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This paper presents a numerical analysis of the thermal-flow characteristics for a
laminar flow inside a rectangular microchannel. The flow of water through channels
with thin obstacles mounted on opposite walls was analyzed. The studies were con-
ducted with a low Reynolds number (from 20 to 200). Different heights of rectangular
obstacles were analyzed to see if geometrical factors influence fluid flow and heat
exchange in the microchannel. Despite of the fact that the use of thin obstacles in the
microchannels leads to an increase in the pressure drop, the increase in the height of
the obstacles favors a significant intensification of heat exchange with the maximum
thermal gain factor of 1.9 for the obstacle height coefficient #/H = 0.5, which could
be acceptable for practical application.

Nomenclature

f  friction factor, —

H height of the microchannel, m

h  height of the obstacle, m

h, heat transfer coeflicient, W/m?-K
k  thermal conductivity, W/m-K

L length of the microchannel, m
Nu Nusselt number, —

T temperature, K

Tin inlet temperature, K

Ty fluid temperature, K
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Tw wall temperature, K

p pressure, Pa

Re Reynolds number, —

s spacing, m

u,v dimensionless components of velocity

u, v components of velocity, m/s

Uin inlet velocity, m/s

w width of the obstacle, m

X, Y, Z dimensionless coordinates
x, ¥, z Cartesian coordinates, m/s

Greek symbols

u dynamic viscosity, Pa-s

P density, kg/m?

n thermal enhancement factor, —

1. Introduction

The miniaturization of electronic devices in which heat is generated makes
it necessary to design efficient and miniaturized cooling systems. One of such
solutions is the application of microchannels, which are now often used to cool
electronic devices. However, due to the laminar flow of the cooling medium, the
intensity of heat transfer is low. Hence, there is a need for intensification of heat
transfer, for example by application of turbulising inserts, porous material, or
internally ribbed walls, obstacles, etc. Usually the height of microchannel is the
smallest linear dimension therefore channels with the smallest linear dimension
which is less than 1 mm and greater than 1 ym are called microchannels. The use
of obstacles on the walls of channels causes increased heat and mass transfer, which
has been confirmed and presented in the literature [1-6]. In these studies of heat
transfer in channels, the influence of the following parameters on the intensification
of heat transfer was analyzed: Reynolds number, Nusselt number, Prandtl number,
channel height H, obstacle height 4, its width w and spacing s.

For example, in the work [7], the authors experimentally and numerically
studied the turbulent flow in a channel with two baffles. Obstacles for which
h/H = 0.55 (see Fig. 1), w/h = 0.125 (w — obstacle thickness) were installed
on opposite walls of the channel at a distance of s = 0.98H. The authors found
that large differences in pressure and velocity distribution occur where a high
pressure area forms along both obstacles and a low pressure area forms across
the obstacles due to the existence of vortex zones behind the obstacles. In [8],
the authors presented the analysis of thermal flow in a channel with a height of
H = 40 mm and with a series of thin solid and porous obstacles of constant
width w = 1.5 mm placed on the walls of the channel at a constant distance of
s = 1H. Obstacles of different heights (h/H = 0.25; 0.5; 0.75) were tested. It was
shown that there was an increase in the value of Nusselt number for both types of



www.czasopisma.pan.pl P N www.journals.pan.pl
N
S
POLSKA AKADEMIA NAUK

Effect of thin obstacles heights on heat transfer and flow characteristics in microchannels 555

obstacles in relation to the smooth channel. As in the case of macrochannels, in
order to intensify heat exchange in microchannels, obstacles should be placed [9—
17]. To move the concept of obstacles from macrochannels to microchannels, it is
necessary to know how strongly the geometrical parameters of obstacles influence
the flow and heat transfer in the micro scale. The study results can be applied in
various fields of micro devices. Some of the examples are micro heat exchangers or
micro-mechanical systems [18]. The flow in such micro heat exchangers is laminar,
so we should describe the flow to get higher rate of heat exchange.

The literature review of hydrodynamic parameters in microchannels with ob-
stacles placed on walls shows that the emplacement of obstacles in microchannels’
fluid flow creates additional recirculation zone, which affects mass and heat trans-
fer, which in turn determine the efficiency of micro flow systems [19, 20]. Most
of the published studies show thermal-flow characteristics in microchannels with
obstacles placed on the walls, where the parameters of obstacles have an aspect
ratio w/h > 1. There are only a few papers dedicated to investigation of fluid flow
through microchannels with thin obstacles, which have aspect ratio w/h < 0.5.
The application of thin obstacles located in the microchannels is desired for saving
material.

For example, in [21] the authors analyzed and considered the influence of
different geometries of the thin obstacles. The influence of one thin obstacle of
triangular and rectangular shape on fluid flow in 2D microchannels, for very low
Reynolds numbers was considered. The results showed that flow in the recirculation
zones, behind the obstacles, is highly influenced by the geometrical parameters of
the obstacle. Additionally, the obstacle of the rectangular shape provokes larger
vortex formation in the recirculation zone. In turn, the two-dimensional stationary
heat and fluid flow in a microchannel with two obstacles was presented in papers [22,
23]. In the microchannel with a height of H, obstacles were placed on the lower and
upper wall at different distances (from 1H to SH). In the channel, two obstacles of
relative heights 4/ H = 0.33; 0.66 were placed one after the other. The research was
performed for Reynolds number range: Re = 5; Re = 20, Re = 50. The results showed
that parameters such as height, distance between obstacles, and Reynolds number
strongly influence the length of the recirculation zones behind the obstacles. The
increase in length of the recirculation zone behind the obstacle and the increase in
the Nusselt number are related to the increase of Re and height of the obstacles.
Authors in [24] presented results of numerical and experimental analysis of fluid
flow for the 3-baffled microchannels. The effect of obstacle height and Reynolds
number on fluid mixing was investigated. The thin baffles with different heights
h/H = 0.625, 0.75, 0.875 were investigated. The results showed that the increased
fluid mixing was affected by the baffie height and Reynolds number. The increase
in baffle height and Reynolds number produces a buildup of the recirculation zone,
increase of convective mixing and stronger pressure drop.

In this paper, two-dimensional fluid flow in a microchannel with four thin
obstacles has been investigated. We focus on the influence of height of the thin
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obstacles spaced by a distance s = H and on the influence of change of the Reynolds
number on the creation of the recirculation zones and heat transfer characteristics.
The height of the obstacle is shown to cause significant changes in the flow field,
heat transfer and the friction factor compared to the smooth microchannel. The
study of influence of obstacles’ height change on fluid flow and heat transfer is
carried out to determine transport effects and to receive practical results.

2. Problem formulation

The governing equations written in Cartesians coordinates are given by conti-
nuity equation, momentum equation and energy equation as follows:

%+Z_;ZO’ (1)

where u, v are components of the velocity vector V = (u, v), p, p, u are the fluid
density, the fluid pressure, the fluid dynamic viscosity coefficient, respectively,
T, k are temperature, the thermal conductivity coefficient, respectively. It was
assumed, that the fluid was incompressible, the flow was two-dimensional and
laminar. Temperature and velocity were fixed at the inlet to the channel.

In this work, the issue of fluid flow and the process of convective heat exchange
in a microchannel with obstacles of various heights and constant spacing were
investigated. The geometry of the microchannel with obstacles is shown in Fig. 1.
Y front of the back of the
. IJ 0%“ <:o:bsltacle

I x,

flow direction <

—

L t ] L
Fig. 1. Computational domain

The issue was defined as follows: in a microchannel of length L. and height
H, the first obstacle is placed at a distance / from the inlet to the channel (see
Fig. 1). All obstacles were rectangular in shape (width w and height /) and were
placed at the bottom and top of the channel walls. In addition, the distance between
adjacent obstacles was s. The constant temperature and velocity were applied at
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the channel inlet. The stream rise gradients of the velocity components at the outlet
are assumed to be zero.

The boundary conditions are described as follows:

1) at the microchannel inlet: x =0,0 < y < H,u=V,v=0,T =T,;

2) at the microchannel outflow: x = L,0 < y < H;

3) at the wall of the microchannel (non-slip velocity conditions and tempera-

ture conditions), i.e., y =0, u =v=0;y=H,u=v=0,T =T,;

4) at the obstacle wall of the microchannel (non-slip velocity conditions and

temperature conditions), i.e., u =0,v=0,T =T,,.

The microchannel geometry was as follows: length (L) and height (H) were
5107 m and 400 - 107% m, respectively. The obstacles were characterized by
variable height (%) and constant width (w) of 50 - 107% m, spacing (s) of s = 1H.
The obstacles were on the top and bottom wall of the channel. The first obstacle
was placed at a distance (/) of 2 - 107> m from the beginning of the channel. The
working fluid is water. The physical properties of water used in calculations are:
p =998.3 kg/m?, u = 0.001 Pas.

To investigate the thermal-flow performance of the microchannel, the following
definitions of the parameters were applied.

Fluid flow was characterized by the Reynolds number, which was defined as:

_ pVH
# b

Re )
where p denotes the density of the fluid, V denotes inlet fluid velocity, H is height
of the microchannel and g is the dynamic viscosity coefficient of the fluid.

Heat transfer was characterized by the local Nusselt number, which was de-

fined as: Wl
X
) 6
- (6)

where h,, k are the heat transfer coefficient, the thermal conductivity coefficient
of the fluid, respectively.
The local heat transfer coefficient was given by

Nu(x) =

oT

on
hy = —k——r, 7
v =k (7)
where T,,, Ty denote the wall temperature and the fluid temperature, respectively

and 0T /0n denotes temperature gradient normal to the surface.
The average Nusselt number was obtained from equation

total

1
Nugye = T Nu(x)dx. (8)

total
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To calculate the friction factor, the following equation is used:

ApH

r=m

9)

where Ap is the pressure drop across the microchannel.
For general evaluation of thermal and flow performance for microchannels,

the relations between Nuss§lt number for the microchannel with obstacles and
u

2 and the relations between friction factor for the
Ug

the smooth microchannel

microchannel with obstacles and the smooth microchannel Jo are adopted. These

relations are used in the definition of the thermal enhancenslent factor, which is
presented as:
Nu,,
Nug

P\
7]

where f,, Nu, denote friction factor and Nusselt number for the microchannel with
obstacles, fy, Nugy denote friction factor and Nusselt number for the microchannel
without obstacles (smooth microchannel).

Steady-state forced convection in a microchannel was studied. A constant
fluid temperature at the inlet was 20°C. A constant wall temperature of 60°C was
assumed.

Numerical simulations were performed for three different values of obstacle
height and four Reynolds numbers: 20, 50,100, 200. To obtain hydrodynamics
and heat characteristics in the structured microchannels, the equations (1-(4) were
solved by the CFD method. Simulations were performed using the CFD solver of
ADINA R&D, Inc. 9.8.0 [25]. FEM (Finite Element Method) was used for the
simulations. To simulate the fluid flow in the domain, we used the laminar model,
in which the standard pressure interpolation schematic was applied. To solve the
pressure-velocity coupling problem, the SIMPLE method was applied.

The validation of numerical data was obtained by comparing with the experi-
mental values from [21].

The analyses of microchannels with thin obstacles and smooth microchannels
were based on a structured mesh. The 2D quadrilateral elements were used for the
grid. The meshes consisted of between maximum 20800 elements and 21361 nodes,
and minimum 20200 elements, and 20881 nodes. Additionally, prior to the analysis,
a grid sensitivity analysis was performed. The Grid Convergence Index [26] can
be computed as

n= (10)

VH2 —VHI1

s

7=
GC Re 1

- 100, (11)

UH1
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where f; — the safety factor, f; = 1.25 [18], R — the density factor, ¢ — the order of
convergence (¢ = 2), vy, vg2 — the chosen parameters (for the calculations max
velocity in the x plane was accepted), H;, H, — the number of finite elements for
two types of grid, respectively.

For a grid, where the finite element length was 5 pm, CGI below 0.1% was
obtained.

3. Results and discussion

Two-dimensional models of microchannels with thin obstacles on the walls
were looked into using a the CFD solver ADINA. The following 20 cases of
microchannels with thin obstacles were explored to analyze the effect of the obstacle
height, various inlet velocity on flow, and thermal characteristics.

Simulations were executed for parameters with various values presented in
Table 1. The development of heat transfer and water vortices in the microchannel
was the target of observation for three types of water flow defined by the Re values
of 20, 50 and 200 using non-dimensional parameters //H.

Table 1. The dimensions of obstacle

nfn] h/H fum) wih
100 0.25 50 0.5
200 0.5 50 0.25
300 0.75 50 0.17

3.1. Effect of an aspect ratio of the obstacle height (h/H)
on the field of flow

The distribution of water flow in the microchannel characterized by thin obsta-
cles was analyzed to demonstrate how the fluid field is influenced by their height.
The obstacles of rectangular shape of width equal to w = 10 pm and height as-
pect ratio h/H = 0.25, h/H = 0.5, h/H = 0.75 were the object of investigation.
Fig. 2 depicts structures of flow in the microchannel with thin obstacles. Here, the
streamlines are presented for Re = 50. It is noticed that the existence of obstacles
that influence the flow makes the distribution of velocity of the flow structure
different from the flow in smooth channel (Fig. 2d). Figs. 2 a, b, c illustrate the
influence of the height of rectangular obstacles placed alternately on the channel
walls on the water flow after taking into account the hydrodynamic entry length.
Differences in the contours of the streamlines for water flows occurring in the
microchannel can be observed for the obstacles of the varying height aspect ratios
of h/H =0.25, h/H = 0.5, h/H = 0.75. A recirculation zone appears behind the
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obstacles. The measure of vorticity is a circulation. Notwithstanding, the vortex
may be characterized by the recirculation zone’s length. The method we follow in
this paper is the one which was used to define the vortex on the obstacle’s back, i.e.,
downstream from the obstacle. The recirculation zone’s length was determined as
the distance between the obstacle and the vortex’s closure. As foreseen, it can be
observed without any doubt, that the recirculation zone elongates with the increase
in the value of the aspect ratio of obstacle’s height. The results show that the length
of recirculation zone increases with the obstacle height.

Fig. 2. Streamlines distribution in three microchannels with rectangular
obstacles on the walls, varying in the height of the obstacles: a) h/H = 0.25,
b) h/H = 0.5, c) h/H = 0.75; in each flow Re = 50, s = 1H, d) smooth channel

In Fig. 3, we have plotted the velocity distribution for Re = 50. The maxi-
mum velocity in the smooth microchannel always occurs near the center of the
microchannel. The maximum velocity for the microchannel with obstacles is po-
sitioned towards the sidewall where there is no obstacle. Fig. 3 shows that the
velocity is very low in the recirculation zone. Low velocity in the recirculation
zone can reduce the heat transfer. The difference in velocity in the x-direction in
the microchannel for the aspect ratio of obstacle’s height #/H = 0.25 is smaller
than in the other microchannels. It is noted that the flow direction changes peri-
odically due to the periodic obstruction of the obstacles. The velocity difference
in the x-direction in the microchannel increases with the increase of the obstacle’s
height.
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Fig. 3. Water velocity distributions V [m/s] in three microchannels with rectangular obstacles on the
walls, varying in the height of the obstacles: a) h/H = 0.25,b) h/H = 0.5, ¢) h/H = 0.75; in each
flow Re =50, s = 1H

3.2. Effect of an aspect ratio of obstacle height (h/H) on pressure drop

Fig. 4 introduces the pressure drop along the length of microchannel at Re = 50.
As shown in the figure, the pressure drop is higher for the microchannel with
obstacles than for a smooth channel (without obstacles) along the channel length.
This is due to the combined effects of flow disruption and the development of the
recirculation zone past the obstacles, as shown in Fig. 2. A high pressure drop
in the microchannel causes a large pumping power in the channel. The results
demonstrate that the effect of the aspect ratio of obstacle’s height #2/H = 0.25 on
the flow field’s disturbance is much less evident than in the instance of the height
aspect ratio of obstacle 1/H = 0.5 and h/H = 0.75, but is greater than for the
smooth microchannel.

70

60
_. 50 Y~ — WH=0.25
& 40 P~ — WH=0.5
=< 30 Y i WH=0.75
: 20 ~ - — smooth

10 /__&-

0

Xo Xt/ Xot+l+s Xot+l+2s Xg+[+3s

Fig. 4. Pressure drop along the local section in the microchannel,
in each flow Re = 50
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3.3. Effect of the Reynolds number on the velocity field

In Fig. 5, the vectors of water velocity in the microchannel are depicted in
dependence on the values of Reynolds number, range of which is from 20 to 200.
The obstacles with the aspect ratio of its height #/H = 0.25 were accounted for.
The conclusion is that the recirculation zone’s length raises with the increase of
the Reynolds number.

Fig. 5. Water velocity distributions V' [m/s] in three microchannels with rectangular obstacles on the
walls, varying in the Reynolds number: a) Re = 20, b) Re = 50, ¢) Re = 100; in each flow,
h/H=0.25s=1H

3.4. Characteristics of heat transfer

The objects of comparison were the distributions of heat transfer in the mi-
crochannel with thin obstacles, which made it possible to visualize the influence of
their height on the temperature field. Fig. 6 depicts the representation of the field of
temperature in the microchannel for Re = 50. These were achieved for different val-
ues of aspect ratios of the obstacle’s heights. Diverse fields of temperature for flows
where aspect ratio of the obstacle’s height is #/H = 0.25, h/H = 0.5, h/H = 0.75
are noticed. The distribution zone of temperature behind the obstacles is analogous
to the distribution of the fluid flow shown in Fig. 3. The results demonstrate that
the distribution of temperature is dependent on the height of obstacle. Moreover, it
can likewise be found that it is analogous to the zone of recirculation downstream
of the obstacles, as demonstrated in Fig. 2.

Fig. 7 shows the local Nusselt numbers along the length of the microchannel
L at Re = 50. Variations of local Nusselt numbers for rectangular obstacles are
displayed for three distinct values of aspect ratio of obstacle’s height and a smooth
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Fig. 6. Water temperature distribution T [°C] in three microchannels with rectangular obstacles on
the walls, varying in the height of the obstacles: a) h/H = 0.25,b) h/H = 0.5, c) h/H = 0.75; in
each flow Re = 50, s = 1H

channel. The cases of flow in microchannels with obstacles show that for the
aspect ratio of height h/H =0.25, h/H =0.5, h/H =0.75 the local Nusselt number
decreases past the obstacles, and then increases. The results show that the local
distribution of Nusselt numbers depends on the height of the obstacle. Also, it
can be found that the decrease in the local Nusselt numbers corresponds to the
recirculation zones downstream of the obstacles, as shown in Fig. 2. The results
reveal greater values of local Nusselt numbers in the case of the microchannels
including obstacles in relation to the channel which is smooth.

—— h/H=0.25

—— h/H=0.5
h/H=0.75

e SINOOtH

0 7 74

Xg+l Xo+l+s X+ +2s Xg+[+3s

Fig. 7. Local Nusselt number along the local section in the microchannel, in each flow Re = 50

To further evaluate the heat transfer performance and the pressure variation in
the microchannel with obstacles and to compare them with the smooth microchan-
nel the results are presented in Fig. 8.

As can be seen in Fig. 8, the emplacement of obstacles on the walls of the
microchannel with the aspect ratio of obstacles’ height 2/H = 0.25, h/H = 0.5,
h/H = 0.75 yields the relations between Nusselt number for the microchannel with

N
Ho of 1.93, 1.98, 1,2, respectively, and

obstacles and the smooth microchannel
Ug
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2 - .
1,8
5 W h/H=0.25
Z 1,6
? B h/H=0.5
1,4
< h/H=0.75
1,2
W smooth
1 il
0 5 10 15
£./f,

Fig. 8. The relations between Nusselt number for the microchannel with obstacles and smooth
microchannel Nu,, /Nug and the relations between the friction factor for the microchannel
with obstacles and smooth microchannel f,, / fs for microchannels with rectangular obstacles
on the walls and smooth microchannel, in each flow Re = 50

the relations between the friction factor for the microchannel with obstacles and
the smooth microchannel =2 of 1.31, 2.86, 11.58, respectively. In the case of the

thermal enhancement factor:v it is noticeable that the thermal enhancement factor
increases as the aspect ratio of height increases from 4/H = 0.25 to h/H = 0.5,
and then decreases for the height aspect ratio h/H = (.75 to the value slightly
above the one for the smooth microchannel.

4. Conclusions

The main goal of this work was the modeling of the heat transfer processes
and fluid flow occurring in microchannels with thin obstacles placed on the side
of the channel and the numerical analysis thereof. The results of analysis proved a
considerable influence of emplacement of several obstacles in the channel as well
as their height on the mass and heat exchange. The main mechanism influencing the
heat transfer was found to be the formation of recirculation zones behind obstacles.
This also causes a significant increase in the pressure. In accordance with the
results, the magnitude of recirculation zones grows with the height of obstacles.
Similarly, increasing the value of Re leads to enlargement of the averaged and local
heat transfer in the channels. On the basis of on the results, it can be concluded
that:

* The main mechanism of influence on fluid flow and heat transfer is the
creation of recirculation zones behind thin obstacles.

* The height of the thin obstacles influences the length of the recirculation
zone past the obstacles in the microchannel. The length of these zones is
increased as the height of the obstacles grows.

* The growth of Reynolds number makes the recirculation zones behind the
obstacle longer.
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* The microchannels with thin obstacles and high aspect ratio (h/H) exhibit

more efficient heat transfer but at the same time a larger pressure drop
compared to smooth channels.

* For high obstacles (h/H > 0.5), there is a large heat transfer. However, this

results in increased pressure losses.

* For the high obstacles (h/H > 0.5), the heat transfer coefficient is almost

doubled compared to a smooth channel.

The results obtained for a various heights of four thin obstacles provide the basis
for the design of microchannels with thin obstacles in the channel. They make it
possible to select the optimum heights of thin obstacles depending on the velocity
of flow and heat transfer performance.
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