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Abstract Triangular ribs are mounted on the parallel sidewalls of microchannels in order to reinitialize the
thermal boundary layer and improve the mixing of cold and hot fluids. This paper presents a detailed
numerical study on local laminar fluid flow and heat transfer characteristics in microchannel heat sinks with
tandem triangular ribs for Reynolds number of 443. Three-dimensional conjugate heat transfer models
considering entrance effect, viscous heating, as well as temperature-dependent thermophysical properties are
employed. Water and silicon are respectively used as fluid and solid for the computational domain. Triangular
ribs are attached in microchannels with either aligned or offset arrangement. Four non-dimensional geometry
parameters relative to the width, height, converging-diverging ratio and spacing of triangular ribs are proposed
to investigate the influence on local fluid flow and heat transfer characteristics. Velocity contour, pressure and
temperature distributions are examined to demonstrate the basic fluid flow and heat transfer mechanism. Local
pressure and temperature profiles are studied to show the influence of the triangular ribs on fluid flow and
heat transfer process. Local friction factor and Nusselt number for different non-dimensional geometry

variables are further investigated to comprehensively indicate the impact of triangular ribs. Results shows that
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the triangular ribs can significantly reduce the temperature rise of the heat sink base and efficiently prevent the
drop of local heat transfer coefficient along the flow direction, but also result in higher local friction factor
than the straight microchannel. For the studied operation conditions and geometry parameters of flow passage,
the heat sink base temperature varies in the range of from 301.90 to 324.31 K, the computed pressure drop and
heat transfer coefficient fluctuate from one triangular rib to the next and their amplitude and wavelength
significantly depend on the geometry and arrangement of triangular ribs. Compared to the reference straight
microchannel heat sink, a superior configuration considered in this paper can yield an improvement of up to

2.15 times higher of average Nusselt number.
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1. Introduction

With the rapid development of microminiaturization technology and the urgent requirement of high heat flux
dissipation, microchannel heat sink incorporating single-phase liquid flow has been widely applied in a variety
of applications, such as the cooling of electronic device, laser process equipment and aerospace technology,
etc. Firstly proposed by Tuckerman and Pease [1] in the early 1980s, it has many advantages, such as
compactness, light weight and higher heat transfer surface area to fluid volume ratio compared with other
macroscale heat exchangers. And extensive studies have been conducted on the fluid flow and heat transfer
characteristics in microchannel heat sinks. Furthermore, the highly-integrated electronic circuit has increased
the heat flux in electronic chips up to 1 kW/cm?, pushing the traditional straight microchannel heat sink to its
thermal limit [2, 3]. Recently, many significant works, based on passive techniques for heat transfer

augmentation, have been conducted with the potential to deliver more high heat flux for microelectronic



applications [4].

For the interrupted microchannel heat sink, Xu et al. [5, 6] demonstrated a heat sink consisted of a set of
separated zones adjoining shortened parallel microchannels and transverse microchambers. Results showed
that the hydraulic and thermal boundary layers were redeveloped in each separated zone, and the periodic
thermal developing flow resulted in significant heat transfer enhancement and similar or reduced pressure
drop. The pressure drop was attributed to two effects, one was the pressure recovery effect when liquids left
the upstream zone and the other was the increased head loss once liquid entered the next zone. Chai et al. [7, 8,
9] and Wong and Lee [10] introduced the staggered ribs into the transverse microchambers. They found that
the staggered ribs not only suppressed the heat transfer deterioration in the microchamber region, but also
improved the heat transfer coefficient to a much higher level in the separated microchannel zone, leading to
further improved heat transfer performance due to better flow separation and mixing of hot and cold liquids.
The local pressure drop and heat transfer in the microchamber were mainly influenced by Bernoulli effect,
entrance and exit geometry, and the developed stagnation or recirculation zone.

For the microchannel heat sink with passive microstructures, Promvonge et al. [11] examined the laminar
flow and heat transfer characteristics of a three-dimensional isothermal square channel with 45°-angled baffles
mounted in tandem with both inline and staggered arrangements on the lower and upper walls. In each of the
main vortex flows, a pair of stream wise twisted vortex flows was created by the baffles, which induced
impinging flows on a sidewall and wall of the baffle cavity and led to drastic increase in heat transfer rate than
the reference smooth channel. Liu et al. [12] and Ebrahimi et al. [13] investigated the thermohydraulic
performance of a microchannel heat sink with longitudinal vortex generators (LVG). Due to the better fluid
mixing, reducing the thermal boundary-layer thickness and an increase of the heat transfer area, the

microchannel with LVG can enhance heat transfer while consuming larger pressure drop, compared with the



smooth microchannel. Foong et al. [14] studied the fluid flow and heat transfer characteristics of a square
microchannel with four longitudinal internal fins. Parametric study on thermal performance showed that for a
given microchannel, there was an optimal fin height that provided the best possible heat transfer and pressure
drop characteristics. Compared to a smooth microchannel, the microchannel with internal longitudinal fins
had the following beneficial features: shorter length required for the development of the thermal boundary
layer, better flow mixing, steeper velocity gradient at the heated surface, increase of surface area for heat
transfer, and increase in surface heat transfer coefficient and Nusselt number. Xie et al. [15] investigated the
thermal and fluid flow characteristics of microchannel heat sinks with internal vertical Y-shaped bifurcations
and examined the effect of the length of Y-shaped bifurcation and the angles of the arms on the overall
performance. The longest internal Y-shaped bifurcation microchannel resulted in the best thermal
performance, and a larger arm angle led to better thermal performance but larger pressure drop.

For the microchannel heat sink with periodically varying cross-sections, Sui et al. [16, 17], Mohammed et
al. [18] and Lin et al. [19] studied the laminar flow and heat transfer in wavy microchannel heat sinks. When
the liquid passed through the wavy microchannels, secondary flow was generated, and the quantity and the
location of the vortices can change along the flow direction and result in chaotic advection, which can greatly
enhance the convective mixing of the flow. The penalty of pressure drop in the wavy microchannels can be
less significant than the heat transfer enhancement. And the increase of relative wavy amplitude can result in
better heat transfer performance. Ghaedamini et al. [20] studied the effects of geometrical configuration
(aspect ratio, waviness, and expansion factor) on heat transfer and fluid flow in a converging—diverging
microchannel heat sink. For the regular advection regime, increasing the waviness resulted in better heat
transfer performance, while for the chaotic advection regime, heat transfer increased drastically albeit with a

higher pressure drop penalty. Furthermore, the counter rotating vortices created in the trough region were



found to have an adverse effect on the performance of heat transfer. Chai et al. [21, 22] and Xia et al. [23, 24]
investigated the fluid flow and heat transfer in microchannel heat sinks with fan-shaped or triangular reentrant
cavities on sidewalls. The effects of geometry parameters, including the length, width, height and spacing of
the reentrant cavity, on pressure drop and heat transfer were further studied. The heat transfer enhancement
mechanism was attributed to the interruption of boundary layer formation, the enhanced convective fluid
mixing, the increased heat transfer surface area and the jet and throttling effects caused by the altered flow
passage. Chai et al. [25-28] studied the thermohydraulic performance of microchannel heat sinks with aligned
or offset fan-shaped ribs on sidewalls and investigated the effects of geometry parameters (length, width,
height, spacing and arrangement of fan-shaped rib) in such microchannel heat sinks. Local heat transfer
performance showed that the mounted fan-shaped ribs on sidewall can effectively prevent the decline of local
heat transfer coefficient along the flow direction, and the geometric parameters of ribs had a significant
influence on the performance of such microchannel heat sinks. For further heat transfer augmentation, Xia et
al. [29, 30, 31] and Ghani et al. [32] mounted the rectangular ribs into the microchannels with periodically
varying cross-sections and investigated their thermohydraulic performance. The combined effect of cavity and
rib was found to give better heat transfer performance than using individual technique. The heat transfer
mechanism can be attributed to the interruption of thermal boundary layer, the enhancement of internal
disturbance, the larger heat transfer area and the elimination of the stagnation zone in the cavity.

From the above investigations, it can be observed that the microchannel heat sink with passive techniques
can result in much better heat transfer performance, but is generally accompanied by larger pressure drop
penalty, and the geometry parameters of passive structures have significant influence on the thermohydraulic
performance of heat sink. For the microchannel heat sink with aligned or offset ribs on sidewalls, Chai et al.

[25] has conducted three-dimensional numerical models with five different shapes of offset ribs to examine



the local and average friction factor, and further for a systematic and detailed analysis, Chai et al. [26, 27, 28]
concentrated on the fan-shaped ribs and investigated the influence of rib geometry and arrangement on
thermal and hydraulic characteristics of such microchannel heat sink. As a continuous study, this paper focus
on the triangular ribs mounted in microchannels with either aligned or offset arrangements. Four
non-dimensional geometry variables relative to the width, height, converging-diverging ratio and spacing are
designed. The purpose of the first part of a two-part study is to supply the basic fluid flow and heat transfer
mechanism in such microchannel heat sink and to identify the effects of the geometric and arrangement

parameters on local fluid flow and heat transfer characteristics.

2. Model formulation and solution methodology

2.1. Geometry structure of microchannel

In order to save the computation time and take advantage of symmetry, a control volume containing a single
microchannel and its surrounding solid along with the base is selected for the numerical study, see Fig. la.
The length (Leom), Width (Weom) and height (Heom) of the computational domain are 10 mm, 0.25 mm and 0.35
mm, and the width (W) and height (Hc) of microchannel are 0.1 mm and 0.2 mm, respectively. The triangular
ribs are mounted on the two parallel sidewalls in tandem for both aligned and offset arrangements. The
geometric parameters of triangular ribs are shown in Fig. 1b, including the width (W;), height (H:), converging
width (Weon) and spacing (Sr), and are used to determine four non-dimensional variables, including the width
ratio of the rib to microchannel (W/W;), ratio of the rib height to the microchannel width (H/W¢), width ratio
of converging region to the single rib (Wen/W,), and ratio of the rib spacing to the microchannel width (S/W).

Moreover, a typical straight microchannel heat sink without ribs is introduced for comparison.
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2.2. Numerical model

A three-dimensional solid-fluid conjugate heat transfer model has been developed by Chai et al. [25] with the
assumptions of steady, developing laminar flow and considerations of temperature-dependent fluid
thermophysical properties and viscous dissipation. The working fluid is water and the material of the heat sink

is silicon. The continuity, momentum and energy equations for the problem can be written as
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where X1, X2 and Xz are X, y and z coordinates, respectively, as shown in Fig. 1a, u is the fluid velocity vector, p
is the hydrodynamic pressure, ps, us, Cpor and ks are the water density, dynamic viscosity, specific heat capacity
and thermal conductivity, respectively, and their temperature-dependent property equations are listed in Table
1 [33]. ks is the thermal conductivity of silicon and is set 148 W-m* K for the computation.

For the sake of completeness, the boundary conditions corresponding to Fig.la are mathematically
illustrated in Table 2. The inlet flow velocity ui, is selected to make sure the average velocity (u) in the
constant cross-section region is 3 m-s? and the corresponding Reynolds number (Re) is 443, and Ti, = 293 K
is set as the given temperature at the channel inlet. At the channel outlet, a constant pressure boundary
condition pout = 0 (gauge pressure) is applied. At the base of computational domain, a constant heat flux of qw
= 10° W-m?2 is employed. At the two sides of the computational domain, zero normal velocity and zero

normal gradient of temperature for the symmetry planes. And for other surfaces, adiabatic boundary is
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applied.

The CFD software ANSYS FLUENT 12.0 was sued to solve the governing equations. The SIMPLEC
algorithm is applied to solve the governing differential equations for the velocity, pressure and temperature
fields in the control volume. The convergence criteria is set with the normalized residuals of momentum and
energy equations at 10 for all variables. For every microchannel, a grid independence test is performed using
several different mesh sizes. The grid independence test is similar to Chai et al. [25]. For example, for the
microchannel heat sink (W= 0.1 mm, H;= 0.25 mm, S; = 0.4 mm and W= 0.07 mm, offset arrangement),
various meshes with number of cells ranging from 0.293 to 1.123 million are tested. The indicators of
thermohydraulic performance are insensitive to further grid refinement (with maximum deviations of 0.52%
for friction factor, 0.85% for Nusselt number) beyond a mesh of about 0.703 millions, which is used in the
present study. Comparison of numerical results with the experimental results from Chai et al. [24] as shown in

Fig. 2 further ensures the accuracy and reliability of numerical code.

3. Data acquisition

Reynolds number is defined as

Re = 24Dy (14)
Mt

where ps is the volume average fluid density, u is the average flow velocity as mentioned above, D is the

hydraulic diameter calculated based on the constant cross-section region, us is the mass average fluid dynamic

viscosity. The pr and us are defined as
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Local and average Fanning friction factor is calculated by
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where L is the length of computational domain, pi is the mass-weighted average pressure in the channel inlet

and pout is the pressure in the channel outlet. The py is defined as
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Local and average heat transfer coefficient and Nusselt number are calculated by
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where qw represents the heat flux at the silicon base, A is the contact surface area of water and silicon based on
the straight microchannel, W is the width of computational domain, k: is the mass average fluid thermal

conductivity and defined as

L
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Twx and Tsx are the local heat sink base temperature and the local bulk fluid temperature, respectively, defined

as
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4. Results and discussion

4.1. CFD plots of velocity, pressure and temperature distributions

Figures 3, 4 and 5 respectively present the local velocity, pressure and temperature distributions with x in the
range of 6.0 to 6.8 mm in the plane of z = 0.25 mm at Re = 443 for different heat sinks, and Table 3 indicates
the corresponding geometry parameters. As shown in Fig. 3, for the straight microchannel heat sink (MCHS),
the largest magnitude of fluid velocity is observed at the center line while its slowest valves is observed at the
walls, the flow profile’s shape does not change, and there is no velocity fluctuation in the y direction. The
aligned triangular ribs result in the increase or decrease of fluid velocity due to the Bernoulli effect, and the
MCHS-ATR shows the similar dynamic mechanism of the converging—diverging channel. The offset
triangular ribs lead to the change of flow direction due to the asymmetric arrangement and make the
MCHS-OTR performs the similar dynamic mechanism of the wavy channel. As mentioned above, both the
converging—diverging channel and wavy channel can be beneficial for heat transfer by improvement of the
convective fluid mixing, but their enhancement quality significantly depends on the channel geometry. The
triangular ribs can also interrupt the development of thermal boundary layer due to the flow fluctuation near
the walls. However, it should be noted that at the downstream of triangular ribs, the fluid velocity near the
walls is very small and some recirculation regions are formed there, particularly for the MCHS-ATR.
Depending on the intensity of the secondary flow, the recirculation can lead to improvement or deterioration

of heat transfer. As shown in Fig. 3, the different rib geometry but the same arrangement can result in different

10



velocity distribution and extent of recirculation, which also have a significant influence on the
thermohydraulic performance. As shown in Fig. 4, the pressure of the MCHS decreases continuously and
steadily due to frictional losses along the channel, while the pressure drop of the microchannel with triangular
ribs shows different patterns. The effect of aligned triangular ribs on pressure drop is mainly caused by the
Bernoulli effect, where the pressure rapidly decreases with the converging flow passage, increases with the
diverging flow passage which withdraws some pressure drop caused by fluid friction, and remains a slow
increase in the constant cross-section region which results in the inverse pressure gradient. The effect of offset
triangular ribs on pressure drop is mainly caused by the altered flow direction and partly by the changed flow
passage. The developed wavy flow can extend the flow length and prevent the development of hydraulic
boundary layer to cause more friction pressure drop. Regions with inverse pressure gradient is also found
downstream of the offset triangular ribs, but its regime is much smaller than that caused by the aligned ones.
Comparison of pressure distribution for the same geometry but different arrangement shows that the aligned
triangular rib can cause much larger pressure drop than the offset ones. For the local temperature distribution
as shown in Fig. 5, the large temperature gradient near the channel walls is obvious for the MCHS, indicating
that the mixing of hot and cold fluid is very weak. The offset triangular ribs can effectively enhance the
mixing of cold and hot fluid, which lead to lower temperature in the heat sink substrate and better heat transfer
performance. The aligned triangular ribs do not perform as well as the offset ones due to the large temperature
gradient at the downstream of ribs. Fig. 5 also shows the effects of different rib geometry but with the same
arrangement on temperature distribution and heat transfer, where the MCHS-ATR1 and MCHS-OTR1

respectively show better performance than the MCHS-ATR2 and MCHS-OTR2.

4.2. Effect of rib width on local fluid flow and heat transfer characteristics
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Figures 6a, 6b and 6¢ show the local pressure (px) along the flow direction and the corresponding Poiseuille
number (fxRe) with the non-dimensionalized length (x* = x/(DnRe)) as Re = 443. The tested geometry
parameters are W; = 0.1, 0.2, 0.3 and 0.4 mm, H, = 0.025 mm, Wcon = 0.07 mm and S; = 0.4 mm. Compared
with the MCHS, the channel with triangular ribs result in dramatic increase in the local pressure, particularly
for the aligned arrangement. The px at a given x position is larger for W,//W, = 1 and 4 than W,/W, = 2 and 3,
which is different from the pressure variation in the channel with fan-shaped ribs [27] where the px increases
with the increasing of W,, indicating that different rib shapes lead to different fluid flow characteristics. As
shown in Fig. 6b, the aligned triangular ribs result in larger pressure fluctuation with the changed flow passage
than the offset ones, and the diverging flow passage with larger W, leads to more obvious inverse pressure
gradient. As shown in Fig. 6c, the triangular ribs result in different local friction factor and Poiseuille number.
For the MCHS, the fxRe declines quickly in the hydrodynamic developing region, and then decreases very
slowly as x* > 0.055 due to the decreased viscosity. For the microchannel with triangular ribs, the fxRe at the
channel inlet is much larger than that of the MCHS, resulting from the larger pressure gradient caused by the
combined effect of the hydrodynamic developing flow with the converging of flow passage. And the fxRe
presents a wave motion around a reference and the wave amplitude is much higher for MCHS-ATR than
MCHS-OTR, and the wave amplitude becomes smaller along the flow direction partly with the flow
development and partly by the definition of the local friction factor.

Figures 7a and 7b illustrate the effect of rib width on local heat transfer characteristic, respectively for Twx
and Nuy along the flow direction as Re = 443, where the non-dimensionalized length x* = x/(DnRePr). The
triangular ribs can significantly reduce the temperature rise of the heat sink base along the flow direction and
is thus invaluable for applications involving hot spots mitigation in the electronic devices. Along the whole

length of microchannel, the Twx is increased by 20.8 K for MCHS, but just 10.1, 9.9, 11.1 and 11.1 K
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respectively for MCHS-ATR with W/W, = 1, 2, 3 and 4, and 9.9, 9.8, 11.5 and 12.2 K respectively for

MCHS-OTR with Wi/W. = 1, 2, 3 and 4. As a result, the microchannel with triangular ribs efficiently prevents

the drop of Nux. Nux also shows a wave motion around a reference with the changed converging—diverging

flow passage, where the converging flow passage leads to an increase of Nux while the diverging one results in

a decrease. The motion is more obvious for the MCHS-ATR than the MCHS-OTR due to the larger variation

of flow passage. In addition, compared with the variation of Nuyx with W, for the fan-shaped ribs [27], the

triangular rib width shows greater influence on the local heat transfer performance. For Wi//W, from 1 to 4, the

Nux of channel with triangular ribs varies in the range of 9 to 12.5 while only 10 to 12 for the channel with

fan-shaped ones.

4.3. Effect of rib height on local fluid flow and heat transfer characteristics

Figures 8 and 9 demonstrate the effect of H; on px and fxRe as Re = 443. The geometry parameter is W, = 0.1

and 0.2 mm, Weon = 0.07 mm, S; = 0.4 mm and H; = 0.005, 0.01, 0.015, 0.02 and 0.025 mm. As H./W. = 0.05

and 0.1, the MCHS-ATR presents the similar px at a specific position to the MCHS-OTR, and just a little

higher than the MCHS, and without obvious pressure fluctuation along the changed flow passage. As H/W. =

0.15, 0.2 and 0.25, the MCHS-ATR shows much higher py at a specific position than the MCHS-OTR and the

difference of py between them becomes much larger with increased H;, and the px of MCHS-ATR shows much

larger pressure fluctuation than that of the MCHS-OTR. These results indicate that only the H; is large enough,

does the rib exert an influence on the hydraulic boundary layer and trigger the pressure fluctuation.

Corresponding to the px along the flow direction, the variation of f\Re with x* could be identified: As H/W. =

0.05 and 0.1, the f,Re at a specific x* is almost similar for MCHS-ATR and MCHS-OTR and just a little

higher than the MCHS, while as H/W. = 0.15, 0.2 and 0.25, the fyRe at a specific x* is much larger for
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MCHS-ATR than MCHS-OTR and the difference becomes extremely larger with increase of H/W..

Figures 10 and 11 show the effect of H; on Twx and Nux as Re = 443. Ty at a specific position largely
decreases with the increase of H/W, indicating a higher rib can effectively interrupt the thermal boundary
layers and improve the heat transfer performance. With increase of H; from 0.005 to 0.025 mm, the Twx of
MCHS-ATR along the flow direction declines from 18.9 to 10.0 K as W, = 0.1 mm and from 19.9 to 9.9 K as
W; = 0.2 mm, and that of MCHS-OTR drops from 19.1 to 9.9 K as W, = 0.1 mm and from 19.8 to 9.8 K as W;
= 0.2 mm. As a result, the Nuy at a specific x™ obviously increases with increased H./W, and a larger H/W, can
keep the Nuy at a higher level along the flow direction. As H/W, = 0.05 and 0.1, the Nuy continually drops
along the flow direction and does not show obvious fluctuation as water flows across the triangular ribs, while
as H/W. = 0.2 and 0.25, the Nux shows a much higher level for both MCHS-ATR and MCHS-OTR and the

Nux for MCHS-ATR shows clear fluctuation as water flows across the triangular ribs.

4.4. Effect of rib s converging-diverging ratio on local fluid flow and heat transfer characteristics

Figures. 12 and 13 show the effect of Weon/W; on px and fyRe as Re = 443 with the geometry parameter of H, =
0.025 mm, S; = 0.4 mm, W, = 0.01, 0.03, 0.05, 0.07 and 0.09 mm as W, = 0.1 mm and 0.02, 0.06, 0.1, 0.14
and 0.18 mm as W, = 0.2 mm. The py at a specific position is generally higher for smaller or larger Weon/W;
and lower for medium Weo/W:, and changes much more with Weo/W; for MCHS-ATR than MCHS-OTR.
Different Weon/W; leads to different attack angles of fluid flow to ribs and the different rib arrangement results
in different converging-diverging-constant cross-section length ratio. Under those influences, the MCHS-ATR
and MCHS-OTR show much different effect of rib’s converging-diverging ratio on local fluid flow. Fig. 12c
clearly demonstrates the movement of the x-location with the lowest pyx and the variation of inverse pressure

gradient when water flows across the triangular ribs with changed Weon/W.. Corresponding to the variation of
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px With Weon, the MCHS-ATR shows much higher f,Re for Weon/W, = 0.1 as W//W, = 1 and obviously larger
fyRe for Weon/W: = 0.1 and 0.9 as W/W. = 2, while the f\Re of MCHS-OTR does not change much with
Weon/W.

Figures 14 and 15 show the effect of Weon/W: 0n Twx and Nux as Re = 443. As W/W. = 1, the Weon/W, has
less influence on Twx for MCHS-ATR than MCHS-OTR, while as Wi/W. = 2, the Weon/W, shows obvious
influence on Twx for both MCHS-ATR and MCHS-OTR. As a consequence of variation of Tuy with Ween/W,,
the Nux keeps around 11 for MCHS-ATR and changes in the range of 10.5 to 12.5 for MCHS-OTR as W/W; =
1, while the Nuy varies in the range of 8.5 to 13 for both MCHS-ATR and MCHS-OTR as W/W, = 2. As
shown in Fig. 15, the MCHS-OTR with Wcen/W; = 0.7 and 0.9 shows the highest Nuy at a specific x*, where the
channel with Weon/W; = 0.7 performs best as W,/W, = 1 and the one with Weo/W; = 0.9 becomes optimal as

Wi/W, = 2. And the MCHS-ATR with Weon/W; = 0.9 shows the best heat transfer performance as W/W, = 2.

4.5. Effect of rib spacing on local fluid flow and heat transfer characteristics

Figures 16 and 17 present the influence of S; on px and f,Re as Re = 443. The spacing of triangular ribs
demonstrates an important influence on the local pressure characteristic that the py at a specific position
largely increases with the decrease of S/W. for both MCHS-ATR and MCHS-OTR. A lower S,/W; means a
shorter constant cross sectional area between triangular ribs, leading to a higher developing region effect and
thus a larger pressure drop. It is also noted that a larger S//W. results in a larger pressure fluctuation as water
flows cross the triangular ribs, especially for the MCHS-ATR. A larger S/W, brings about a more developed
laminar flow upstream the triangular rib, and when it is interrupted, the fraction factor will changes much
more. Particularly for the MCHS-ATR, the changed flow passage combined the interrupted boundary layer

makes the local pressure fluctuate dramatically owing to the Bernoulli effect. As a result, the lower S/W. leads
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to the larger fluctuation of f\Re, especially for the MCHS-ATR. In addition, as shown in Fig. 17, for the cases
with S/W, = 20 and 10, the f,Re with x* coincides with MCHS at the channel inlet due to the hydrodynamic
developing region for both MCHS-ATR and MCHS-OTR, while for the cases with S/W. = 5 and 2.5, the fxRe
with x* at the channel inlet is a little different from those with S/W, = 20 and 10 for both MCHS-ATR and
MCHS-OTR, due to the short constant cross sectional area, where the triangular ribs has exerted an effect on
the fluid flow characteristic.

Figures 18 and 19 illustrate the effect of rib spacing on local heat transfer characteristic as Re = 443. As
shown in Fig. 18, the Twx at a given position largely decreases with the decrease of S/W.. As discussed above,
a lower S//W, results in a higher developing region in the constant cross sectional area and thus a better heat
transfer performance. For S/W. = 20 and 10, the MCHS-ATR and MCHS-OTR show closed Twx at a given
position as W, = 0.1 mm, while the MCHS-ATR performs much better than MCHS-OTR as W, = 0.2 mm. For
Si/W. = 2.5, the MCHS-OTR shows a better heat transfer performance than MCHS-ATR as both W, = 0.1 and
0.2 mm. Along the whole length of microchannel, the Twx is increased by 13.3, 11.7, 10.4 and 9.5 K as W, =
0.1 mm and 15.4, 13.4, 11.6 and 10.1 K as W, = 0.2 mm respectively for MCHS-ATR with S/W. = 20, 10, 5
and 2.5, and 14.3, 11.4, 10.2 and 9.1 K as W, = 0.1 mm and 19.8, 18.5, 10.0 and 9.7 K as W, = 0.2 mm
respectively for MCHS-OTR with S/W, = 20, 10, 5 and 2.5. Consequently, the Nux at a specific position
obviously increases with decrease of S/W. and a lower S/W; results in a higher Nuyx with no obvious drop
along the flow direction. The MCHS-OTR with S/W, = 2.5 presents the highest average Nusselt number,
which is 13.1 as W, = 0.1 mm and 12.1 as W, = 0.2 mm, respectively 2.15 and 1.98 times higher than the
reference MCHS. It is also noticed that as W/W; = 2, the MCHS-ATR shows much higher Nuy a specific x*

than MCHS-OTR for S/W. = 20 and 10, while the MCHS-OTR performs much better for S/W, = 2.5.
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5. Conclusions

The heat transfer mechanism of laminar flow in microchannel heat sinks with triangular ribs on sidewalls was

studied numerically and the effects of triangular ribs’ geometry and arrangement on local fluid flow and heat

transfer characteristics are investigated extensively. Based on the numerical results, the following conclusions

can be drawn:

M)

)

Triangular ribs mounted on the parallel sidewalls of microchannels can significantly reduce the

temperature rise of the heat sink base and efficiently prevent the drop of local heat transfer

coefficient along the flow direction, but also result in higher local friction factor than the straight

microchannel. These characteristics are caused by the repeated redeveloping of boundary layer, the

enhanced convective fluid mixing, the increased heat transfer surface area, and the recirculation

formed downstream of triangular ribs. The first three mechanisms lead to heat transfer enhancement

but larger pressure drop, and the fourth improve or deteriorate heat transfer, dependent on the

intensity and regime of the developed second flow.

Aligned and offset arrangement of triangular ribs result in much different local fluid flow and heat

transfer characteristics. Local pressure and heat transfer coefficient fluctuate from one triangular rib

to the next and their amplitude and wavelength significantly depend on the geometry and

arrangement of triangular ribs. The MCHS-ATR exerts an influence on the local thermohydraulic

performance mainly through the changed flow passage as the converging—diverging channel, leading

to much large fluctuation of local pressure and heat transfer. The MCHS-OTR affects the local

laminar flow and heat transfer mostly by the altered flow direction as the wavy channel, and partly

by the changed flow passage, which can result in similar heat transfer performance but much smaller

pressure drop and lead to much smaller fluctuation of local pressure and heat transfer than the

17



®)

(4)

MCHS-ATR.

Geometry of triangular ribs shows significant influence on local thermohydraulic performance. With

the increasing of rib width, the local pressure and local heat transfer at a specific position first

decreases and then increases. A lower rib height cannot exert obvious influence on local

thermohydraulic performance, while the larger one can lead to significant increase of local pressure

and local heat transfer. The rib’s converging-diverging ratio combines the rib width to affect the local

pressure and heat transfer. A smaller rib spacing lead to dramatic increase of local pressure drop and

local heat transfer.

For the studied geometry of triangular ribs and Reynolds number, with increase of H; from 0.005 to

0.025 mm, the Twx increase of MCHS-ATR along the whole channel length declines from 18.9 to

10.0 K'as W, = 0.1 mm and from 19.9 to 9.9 K as W; = 0.2 mm, and that of MCHS-OTR drops from

19.1t0 9.9 K as W, = 0.1 mm and from 19.8 to 9.8 K as W, = 0.2 mm; With decrease of S; from 2 to

0.25 mm, the Twx increase of MCHS-ATR along the whole channel length decreases from 13.3 t0 9.5

K as W, = 0.1 mm and from 15.4 to 10.1 K as W; = 0.2 mm, and that of MCHS-OTR declines from

14.3t0 9.1 K as W; = 0.1 mm and from 19.8 to 9.7 K as W, = 0.2 mm. Compared to the reference

straight microchannel heat sink, a superior configuration (MCHS-OTR with W; = 0.1 mm, H; = 0.025

mm, Weon = 0.07 mm and S, = 0.25 mm) can yield an improvement of up to 2.15 times higher of

average Nusselt number.
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Nomenclature

A

Cp

Dn

area, m?

specific heat, J-kg* K

hydraulic diameter, m

friction factor

average friction factor

heat transfer coefficient, W-m? K
average heat transfer coefficient, W-m? K-
height, m

thermal conductivity, W-m?. K
length, m

Nusselt number

average Nusselt number

pressure, Pa

heat flux, W-m

Reynolds number

spacing, m

temperature, K

average temperature, K

velocity, m-s™

average velocity, m-s™

width, m
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X,\¥,Z

Greek letters

U

Subscripts

com

con

exp

Abbreviations

ATR

CFD

LVG

non-dimensionalized length, x* = x/(DnRe)
non-dimensionalized length, x™ = x/(DrRePr)

three coordinates shown in Fig. 1a, m

density, kg-m

dynamic viscosity, Pa-s

channel
computational domain
contraction
experimental

fluid

inlet

outlet

rib

silicon

flow direction

heat sink base

aligned triangular ribs
computational fluid dynamics

longitudinal vortex generators
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MCHS

OTR

microchannel heat sink

offset triangular ribs
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Figure captions

Table 1 Temperature-dependent property equations of water [33].
Table 2 Boundary conditions.

Table 3 Geometry parameters of triangular rib in CFD plots.

Fig. 1 Microchannel heat sinks with triangular ribs on sidewalls. (a) Computational domain. (b) Geometry
parameters and arrangement of triangular ribs.

Fig. 2 Verification of numerical model.

Fig. 3 Velocity contour.

Fig. 4 Pressure distribution.

Fig. 5 Temperature field.

Fig. 6 Effects of rib width on local hydraulic characteristics. (a) px versus x. (b) variation of py for 5.6 mm < x
< 7.2mm. (c) fxRe versus x*.

Fig. 7 Effects of rib width on local heat transfer characteristics. (a) Twx versus x. (b) Nux versus X".

Fig. 8 px versus x for different H/W.. (a) as Wi/W; = 1, Weon/W; = 0.7 and S/W. = 4. (b) as W/W; = 2, Weon/ W,
=0.7and S/W:=4. (c)as6 mm < x <6.8 mm.

Fig. 9 fxRe versus x* for different H/W.. (a) as W/W, = 1, Weon/W, = 0.7 and S/W, = 4. (b) as W/W, = 2,
Weon/W, = 0.7 and S/W; = 4.

Fig. 10 Twx versus x for different H/W.. (a) as Wi/W; = 1, Weo/ W, = 0.7 and S/W; = 4. (b) as W/W; = 2,
Weon/W, = 0.7 and S/W; = 4.

Fig. 11 Nux versus x" for different H/W,. (a) as W/W, = 1, Weo/W: = 0.7 and S/W, = 4. (b) as W/W, = 2,

Weon/Wr = 0.7 and S/W; = 4.
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Fig. 12 pyx versus x for different Weon/W:. (2) as W/W, = 1, H/W, =0.25 and S/W. = 4. (b) as W/W, = 2, H/W;
=0.25 and S/W. = 4. (c) as 6 mm < x < 6.8 mm.

Fig. 13 fxRe versus x* for different Weon/W:. (2) as Wi/W, = 1, H/W, =0.25 and S/W. = 4. (b) as W/W, = 2,
H./W, =0.25 and S/W. = 4.

Fig. 14 Twx versus x for different Weon/W,. (a) as Wi/W, = 1, H/W, =0.25 and S/W. = 4. (b) as W/W; = 2, H/W_
=0.25 and S/W; = 4.

Fig. 15 Nux versus x* for different Weon/Wr. (a) as W/W, = 1, H/W, =0.25 and S/W; = 4. (b) as W/W, = 2,
H/W, =0.25 and S/W. = 4.

Fig. 16 px versus x for different S/W.. (a) as Wi/We = 1, H/W, =0.25 and Weon/W; = 0.7. (b) as Wi/W, = 2,
H/W, =0.25 and Weon/W; = 0.7.

Fig. 17 fiRe versus x* for different S/W.. (a) as Wi/W, = 1, H/W, =0.25 and Wcon/W, = 0.7. (b) as Wi/W; = 2,
H/W, =0.25 and Weon/W; = 0.7.

Fig. 18 Twx versus x for different S/W.. (a) as W/W, = 1, H/W, =0.25 and Weon/W; = 0.7. (b) as Wi/W; = 2,
H/W, =0.25 and Weon/W; = 0.7.

Fig. 19 Nux versus x” for different S/W.. (a) as W/W, = 1, H/W, =0.25 and Weon/W; = 0.7. (b) as W/W; = 2,

H/W; =0.25 and Weon/W; = 0.7.
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Table 1 Temperature-dependent property equations of water [33].

999.84+18.225T —7.92x10°T* —5.545x10°T* +1.498x10"T* —3.933x10™°T®

& 1+1.816x10°T
247.8

4, =2.414x10° x107

C,, =8958.9-40.535T +0.11243T* -1.014x10T*
k, =—0.58166+6.3556 x10°T —7.964x10°T*

¢ —

where the unit of T is °C in Eq. (5) and K in Egs. (6), (7) and (8).

®)

(6)

U]

®)
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Table 2 Boundary conditions.

Velocity-inlet boundary X = 0: u= Ujp and T = Tin
Pressure-outlet boundary X =10 mm: pr = Pout

oT
Constant heat flux boundary  z=10: —k, azs =q,

oT.
Symmetry wall boundary y=0andy=0.25 mm, ay =0

Adiabatic boundary All other surfaces, %r(f =0 or 6;( =0

©)

(10)

11)

(12)

(13)
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Table 3 Geometry parameters of triangular rib in CFD plots.

Heat sink Rib arrangement W (mm) H; (mm) Weon (mm) Sy (mm)
MCHS-ATR1 aligned 0.1 0.025 0.07 0.4
MCHS-OTR1 offset 0.1 0.025 0.07 0.4
MCHS-ATR2 aligned 0.2 0.025 0.07 0.4
MCHS-OTR2 offset 0.2 0.025 0.07 0.4
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Fig. 1
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Fig. 3
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Fig. 4
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Fig. 5
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Fig. 6
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Fig. 7
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Fig. 8
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Fig. 9
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Fig. 10
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Fig. 11
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Fig. 12
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Fig. 13
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Fig. 14

T, (K)

. (K)

T

w,

330

325

320

315

310

305

300

330

325

320

315

310

305

300 L

— - Weo/ Wr=0.1
***** Weon/ Wr=0.3
fffff Weon/W=0.5
----- Weon/W=0.7

***** Woon/We=0.9
aligned offset

—— MCHS

Wil We=1, Hi/ We=0.25, Si/We=4

(b)

45

10

1 1 1 1
0 2 4 6 8 10
x (mm)
(a)
F— Weon/ We=0.1 —— MCHS
[— ----- Weon/ We=0.3
- Wean/ =05
[—— ----- Weon/We=0.7
F— Wean/ 0.9
[aligned offset
We/We=2, Hr/We=0.25, St/ et
1 1 1 1
0 2 4 6 8
x (mm)



Fig. 15

20

: —— MCHS —— - Weon/ Wi=0.1
18 - —_— - W03
16 _ — -- - Weo/Wr=0.5

[ W W1, Hy We=0.25, S/ We=4
1 1

4
0.000 0.005 0.010 0.015 0.020 0.025 0.030
N
X

[ =2, Hel We=0.25, St/ =4
1 1

4
0.000 0.005 0.010 0.015 0.020 0.025 0.030
N
X

(b)

46



Fig. 16
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Fig. 17

aligned offset

[ /], Bl Wem0.25, Weon/ Wil 7
0
0.000  0.025 0050 0075 0100 0125 0150 0.175

+

x
(a)
200
r — MCHS — ----- St/ We=20
I _ S/We10
10T _ - S5
- - SdWe2 S
120 _ aligned offset
) L
<
80 -
40 b )
r W:/WFIZ, [{I/WL:Q.ZS, Wcon/lWr=0.7 ) )

0

0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175
+

X

(b)

48



Fig. 18
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Fig. 19
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