm to 0.07 mm, flow
resistance decreased by 2.2%, average Nusselt number increased by 7.7%.

3. Roughness could be either beneficial or helpless to the thermal performance of microchannel under
different correlation length.

Since there is almost no transverse flow in a rectangular channel, the velocity gradient on the rough
surface is quite small, so the effects of roughness are not that obvious. The future work should be
focused on complex channel like wavy or dimpled channel that has more secondary flow.
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