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INVESTIGATION OF THE EFFECT OF ROUGHNESS
ELEMENTS ON LAMINAR FLOW IN MICROCHANNELS

Zoubir BELKACEMI?, Azeddine SOUDANI?

Understanding the behavior of laminar flow within microchannels is gaining
more importance with the recent interest in microfluidics devices. In the current
work, a numerical model was developed to evaluate the effect of surface roughness
on hydrodynamic characteristics. In this model, the rough surface is configured with
rectangular and triangular elements, respectively. Basing on the entropy
production, an equation was developed to study the effect of the fluid flow on the
Poiseuille number within valleys and within the reduced cross sections, separately.
Also, the calculation of the entropy generation was used to understand the effect of
roughness elements on Poiseuille number, and to predict a tendency to their
variation with Reynolds number. As a result, a significant increase in Poiseuille
number is detected for all configurations. It was detected that the Poiseuille number
increases linearly with Reynolds, and this variation is mainly due to the fluid
recirculation.

Keywords: Roughness, Microchannel, roughness elements, Entropy production,
numerical analysis.

Nomenclature

- A: Cross section area (m?).

- Dn: Hydraulic diameter, (m).
- f : Friction factor.

- K: Thermal conductivity (W/m? K).
- m: Mass flow rate (kg/s).

- Po: Poiseuille number.

- Re: Reynolds number.

- S: Entropy generation.

- T: Temperature (K).

- U: Mean velocity (m/s).
Greek Symbols

p: Dynamic viscosity (Pa s).
p: Density (Kg/m?)
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1. Introduction

In recent decades, flows in micro-pipes are well present in the scientific
literature, many numerical and experimental studies have been carried out to
verify the classical laws and understand the behaviour of these flows, as well as to
improve their thermal performance.

The concept of micro-channels is not new since it was introduced around
1980 by researchers Tuckerman and Pease [1]. In their work, they were able to
demonstrate the cooling potential of these structures, with the manufacture of a 1
x 1cm2 exchanger. And since, considerable researches have been conducted to
study the fluid flow and heat transfer in microchannels.

For example, Schmitt and Kandlikar [2] studied rough rectangular
microchannels of hydraulic diameter ranging from 325 to 819um. An early
transition to turbulence was observed with values of the friction coefficient
greater than those predicted by classical laws.

Lelea et al [3] experimentally studied the flow in stainless steel micro-
tubes with a diameter of 100-500um for Re = 50-800. The results obtained for the
Poiseuille number are in good agreement with the classical theoretical value Po =
64.

Brackbill and Kandlikar [4] investigated the effect of the roughness on the
friction factor for a rectangular microchannel with roughness height that is
ranging from 107 to 117um. The results predicted an early transition to
turbulence.

Qu et al [5] have studied the characteristics of a water flow through rough
silicon micro-channels of trapezoidal sections, for a hydraulic diameter ranging
from 51pm to 169um and Reynolds numbers between 0 and 1500. They indicated
that the friction coefficient of the flow was 8-38% higher than those predicted by
classical theory.

Celeta et al [6] conducted an experimental study of the friction coefficient
in a rough capillary tube. The experiments indicated that the Poiseuille number,
for a laminar flow was in good agreement with the classical theory.

Kandlikar et al [7] investigated heat transfer and pressure drop of laminar
flow in smooth and rough circular tubes with diameters of 1.067um and 0.62um.
The effect of changing the relative roughness on the pressure drop was minimal,
but the heat transfer in the entrance region showed a distinct dependence on
roughness. Wu and Cheng [8] have experimentally studied the flow characteristics
of de-ionized water in a silicon micro-channel with triangular and trapezoidal
cross sections. The channel surfaces were smooth. Their experimental results
confirmed the validity of the Navier-Stokes equations for laminar de-ionized
water flows in smooth micro-tubes.
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Li et al [9] examined the dynamic characteristics of de-ionized water in
glass. They showed the consistent of their friction coefficient with classical
values. While the friction coefficient in the rough stainless steel microtubes was
higher than that predicted by the classical theory for relative roughness ranging
from 3 to 4%, the difference reached the proportion of 35%.

Pfund et al [10] measured the pressure drop for a de-ionized water flow
through rough rectangular microchannels. They found a normalized Poiseuille
number of 1.26 for an average relative roughness of 1.5%.

Groce and Paola D’agaro [11, 12] studied numerically the effect, of 2D
and 3D modelled roughness, on the friction factor and heat transfer with a finite
element CFD code. The results showed significant effect of roughness on the
pressure drop and a weaker one on the Nusselt number.

Kandlikar et al [13, 15] proposed a new set of roughness parameters. The
use of their constricted flow model in the classical flow theory gives good results
with their own experimental data. The deviation error between experimental
results and those based on their model reached a 5%.

In their experiments on micro-channels of different roughness, Yangpeng
Liu et al [14], showed the remarkable effect of roughness on the friction factor
and the heat transfer coefficient compared to classical results.

In order to study the effect of roughness on laminar flow through rough
micro-channels, Rawool et al [16] performed a three-dimensional numerical
simulation of flow through serpentine microchannels with a roughness designed in
the form of obstructions placed along the wall of the channels. The results showed
that, the friction coefficient increases non-linearly with the increase in the height
of the obstacle.

The main goal of most of these works was the understanding of the
microfluidics flow, and the clarification of the effects of some parameters
neglected during the classical flow studies, such as roughness. The development
of a model that predicts the friction coefficient as well as that of heat transfer has
been one of the major concerns of so many of this works. One of these models,
quite used, was that of Kandlikar [13, 15] (constricted flow model), which takes
into account the detachment of fluids during fluid flow in rough microchannels.
This model develops a new definition of the hydraulic diameter which takes into
account the constriction of the cross section due to the detachment of the fluid.
Despite the importance of this model, it remains incapable to predict the variation
of the Poiseuille number as a function of the Reynolds one, and gives no
information on the fluid interactions in the detachment zones or those close to the
rough walls. Our work aims to study the effect of roughness on microfluidic flows
and to quantify the effects of fluid interactions in the near-roughness zones
(neglected by the Kandlikar model [13, 15]) and that localized between the
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elements modeling the roughness, on the variation of the Poiseuille number with
Reynolds, and tries to clarify the applicability limits of Kandlikar’s model [15].

2. Mathematical model

In order to analyze the effect of roughness on pressure drop in a
microchannel, a 2D laminar flow and heat transfer in microchannel with rough
surface that was explicitly configured by different shapes of roughness elements
(triangular, rectangular) is investigated in this paper, Fig (1). As shown in Fig (1),
¢ represents the roughness height and s represents the spacing between the
adjacent peaks. For our model s = Se.

The following assumptions are applied to the mathematical model:

1- Steady laminar flow.

2- Constant fluid properties.

He was chosen to calculate the entropy production due to fluid friction.
The volumetric rate of entropy generation for two- dimensional Cartesian system
can be state like [17]:
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In order to study and quantify, separately, the effect of each zone on the
Poiseuille number and its variation as a Reynolds function, an equation, based on
entropy production, was developed.

For a tube, the overall entropy generate rate due to fluid friction is
calculated as [17]:

1)

. m
S=—AP 2
o7 (2)
Where the friction factor for laminar fluid flow in smooth tube:
C
f=— 3
R, ©)
The friction factor is given by the relation:
f =2A_P th (4)
L pU
From Eq. (2) and Eq. (4):
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From Eq. (3) and Eq. (5) we will have:

D . R
Ref=2—T—“S =P, (6)
pL A u?
Assuming that the channel geometry and fluid properties are constant (as
already mentioned during the assumption), Eq. (6) becomes for a smooth canal:

.Re
PO:CISF:C (7)

According to the literature review, the Poiseuille number of rough
microchannel is no longer constant with the Reynolds number, in contrast to that
of smooth microchannels and that predicted by the classical theory for laminar
regimes. In order to find a tendency to this variation, Eq. (7) becomes:

R—z =R(R,) 8)

P,=C,S 5
From our model, the total produced entropy was divided in two parts. The
first corresponds to that produced within the reduced cross sections, and the
second corresponds to that produced within valleys (inter-elements zones). Thus
Eq. (8) becomes:

. . \R,
Po = Cl(SRS + Sv )F = I:)o (Re) 9)
We can put:
. Re
SRS :SRS YE (10)
And:
. R,
Sy =Sy % (11)

Where S is the total entropy produced within the reduced cross sections
and s, is that produced within valleys.

2.1 Constricted flow model

Kandlikar et al [11, 15] proposed a new definition to the hydraulic
diameter, which takes into account the constriction of the cross section due to the
fluid detachment, new geometric parameters were proposed.

According to this model, the effective diameter of the flow is not the reel
diameter of the channel, but is reduced by the height of the roughness elements.

For roughness on two opposite sides of a rectangular microchannel the
constricted parameters can be defined as follows:

Hy =H-2RH (12)
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Where the Hcr represents the constricted channel height and H represents
the reel channel height.

Acr =bH (13)
Where Acs represents the constricted cross section. Therefore, the
constricted hydraulic diameter can be defined as follows:
D. — L
20+ Hgy)
Cf
The friction factors are calculated by using the constricted parameters with
the classical theory (used for smooth channels). It was reported that the use of the
constricted hydraulic diameter in the classical theory results in good agreement
(within 5 to 7%) with experimental data [11].
According to literature review, the constricted model remains incapable to
predict the variation of the Poiseuille number as a Reynolds function and neglect
completely the fluid interactions in the zones Sy for any roughness values.

(14)

3. Numerical model
3.1 Description of the numerical model

In order to fully understand the effect of the roughness on the behavior of
a laminar flow within microchannels, a numerical model was developed. In this
model the surface roughness is explicitly modeled through a number of peaks on
opposed channel walls. As shown in Fig (1), we consider two different
configurations; triangular one and rectangular one. Relative roughness ¢ is defined
as the ratio between the peak heights and the hydraulic diameter, and the values of
the relative roughness are ranging from € =0.0% to 1.26%. The hydraulic diameter
was taken 0.4 um for all relative roughness values.

(b)
Fig .1. Problem geometries.
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3.2 Boundary conditions

Since the roughness is distributed in a regular manner on the smooth wall
and is roughly repetitive along the tube and the flow is considered to be fully
developed. Thus, we consider a relatively short tube segment, imposing mass flow
periodic boundary conditions at the inlet and outlet sections with a fixed heat flux
boundary condition at the walls. No slip boundary condition is considered at the
surfaces, and the temperature of the fluid at the inlet was kept constant (300°K).
Air is chosen as the working fluid.

3.3 Grid generation

We opted for a triangular mesh with non-uniform grid arrangement. A
large number of grid points near the channel walls was arranged to resolve fluid
flow and heat transfer with a consideration of the boundary layer flow and
irregularities caused by roughness elements. The grid independence test is
conducted using several mesh sizes. Three grids with a number of cells listed in
table.1 are considered. The relative error between two grids was estimated by the
following formula.

e(06) = |22 =P% 100 (15)
Po,
Where, Pos represents the Poiseuille number at the first grid.
Table 1
Estimation of the relative error
Number of cells 7521 16321 23986
Po 99,21 101 104,04
Error 3% 1,8% 0

The equations of continuity and momentum are solved by the finite
volume method, using Fluent CFD code. The SIMPLE algorithm was used for
introducing pressure into the continuity equation. The flow equations were solved
with a second-order upwind scheme. The convergence criteria for velocities,
continuity and energy equation in the two models were kept as 1E-6.

| P 1 i 1 | 1 [}

Fig.2. Mesh used for simulation.
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4. Results and discussion
4.1 Pressure drop
4.1.1 Effect of the roughness height

In order to understand the effect of the roughness on the pressure drop, the
effect of the roughness height, as an important aspect characterizing the roughness
elements, will be discussed and clarified.

Fig (3) shows the velocity distribution in near-wall region, the local near—
wall streamlines can clarify the effect of roughness elements on fluid flow. As
shown, the presence of roughness elements obviously perturbs the local flow near
the channel walls and contributes to the creation of recirculation zones at the back
of roughness elements. We notice also a decrease in the contact surface between
the fluid and the wall within valleys.

From (Fig (3) (b)), it’s clear that the recirculation zones caused by the
rectangular shape of roughness element is higher than that caused by triangular
one. Both fluid recirculation and boundary layer regeneration increase friction
losses. It’s clear that the augmentation of the height of roughness elements
contributes to the creation of recirculation zones which increase the pressure drop
added to that increased by the constriction of the cross section. Fig (4) shows the
Poiseuille number for the channel flow. It’s clear that the roughness height leads
to an increase in friction losses. Furthermore, we can see that Poiseuille number is
no longer constant with Reynolds number.

(b)

Fig. 3. Re =700; € = 0.82%; Streamlines: (a) Triangular obstructions, (b) Rectangular obstructions.
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Fig.4. Variation of Poiseuille number at different Reynolds.

To understand this dependence, the entropy production appeared a very
useful tool. By calculating the overall entropy generation due to friction and use
of Eq (12), we try to better understand the effect of roughness elements and find a
pattern for this variation.

4.1.2 Entropy production and friction losses

Fig (5) shows the distribution of the local entropy generation along the
rough channel wall. On the top of the peaks, the reduced cross sections induce
higher velocities and lead to more entropy generation. We know that the lost
available work is directly proportional to the entropy production [16].Thus; this
increase of entropy production is proportional to the pressure drop per unit length.
The reduced cross section induces more entropy production to keep the flow rate
constant. As shown, the reduced cross sections induce more entropy production
compared to recirculation zones for the same roughness value. We notice that the
local entropy production within valleys represents 6% of that produced at the top
of elements or in the zone Srs.

Fig (5) shows that the reduced cross sections of rectangular elements
produce more entropy than those of triangular elements; the reduced cross
sections produce large velocity gradients. These velocity gradients increase the
entropy production. The low percentage (6%) of entropy production within
valleys makes the constricted flow model of Kandlikar [15] a useful tool to
predict the friction factor with an error percentage which reached a maximum of
6% for the two forms in the range of studied roughness values.
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Fig.5. Local entropy production along a rough microchannel wall, £=0.82%;
(a): Rectangular elements; (b): Triangular elements.

By calculating the entire produced entropy within reduced cross sections
and valleys, and the use of the Eq (9), which allows with its two functions (Srs,
Sv) to quantify the effect of the fluid flow on the Poiseuille number within valleys
and within the reduced cross sections, separately, Fig (6, 7) shows the entropy
generation functions Sv and Sgrs plotted as a function of Reynolds. As shown, we
notice that the Poiseuille number remains constant when we take only the entire
produced entropy within the reduced cross sections, Fig (7). In contrast, the
Poiseuille number varies linearly with Reynolds when we take the produced
entropy within valleys, Fig (6). We notice that the Poiseuille number is less
sensitive to Reynolds number for microchannels with triangular roughness
elements than those with rectangular roughness ones. Thus, we can say that the
variation of Poiseuille Number with Reynolds is mainly due to recirculation
zones, created by the shape of roughness, and to the fluid interactions within
valleys.
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4.1.3 Effect of roughness shape:

Comparing the results obtained from the two forms used in roughness
modeling, we noticed the significant effect of the shape on the friction factor and
Poiseuille number.

Fig (8) shows the Poiseulle number as a function of Reynolds for different
shapes. There is an increase in Poiseuille number of the rectangular shape element
comparing it to that of the triangular shape.

Fig (9) shows the local entropy produced along the channel wall of
rectangular and triangular elements for the same roughness and for the same
Reynolds values. It is clear that triangular rough elements produced more entropy
within valleys than rectangular ones. It seems that the rectangular shape creates
more recirculation than triangular shape. The decrease in velocity gradients and
contact surface within valleys produce less entropy comparing it to that produced



324 Zoubir Belkacemi, Azeddine Soudani

in a smooth channel. As shown, the recirculation zones and fluid detachment
decrease the contact surface between the fluid and the wall within valleys. Thus,
we can see that the rectangular shape produce more fluid recirculation zones
which reduce the contact surface. These fluid recirculation zones produce less
entropy than that produced by the constriction of the cross section caused by the
fluid detachment. Thus, we understand the reason why the triangular shape
produces more entropy than the rectangular shape within valleys.
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Fig .8. Variation of Poiseuille Number at different Reynolds.
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Fig .9. Re= 800, £=0.82%, local entropy production along the rough microchannel walls.

5. Conclusion

The effect of the roughness on the pressure drop in microchannel has been
investigated using the entropy generation. We have developed a numerical model
where surface roughness was configured by triangular and rectangular roughness
elements. The entropy production due to heat transfer and fluid friction was
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investigated to predict the behavior of the Poiseuille number with Reynolds
number. The effects of the height and shape roughness on pressure drop was
investigated and discussed. The conclusions can be summarized as follows:

- For both configurations, an increase in Poiseuille number was
detected.

- The Poiseuille number increases with the relative roughness
increase.

- By the calculation of the entropy production due to friction, it was
observed for all studied roughness values and roughness elements that the
Poiseuille number increases linearly with Reynolds.

- The variation of Poiseuille number with Reynolds was due to fluid
recirculation zones.

- The constricted flow model can predict the friction factor within an
error of about 6%.
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