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1. Introduction

Abstract: The D2Q9 Bhatnagar-Gross-Krook (BGK) model, utilizing the Thermal Lattice
Boltzmann Method (TLBM) to examine the temperature and mass transfer numerically
across inline and staggered grooved microchannels. The conditions are (a) cold fluid at inlet
and outlet, (b) walls are heated (c) relative roughness height is rh=4%, 8% and 12% according
to channel height and (d) parabolic velocity profile at inlet and outlet section with slip flow at
the walls for different Knudsen numbers from Kn=0.02 to 0.10. The study goals to examine
the impact of temperature profiles, Nusselt number, average friction coefficients and
performance analysis of smooth, inline and staggered grooved microchannels. The friction
coefficient is defined as the ratio of the Poiseuille number (Pn) and Reynolds number (Re)
and the dimensionless heat transfer recognized by the Nusselt number (Nu) has been studied
to investigate the roughness effects of the surface. The result presented that the average
friction increased gradually with the height of relative roughness and reduced significantly
with growing Kn for both inclined and staggered grooved microchannels. In addition,
compared to smooth, inline and staggered microchannels, the lowest friction occurred for
smooth and the highest friction showed for inline grooved channels. The maximum average
friction factor is depicted as 107.053 for inline grooved microchannels when rh=12% and Kn
is 0.02. The extreme heat transfer rate is found to be 9.015 when the microchannel is
smooth and Kn=0.02. The highest performance PE=1.013248 is exhibited by the staggered
microchannel when Kn=0.02 and with rh=12%. Compared to the inline grooved channel, the
staggered grooved microchannel has demonstrated better performance.

© 2024 The authors. Published by Alwaha Scientific Publishing Services SARL, ASPS. This is an
open access article under the CC BY license.

et al., 2022, Jafari et al., 2017; Walter et al., 2020; Qij et al.,
2022; Zhao and Wang, 2019; Feng et al., 2018; Zhang et al.

Significant attention has been drawn to the roughness
effect on fluid flow, temperature and mass transmission
over the past few eras for its practical applications in the
solar collectors, garments industry, pharmaceutical
industry, electronic cooling industry, food processing,
media sector, engineering, medicine, and materials science
and effective

to create more efficient, sustainable,

technologies, renewable energy engineering etc. (Fabregas
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2019; Harris et al, 2022; Aouissi et al., 2023; Abdelsalam
and Zaher, 2023; Bhatti et al., 2023).

The roughness size and shape can have a vital effect on the
fluid movement and heat transmission appearances in the
microscale flow system. Therefore, friction considerably
affects surface roughness for gas flow in a microchannel
(Sahar et al., 2017; Taher et al., 2017; Biswas et al., 2015;
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Chai et al., 2008; Ji et al., 2006, Yuan and Rahman, 2016) It
was found that the roughness of the channel significantly
influences the friction factor in laminar flow. Based on
their research results, it was observed that the friction
factor growths gradually with the rise of relative
roughness, on the contrary, the friction factor reductions

significantly with the rises of Knudsen number.

Examining flow disturbances at periodic intervals serves as
a method to analyze both flow structure and the
characteristics of heat transfer. Truly, it is a frequently
used technique to comprise baffles in a channel along the
streamwise way such as offset fins, louvers,
communicating channels etc. This study also discussed the
effect of liquid flow and temperature transfer applications
as another controlling parameters (Taher et al., 2015;
Boonloi and Jedsadaratanachai, 2022; Wang et al., 2020;
Sharma et al., 2015; Kim et al., 2008; Taher et al., 2014).
Nanofluids display higher thermal conductivity compared
to conventional fluids at the nanometer size, due to the

inclusion of metal nanoparticles. (Abdelsalam et al., 2023)

In this study, roughness effects on two-dimensional

microchannels and rarefied gas flow behavior are
simulated using LBM. To perform realistic hydrodynamics
simulation customs a precise lattice model representing
mathematical results of the alternative method of Navier-
Stokes equations; Rovenskaya and Croce, 2016; He et al.,
1998; Niu et al., 2007). The

distribution has been selected to

regional equilibrium
recover the N-S
macroscopic equations by the lattice Bhatnagar-Gross-
Krook (LBGK) model (Liao and Jen, 2011; Mohamad, 2007;
D'Orazio et al., 2004; Tan et al. 2022; Cao et al., 2006; Xu

and Yan, 2023)

(Zhu et al, 2020) Microchannel heat sinks featuring
rectangular grooves and various rib shapes have been the
subject of investigation concerning temperature transfer
and fluid movement. The results indicated that the
rectangular ribs produce a beast overall performance.
Analytical and experimental performances have been done
by (Dahani et al., 2023) in the case of a circular block on a
heated conjugate conduction-convection square cavity and
the result obtained that the average Nusselt number inside
a large cavity is affected by the presence of another block
with large size and high conductivity.

The friction factor (f) is specified as the ratio of Poiseuille
number (Pn) and Reynolds (Re) number. Generally, Pn

increases with increased roughness due to the

augmentation in near-wall velocity gradient for the gas
flow. On the contrary, as the Kn increases, the Poiseuille
number decreases due to a greater occurrence of velocity
slip near the wall. Using the LBM, the effect of roughness
has been discussed regarding the Poiseuille number by
(Rovenskaya and Croce, 2016; Liue et al., 2011; Taher et
al., 2022a,b; Chen and Tian 2009).

(Tan et al., 2022) conducted for gas-liquid mass transfer by
a phase-field the LBM and outcomes show that a source
term is generated and added to the phase field to
represent the volume change caused by mass transfer.

The objectives of the study are to improvement a
fundamental considerate of the effect of grooved on fluid
velocity and temperature profile, Nusselt number, average
friction coefficient and performance analysis for separate
flow conditions regarding different surface roughness with
Knudsen numbers in microchannels using an alternative
Thermal Lattice Boltzmann Method (TLBM). From the
above literature, we found that many studies have used
TLBM for
researchers’ knowledge, the TLBM has not yet conducted a

fluid flow problems. According to the

comparative study of smooth, inline and staggered
microchannel problems with varying relative roughness
heights.

The present study investigates the effect on the velocity

and temperature profiles, friction coefficient and
performance enhancement for different flow conditions in
grooved inline and staggered microchannels according to
the relative roughness height is rh = 4%, 8% and 12% in
terms of channel height and various Kn=0.02, 0.05 and
0.10 which represent the slip flow regime. Moreover, to
examine the contemporary effect of temperature transfer
and rubbing properties using the LBM and compare to the
performance enhancement (PE) of the grooved inline and

staggered microchannels with that of the smooth channel.
2. Problem Description
2.1 Mathematical Implementation

The LBM is called an alternative method to solve fluid flow
and temperature transfer problems (Liao and Jen 2011.
Fluid motion is driven by variations in temperature;
therefore, it is very important to discuss thermal effects in
conjunction with fluid flow. Therefore, many researchers
have effectively used with different conditions the Thermal
Lattice Boltzmann Method (TLBM) (Feng et al. 2018; Sahar
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et al. 2017; Chai et al. 2008; Taher et al. 2017; Wan and
Karniadakis 2006) to analyze the said problems.

A mesh unit is considered in LBM, depending on the
motion of fluid particles, rather than directly resolving
macroscopic fluid quantities such as pressure, velocity and
temperature. As per the Boltzmann equation, it is
recognized as a mesoscopic simulation model. Neglecting
external forces, the discrete method for calculating
momentum and energy in the Boltzmann equation can be
stated as follows (Xu and Yan, 2023; Niu et al., 2007):

1 .
Fi(X + Até, t + At) — F; (X, t) = — - [Fi(@ ) — FF(%,0)] (1)
1 .
Gi(® + Aty £+ A0) = Gy(%,0) = ——[G:(F ) = G7(,0)] (2)
[’}

Where, F;(¥,t) and G;(X,t)
momentum and energy distribution functions respectively.

are defined as the

The relaxation time constant for momentum is denoted by
T and for energy indicated by t4. The D2Q9 model,
depicted by uniform Cartesian cells resembling a square
lattice, is shown in Fig. 1.

There are 9 discrete velocities. Each time step involves the
movement of particles from one node to another at a
specific velocity. The lattice has three kinds of particles.
There are 4 velocities which are moving along with the
coordinate direction, the other 4 velocities are driven
diagonally and one is at rest which is exists in the node.

0, i=0
o — (cos(m/4(i — 1)),sin(w/4(i — 1))),i = 1,2,34
t - T[ . . .
k\/Z (COS (4(1—_1)) ,sin(m/4(i — 1))) ,1=5,6,78

With the help of lattice velocity, the momentum is F;?and

energy is Gieq can be written as (Rovenskaya and Croce,
2013):

3 9 3
F9 = pw; [1 + C—zé’i.ﬁe‘l + Z—C‘l(é'i.ﬁeq)z - C—Zueqz] (3)

3 9 3 2
Gieq = EWj [1 + C_zgi'ﬂeq + F(é}.ﬁeq)z - ﬁueq ] (4)

T .

Fig. 1 Square Lattice D2Q9 model

The relaxation collation parameter for the temperature

e . 1 .
distribution function w=- rely on the macroscopic

variable quantity p and pi. It should gratify the rules of
conservation:

p =X F;and pii =}, éF; (5)
It has been stated that the mentioned above equation
successfully describes the Navier-Stokes equations for both
temperature and velocity, as documented in (Xu and Yan,
2023; Liao and Jen, 2011; Chen and Tian, 2009). If (u)
represents the coefficient of viscosity and (K) denotes the
thermal conductivity, this may be expressed as follows:

p= (’L’ - %) PRT and K = (re - %) pc,RT (6)

micro-flow although the local

concentration variation is minimal, it yields diverse effects.

Indeed, in systems,
(Niu et al., 2007) integrated with a new relaxation time 7’
rather than 7 in equation (1) as follows

ST N
Given that the regenerative energy (g) of the fluid
mechanisms is represented as &(x,) = 3; Gi(x, t) and the
internal energy () is defined as e=pc,T, we can determine
the average temperature of the fluid in these patterns as:

T = e(x,t) _ 2iGi(x, t) (8)

pcy pcy

The study considers laminar flow in microchannel. Hence,
investigating laminar flow within microchannels of varying
roughness has become increasingly significant.
Consequently, according to Liu et al. (2011), the ratio of
Poiseuille number (Pn) and Reynolds number (Re) can be
expressed as the friction factor (f). Thus, f can be

expressed as:

__ D (9)
AL (P)@)?

Where, Ap, D, AL, p and u are pressure drop, the hydraulic

diameter, channel length, density of the fluid and average

. . . D
velocity of the center line respectively. Where, Re = p%.

The following way is possible to write the Poiseuille

number Pn:
ApD uD  2ApD?
P'I'lszez—:{j Xp—=A—Lp— (10)
ALjpuZ u Hu
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The heat transfer rate is measured by the Nusselt number
which can be notified as Nu. The dimensionless parameter
of the heat transfer coefficients can be expressed by the
following 14equation:

Nu =— (11)

Where, h, L and K represented by the average convective

heat transfer quantity per unit area, the thermal
conductivity and the characteristics length respectively.

Then, h can be defined as:

__ 0 (12)
(Tw —Ty)

Q represents the convective heat transfer rate,

Q= mcp(Tmi = Tmo) (13)

T,ni denoted inlet temperature and T,,,, identified outlet
temperature. Additionally, the mean temperatures of the
wall and the fluid are determined through the following

calculations:
H
— 1 [ uTdy (14)
Tw ZZ i=1 Twi and Tf = _(;fudy
A thermo-hydraulic performance parameter (n) or

microchannel performance enhancement (PE) can be
calculated as the ratio of the normalized heat transfer and
friction coefficients. This parameter, also referred to as the
coefficient of performance (COP), is articulated by (Yuan
and Rahman, 2016; Rovenskaya and Croce, 2013) as

follows:
N* 1
gV (15)
(R)7a
The normalized heat transfer coefficient N* and the

normalized friction coefficient R* are defined by the
following equations:

_ (Nu)rough
(Nu)smooth

*

(Pn)rough (16)
and R* = ———
(Pn)smooth

2.2 Geometry of the present problem

The geometry of the study is characterized by a horizontal
microchannel in-line and staggered arrangement of
roughness elements, called a grooved microchannel, is
shown in (Fig. 2) Here, the height of the channel is
represented by H, L denotes the channel, L/H=6. U, V, P;
and T; denote the velocity, inlet pressure and temperature

of the gas flow respectively. T,, indicates the wall

temperature. The surfaces of the channel are isothermal
and slippery. The relative roughness height is indicated by
‘rh’. In the microchannel system, rh is estimated at rh=4%,
8% and 12%. The influence of rarefaction effects on
microchannel performance could have a significant impact.
When the channel length is significantly larger (L >> H)
than the channel height, even in the small Reynolds
number range, the Mach number can increase in pressure-
driven gas flow due to the small hydraulic diameter and
rapid pressure drop. (Xu and Yan, 2023; Rovenskaya and
Croce, 2013).

The Reynolds number primarily depends onf the maximum
flow velocity and hydraulic diameter of the channel, which
should be less than 0.1/u times the characteristic length.
Additionally, it is influenced by the fluid's conduction
properties. To model laminar flow upstream in a
microchannel, the maximum velocity U is considered at
both the inlet and outlet locations, typically at the
midpoint of the channel. The inlet Mach number should be
below 0.3 to disregard compressibility effects. A pressure
ratio conducted by P;/P, = 1.10. Mach number of 0.25,
and Kn=0.02, 0.05, and 0.10, aiming to explore the highly
small compressible condition (Boonloi and
Jedsadaratanachai, 2022; Liu et al., 2011). The inlet and
outlet of the fluid are assumed to be cold and the walls are

heated uniformly.

The symbols o and o7 represent the tangential momentum
and energy circumstance coefficients respectively. These
coefficients play a vital role in determining the integral
characteristics of wall boundaries, thus significantly
influencing numerical outcomes. It's important to note

that when the Knudsen number (Kn) remains constant, a

(a):

Slip wall, T, Y

— -
b

— -t
= o]

Slip wall, T,
L gl

— -t
E
- =
=]

Fig. 2 Schematic of the geometry (a) smooth channel (b) in-
line, and (c) staggered arrangement of grooved
microchannels with boundary conditions.
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decrease in thermal momentum (o) increases wall slip.
Alternatively, if o stands constant, an growing in Kn leads
to an rise in wall slip. A value of o = 0 denotes a state of
complete absence of friction at the wall, while a value of o
= 1 indicates adherence to a no-slip condition at the wall.
(Taher et al., 2014, 2016; Chen and Tian, 2009).

In this study, the effects of Poiseuille number, operating
pressure, inlet temperatures of the cold fluids, and wall
thermal conductivity are investigated by a numerical
method

Both mathematical and experimental results show that
smooth microchannel walls lead to better performance
when ¢ = 0.70 and rough wall boundary ¢ = 0.90 to 0.95
represents a higher result. D represents the hydraulic
diameter which is computed among the inlet and outlet
sections. For our present study, it is figured out for smooth
microchannel o =o= 0.70 for rough microchannel ¢ = o=
0. In this study, fluid properties are considered to be air
properties where Pr=0.71. Calculations are made by the
authors using a code in the FORTRAN language.

2.3 Code Validation

To validate this approach against the conventional
benchmark, the friction factor fRe concerning the
Poiseuille number (Pn) in a smooth microchannel at
varying Knudsen numbers is illustrated in (Fig. 3). Using
equation (10) the friction factor is calculated for the
smooth channel at tangential momentum accommodation
coefficient (TMAC), o = 0.65 from Kn=0.02 to 0.10. The
friction factor coefficient is degreasing regarding
enhancement of the rarefaction effect as seen above in
Fig. 3. At the wall boundary, indicates a high-velocity slip
for increasing the Knudsen number. Figure 3 illustrates a
strong correspondence between this study and the

research conducted by (Liu et al., 2011).

o0
| Present
A Fy Liu et al., 2011
75k u
o
o
=y
s
E B0
i ik
=
=)
5 oasf Y
i
SD L P I P I 1 PR T N R B 1 11
o 0.0z 0.04 0.08 0.08 01 0.1:
Kn

Fig. 3 Changes in the friction factor concerning the
Poiseuille number are depicted across various Knudsen
numbers (Kn) within a smooth channel.3. Result and
discussions

3.1 Temperature Contour in Different Roughness Heights
(rh) and Knudsen Number (Kn)

The TLBM is employed to solve equations (1) and (2) to
obtain all expected outcomes. The study used a uniform
2D square lattice within the HPP model to address the
boundary conditions and mathematical problems
described above. According to dimensionless parameters,
the numerical results are discussed in the area. The
hydrodynamic parameters such as velocity, pressure,
density, temperature etc. can be obtained regarding
microscopic quantities such as momentum and energy
distribution function. The variation of isotherms according
to the temperature contours at the slip flow regime with

roughness height is exhibited in (Figs 4-6).

The temperature contours demonstrate the temperature
gradient near the heated corrugated surface due to mixing
the working fluid with channel walls at the slip stream
regime. The irregular motion of the fluid is caused by

a L] L L] - -
AR —— Kn=0.02, rh=4% —_——— Kn=0.02, rh=4%
— e T e T TURN - TR T Ty leb W4 ER & 6E WS B AR CRPTTERS BF AL MMM D
— — — — _— _— _— _— _— — - - - - -
b b L__J L__J L__J L] | v ] L]
Kn=0.02, rh=8% ' Kn=0.02, rh=8%
R TR T XU T R Y A L L O OIF P bR b D¥ DA B D D2 DE MR DS DRI B2 DA B DS
B . | | | | | . | . . - - | -
L_ L_| LR
Kn=0.02, rh=12%
BB BB B B2 Bd bt BY DR BE  BEL DT B3 B2 DA BS DS
- [ - - -

Fig. 4 Variations of the isotherms at Kn=0.02 with (a) rh=4%, (b) rh=8%, (c) rh=12% for in line (left) and staggered (right)
grooved channel.
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Kn=0.05, rh=4%

L
ST Bpe ploBUl 0P DR DA-BA DA BE DY DM DE GBS OF DR D3 D2 DB De

Kn=0.05, rh=8%

Bos - BI_BIS B2 PR B B2 Bd BE B Di BE BB BT BRI

Kn=0.05,th=12%

BES DI BES_EF DRy B B2 BA BE B DM BE LS AT B

aj. Kn=0.05, rh=4%
) oAl 8 g2 % pati DA 06 6 eli b bai B At B3 O £ 0N
b B T Ty
Kn=0.05, rh=8%
- - - - -

L] L] L_] L] L]
i Kn=0.05, rh=12%
) — 3 rarre]
- - - - -

Fig. 5 Variations of the isotherms at Kn=0.05 with (a) rh=4%, (b) rh=8%, (c) rh=12% for inline (left) and staggered (right)
grooved channel.

Kn=0.10, rh=4%

Gbe Bl _pis” B DA DA DS Bd B Dr DM BE BEL KT DI DE B3b DS O

Kn=0.10, rh=8%

Bh BB BT OB DY BB Bd Bt BL DM BE BEL G BE B3 B3 DB O

Kn=0.10;rh=12%

Boe BB BB DA B Bl e 6] b pE bEr S nfonry o mak pe e

Kn=0.10, rh=4%
o T - AR
Kn=0.10, rh=8%
/. ——— - - ,,
- - | it 5 i |
Kn=010,rh=12%
o . - ——
| - | | -

Fig. 6 Variations of the isotherms at Kn=0.10 with (a) rh=4%, (b) rh=8%, (c) rh=12% for inline (left) and staggered (right)
grooved channel.

increasing the grooved height and therefore greater heat
dissipation occurs inside the channel. From above (Figs. 4-
6) fluids
temperatures compared to the fluid flow of the channel at

nearer to the wall have shown higher
the center. Moreover, at the inlet section, the temperature
contours displayed a symmetrical form and then with the
effect of grooved, this symmetry is gradually lost especially

for staggered grooved channels.

3.2 Streamlines in Terms of Velocity Vectors with Various
Roughness Heights with Knudsen Number

Streamlines with velocity vectors regarding the height of
the roughness at the slip flow management are shown in

(Figs. 7-9). It is seen that the streamlines near the surface
represented different characters of flow path due to the
effect of arrangement as well as the height of the grooved.
For larger roughness heights, vortices appeared on the
front side and back side of the rectangular structures
within the inline grooved microchannel, suggesting
significant flow separation. Conversely, small vortices are
observed at the rear of each rib in the staggered grooved
microchannel. The presence of roughness elements leads
to the expansion and contraction of streamlines near the
rough surface, resulting in increased pressure drop and

consequently higher friction.

Kn=0.02, rh=4%

Kn=0.02, H=4%

Kn=0.02, rh=12%

b :-r L__| L__| .| L}
[ Kn=0.02, h=8%
:_" - | - | 1 ———
| || .|
Kn=0.02, rh=12%
- - S

Fig. 7 Variations of the streamlines at Kn=0.02 with (a) rh=4%, (b) rh=8%, (c) rh=12% for inline (left) and staggered (right)
grooved channel.
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kn=0.05, rh=4%

Kn=0:05, rh=4%

- k=005, Th=8%

| L] | |

Kn=0.05,rh=8%

= - | - s 3
Kn=0.05, th=12% ] Kn=0.05, rh=12% ]
| | | |

Fig. 8 Variations of the streamlines at Kn=0.05 with (a) rh=4%, (b) rh=8%, (c) rh=12% for inline (left) and staggered (right)
grooved channel.

Kn=0.10, rh=4%

aflial

e

F——

- Kn=0.10, rh=8%

T~ I - "I O O O O e W
%ﬁ- Kn=0.10, rh=12%

a
= Kn=0.10, rh=4% g
b | | | | | _—
= Kn=0:10, rh=8% -
L - || o
E Kn=0.10, th=12% 1
| | | | |

Fig. 9 Variations of the streamlines at Kn=0.10 with (a) rh=4%, (b) rh=8%, and (c) rh=12% for inline (left) and staggered
(right) grooved channel.

3.3 U-velocity at Different Locations in Inline and
Staggered Grooved Microchannel for Different Roughness

Height (rh) with Knudsen Number (kn)

Figures 10-12 illustrate the U-velocity of inline and
with different relative
roughness heights (rh) at the locations x=0.6L and x=0.97L

staggered grooved channels

(@'

=] o

Inline, Kn=0.02

06 —=— 0%
L
Poaf —— %

ozf

J 03 1 15 2

25 3 35 4
U-velocity at x=0.60L

{q)' Staggered, Kn=0.02

TogsF —=—— rh=l%
= — & rh=4%
—+—— rh=E%
——— rh=12%

05 1 14 2 23 &
U-elocity at x=0.60L

for different Kn=0.02 to 0.10. For the inline grooved
channel, the velocity profiles have shown parabolic and
maintained symmetrical properties throughout the
channel. However, for the staggered grooved channel, the
symmetry is gradually lost after the midsection of the

channel, approximately when x is greater than 0.65L.

1
(b} Inline, Kn=0.02
naf

0B —=—— 0%

4%

|

— 12%

ozf
OTHs T 15z 25 3 85 4
U-elocity at x=0.97L
1
{ch) Staggered, Kn=0.02
osf
oG —=— rh=0%
E:h ——— rh=4%
nal ——— mh=E%
— = rhe=i2%
ozf
O o5 T 15z 28 2 85 4

U-velocity at x=0.8§=0.60L

Fig. 10 U-velocity at different locations (x=0.6L and 0.97L) of inline (a)-(b) and staggered (c)-(d) grooved channels for
different rh with Kn=0.02.
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1
{2 Inline, Kn=0.05
osf
P ——— o
ED'B —— %
O —— %
oaf . e
ozf
B o5 T 45z 25 @ 55 @
U-velocity at x=0.60L
1
(e} Staggered, Kn=0.05
osf
agh —=—— o%

yiH

ozr

—a 4%
—— B
O4F w0 gpm

05 1 15 2 25 3
U-Velocily at x=0.60L

3.3

{b)

=] o

OG[

v/H

04F

ozf

Inline, Kn=0.05

—— 4%
—+—— B%

—_—— 2%

03

1 15 2z 25 &
U-velocity at x=0.97L

(c)!

osr

yiH

04r

ozr

Staggered, Kn=0.05

—— 4%
—+—— B%

05 i 15 2 25 3
U-Velocily at x=0.97L

3.3

Fig. 11 U-velocity at different locations (x=0.6L and 0.97L) of inline (a)-(b) and staggered (c)- (d) grooved channel for
various rh with Kn=0.05.

(@'

)

ui=]

06

=

o4r

02F

ey’

ui=]

06

yiH

o4r

02F

Inline, Kn=0.10

—s— 0%
—— %
—— B%

—— 12%

0.5 1 15 2 25
U-velocity

Staggered, Kn=0.10

Inline, Kn=0.10
oaf
gl —=— 0%
= —— 4%
=3 | —— B%
o4 . 2%
oz}
0 o5 1 s 2z 25 @3S
U-velocity at x=0 60L
1
ic} Staggered, Kn=0 10
oaf
gl —=— o
== —— 4%
Ll i ——— B%
DAL o o
oz}
0

0 o5 1 15 2 25 3 35
U-relocity at x=0.60L

0 0.5 1 15 2 z5 E]
U-velocity

Fig. 12 U-velocity at different locations (x=0.6L and 0.97L) of inline (a)-(b) and staggered (c)-(d) grooved channels for

different roughness heights with Kn=0.10.

3.4 Average Temperature Profiles with Different

Roughness Heigh and Knudsen Numbers

The average temperature profiles with different roughness
heights at the centerline of the grooved and staggered
grooved channels for Kn=0.02, 0.05 and 0.10 are shown in
(Figs. 13-14) As the walls are heated and cold fluid enters

the channel, so fluid temperature increases throughout
the channel due to fluid-solid interactions. The highest
temperature is observed at the near end of the channel.
The temperature increases with Kn but decreases with
roughness height. Compared with inline, staggered and
smooth microchannels the maximum temperature is
shown in the smooth channel.
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Fig. 13 Average temperature profiles at the centerline of the inline grooved channel for (a) Kn=0.02, (b) Kn=0.05 and (c)
Kn=0.10 with different roughness heights.
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Fig. 14 Average temperature profiles at the centerline of the staggered grooved channel for (a) Kn=0.02, (b) Kn=0.05 and
(c) Kn=0.10 with different rh.

3.5 Average Friction Coefficients with Different Knudsen
Numbers and Relative Roughness Height

Flow friction, a form of resistance force that hampers or
impedes motion, is important in numerous engineering
slipping
paramount. For a comparison between smooth flow

contexts where, preventing sliding or is
friction and inline and staggered grooved microchannels,
the average friction coefficients are graphed in Figures 15

and 16

Figures 15-16 indicated that the average friction decreased
significantly according to the increase for Kn= 0.02, 0.05
and 0.10. The bigger Knudsen number means the upper
slippery between the wall and fluid particles and
consequently less friction happened. However, the friction
increased significantly with the increase of relative
roughness height both for inline and staggered grooved
channels. Furthermore, Figs. 15-16 illustrates that the
maximum friction factor for an inline grooved
microchannel is 107.053 when the lowest Knudsen number
(Kn) is 0.02, with a roughness height (rh) of 12%.
Moreover, the minimum average friction number is
represented as 74.65 when the Knudsen number is 0.10
for a smooth channel. In addition, compared to smooth,
the

happened for smooth and the highest friction for inline

inline and staggered channels, lowest friction

grooved channels.
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Fig. 15 The average friction for inline and staggered

channels against the roughness heights for different

Knudsen numbers (Kn)
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Fig. 16 The average friction for inline

and staggered

channels against the Knudsen numbers (Kn) for different

roughness heights.
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3.6 Heat Transfer Rate According to the Nusselt Number
(Nu) Against the Various Roughness Height

The effect of holds
considerable importance in the design and operation of

roughness on heat transfer
heat exchangers. This is especially notable where artificial
roughness is employed to replicate distinctive and efficient
heat transfer surfaces.

To investigate the thermal conductivity in smooth, inline,
Figures 17-18
present the Nusselt numbers across various roughness

and staggered grooved microchannels,

heights and Knudsen numbers (Kn). As the Knudsen
number and relative roughness height increase, the heat
transfer rate decreases significantly in both inline and
staggered grooved microchannels. In addition, Figs. 17-18
illustrate that the maximum heat transfer rate is 9.015 for
of 0.02 with a
microchannel, while the minimum heat transfer rate, at
0.569, occurs for a Knudsen number of 0.10 with rh=12%.
The staggered grooved microchannel exhibits a greater

a Knudsen number (Kn) smooth

heat transfer rate compared to the inline case, with a
pronounced difference observed particularly at lower
Knudsen numbers, notably for Kn=0.02.
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==i—-= Siaggered, Kn=0.02
—#— Inline, kn=0.05
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Fig. 17 The rate of heat transfer regarding Nu for inline and
staggered channels in terms of Kn for different rh.
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Fig. 18 The rate of heat transfer regarding Kn for inline and
staggered channels in terms of Nu for different rh

3.7 Performance Analysis Compare to Different Knudsen
Numbers and Roughness Height

This study has
performance of

investigated the thermal-hydraulic

inline and staggered roughness
geometries, recognizing the importance of simultaneously
calculating heat transfer and flow friction. This is
particularly relevant in MEMS (Micro-Electro-Mechanical

Systems) devices due to their practical applications:

Figure 19 displayed the performance enhancement (PE) of
the microchannel designed against rh for Kn values of 0.02,
0.05, and 0.10 within the slip flow regime. Both the
increasing roughness height and Knudsen number lead to a
reduction in the fluid's performance. Specifically, the
fluid's performance decreases with rising roughness
height, and this trend is consistent across different
Knudsen numbers. Higher slip and higher roughness height
indicate lower performances in all cases. Moreover, the
maximum performance is observed for a smooth
microchannel which is the unity. This is because the
pressure drop is minimum in the smooth channel.
Moreover, Fig. 19 show that the maximum performance
for staggered microchannels is PE=1.00, 0.950458,
0.894475, and 1.013248 for different roughness heights,
rh=0%, 4%, 8%, and 12% respectively, with Kn=0.02.
Compared to the inline grooved channel, the staggered
grooved microchannel demonstrates better performance.
This is because the pressure drop was the lowest in the
trapezoidal channel compared. This kind of research has
both scientific interest and technological impact and it

might be applied to the design and optimization of MEMS

devices.
12
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Fig. 19 The performance enhancement for inline and
staggered channels against the roughness heights for
various Kn.
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4. Conclusions

The TLBM is fruitfully applied in this investigation to
examine the thermal and fluid flow behaviors at the slip
flow regimes. This investigation considers different
Kn=0.02, 0.05, and 0.10) in both inline and staggered
grooved microchannels. The surface roughness elements
are rectangular, with relative roughness heights ranging
from 4%, 8%, to 12%. The following are the key
observations from this study:

e Streamlines near the surface represented different
characters of flow path due to the effect of
arrangement regarding the height of the grooved.

e The temperature gradually enhancement with Kn but
decreases with roughness height. For all cases, the
maximum temperature is shown of smooth channels.

e The average friction decreased linearly with increasing
the Knudsen numbers (Kn) and increased significantly
with the increase of relative roughness height both for
inline and staggered grooved channels. In addition,
compared to smooth, inline and staggered channels,
the lowest friction happened for smooth and the
highest friction for inline grooved channels.

e The Nusselt number (Nu) according to heat transfer
rate is significantly decreased with both cases of
increasing Knudsen number and growing roughness
height. However, the staggered grooved channel case,
represents the greater heat transfer amount related
to the inline case and the change is noticeable for the
lower Knudsen number.

The thermal-hydraulic performance namely the
performance enhancement decreases both for increasing
roughness height with Knudsen number. The maximum
performance is exhibited for smooth microchannel. But,
compared to the inline grooved channel, the staggered

grooved microchannel has shown better performance.
Future Work:

The study may be extended by considering the following

cases:

e To investigate fluid flow and heat transfer inline and
staggered with entry and exit length effect.

e To study with various types of roughness element with
regular and irregular arrangements on walls.

heat transfer

e To examine rough microchannel

enhancement with nanofluid using LBM.
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