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Abstract

The effect of passive fluid mixing upon convective heat transfer across rectangular
micro-channels within the laminar flow regime has been numerically investigated. Proposed
model makes use of a novel diverging-converging base corrugation design combined with vortex
generation methods. Resulting effect of passive fluid mixing upon convective heat transfer and
hydrodynamic flow phenomena across rectangular micro-channels has been numerically
investigated. The effect of increase in Reynolds number upon friction factor and Nusselt number
was observed within the laminar flow regime. For this purpose, a combination of vortex
generation in the upper region of flow and continuous flow disruption in the lower region was
employed using optimized bends/connecting bridge and base corrugation respectively.
Significant heat transfer enhancement was achieved through this combined effect. The
subsequent work was verified for two independent case studies: 1) Bended-Corrugated channel,
2) Interacting-Corrugated channels. In the first case, an optimized bend generating Dean Vortices
was combined with base corrugation, which provided flow disruption effect in the lower region
of the channel. For high Reynolds numbers, the overall increase in Nusselt number of up to
32.69% and thermal performance enhancement of upto a maximum value of “1.285 TPF” was
observed. For interacting channel model, a connecting bridge of varying width was introduced
between adjacent channels for parallel and counter flow configurations, where only the counter
flow configuration was found to generate counter rotating vortices. The said model in
combination with base corrugation provided an improved performance reaching up to “1.25
TPF”, however as opposed to bended channel, a major decrease in pressure drop of up to 26.88%
was observed for this configuration. For both cases, the diverging-converging base corrugation
was found to be dependent on width ratio as well as aspect ratio of the corrugation model. The
experimentally determined relations for alumina nano-fluids provided by Rea and KKL models
were compared for both cases and the Rea model was found to be geometry dependent as

opposed to the generalized KKL model.

Key Words: Passive mixing, Vortex generation, Interacting channels, Nano-fluids, Corrugation
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CHAPTER 1: INTRODUCTION

1.1 Background:

Homogeneity of wall temperature is an essential requirement for most industrial
equipment as well as lab on chip devices. The recent advancements in microchip technology
have provided immense functionalities within small sized equipment. Owing to their small size
these micro-devices find their use in a large number of applications including the aerospace,
biomedical, chemical, computing and automotive industry. However, the presence of large
localized heat inside such devices greatly affects their performance and durability. This localized
heat needs to be constantly removed for optimum performance. In this regard, micro-channel
heat exchangers have come forth as an attractive solution to dissipate heat from small spaces.
These heat exchangers are used as cooling devices with applications in small equipment like lab
on chips as well as large scale equipment such as gas turbine blades and process industry. The
easiest way to study such problems is through heat flux modeling where the heat generated by
the component is used to predict the cooling load. In some cases, the heat flux generated by
devices can be predicted with varying degrees of accuracy, however for most cases the variations
in applications make it difficult for scholars to model the problem for practical scenarios where
the flux cannot be predicted accurately. The highest allowable operating temperature of device is
a parameter that is used to select appropriate heat sink. Since one of the primary objectives of
micro-heat sinks under study is to maintain the temperature of equipment below a critical
temperature, therefore their performance needs to be studied for cases where surface
temperatures close to critical temperatures have already been achieved. In such extreme
conditions, the resulting convective heat transfer performance of heat sink is of significant
importance and can be used to determine the maximum heat dissipation ability. This in turn also
provides the cooling effect of MCHE that can be achieved within the safe operational range of

devices for different temperatures and flow rates.

1.2 Micro-channel Heat Exchangers:

The concept of small scale heat exchangers was first introduced by Tuckerman and
Pease[1] at the Stanford University research lab in 1981. The MCHE are a class of heat



exchangers whose sizes are generally less than 1 mm. The operating fluid is forced to flow
through confined spaces of channels with small hydraulic diameters. The working principles of
these heat exchangers are the same as those of conventional heat exchange devices. Their small
size allows them to be used for smaller applications and because of this intimate size they are
widely used for cooling of electronic devices, however, in recent times this use has expanded to
chemical, environmental as well as industrial applications. These devices have been classified by
different scholars with small differences between each classification systems. Mehendale[2]
referred to channels with cross sectional dimensions between 1 to 100 microns as micro-channels
while channels of smaller dimensions were referred to as nano-scale channels. The Kandlikar [3]
classification defines mirco-channels as those with smallest dimensions between 10 to 200
microns and side lengths bigger than these were referred to as mini-channels. The classification
provided by Obot[4] has been adopted by many scholars [5]-[7], where the channels of hydraulic
diameters of less than 1 mm. are referred to as micro-channels. These MCHE can also be
classified on the basis of operating fluids, however in recent times the use of nano-fluids as
coolants has become very popular and is the preferred coolant in comparison to others.

The MCHE provide a number of benefits in comparison to other forms of cooling. Due to
their small size, they provide a higher surface to volume ratio and therefore require less coolant
in comparison to conventional heat exchangers. The small volume of fluid flowing inside
confined spaces provides more intimate contact of fluid with the cooling surface, thus achieving
higher heat transfer rates. The operating fluid is forced across the small cross section of micro-
channel and the resulting values of convective heat transfer co-efficient for flow across the
length are studied. Where the heat transfer co-efficient is expressed in terms of thermal
conductivity, hydraulic diameter and Nusselt number as will be discussed in the following

chapters

1.3 Geometry

Forced convection through motion of fluid within confined spaces of sizes less than
1mm. are referred to as micro-channel heat exchangers. A number of geometrical variations
within MCHE have been studied by different scholars. The cross sectional shape of micro-
channels can be classified into different types with basic geometrical shapes as well as novel

designs being encountered in this research area. Regular geometrical shapes such as circular,



triangular, rectangular, trapezoidal and elliptical geometries are commonly used as cross sections
of these channels. These regular geometrical shapes can be further modified by applying corner
of intermediate modifications to the geometry. The direction of fluid inlet can be axial, angular
or perpendicular depending upon the applications, while along the length, the channels can be
straight, spiral or curved as per design criteria defined by scholars.

1.4  Scope of Work

With the rapid development of MEMS (Micro Electro-Mechanical Systems), the use of
lab on chip devices has become fairly common with applications in electronic chip cooling as
well as chemical and biomedical applications. Polymerase chain reaction (PCR) is a common
technique used to detect the presence of pathogens[8], [9] and hereditary disorders[10]. The
entire testing process takes place in three successive steps of denaturation, annealing and
extension, each of the station temperatures of 95, 55 and 72 °C respectively, needs to be
maintained at constant levels for optimum performance. The work done by selva et al.[11], [12]
required maintaining a certain temperature gradient, in order to control the motion of droplets
and bubbles through thermo-capillary effect. The above mentioned examples underscore the
importance of developing an efficient cooling system capable of maintaining constant surface
temperatures of working areas.

The aim of the study was to observe the passive mixing and convective heat transfer
enhancement for fluid flow across micro-channels. Base corrugation used in combination with
vortex generation is a new concept introduced by the present study and no previous work has
been done by scholars to study this combined phenomenon. Since the fluid problems can be
modelled through numerical methods therefore the present work employs FVM based solution of
Navier-Stokes equations to study the performance of novel MCHE design. The improved
performance and design margins demand an optimized design and accurate prediction of flow.
Nano-fluids are becoming increasingly common in such heat exchangers and the same have been
employed as coolants during the course of this study. While the presented idea can be expanded
to a number of areas, the current work has been limited to the study of below mentioned
objectives.

1. Optimum aspect ratio for given short length micro-channel

2. Passive mixing using combined effect of vortex generation and base corrugation for two



novel design geometries.
a. Bended-Corrugated Single Channel Model:
I.  Optimum Bend Selection
ii. Development of new corrugation model
iii. Addition of commonly used Metal-oxide (Al2O3) nano-particles to DI
water.
b. Interacting-Corrugated Dual Channels:
i. Introduction of connecting bridge and bridge angle study for
straight/bended channels
ii. Parallel flow and Counter flow phenomena
iii.  Flow mixing phenomenon for geometric variations.

iv. Base corrugation effect and nano-fluid study



CHAPTER 2: LITERATURE REVIEW

The origin of micro-channel heat sinks can be traced back to Tuckerman and Pease[1],
who introduced this concept at Stanford University in 1981, by demonstrating the benefit of
enhanced heat transfer in such devices. Due to their size, these devices provide a higher surface
area contact for heat dissipation[13]. Knight et al.[14] formulated a solution scheme for both
laminar and turbulent flow regimes in micro-channels. While working at micro-scale the
capability of macro-scale theory to accurately predict micro-scale phenomenon is of significant
interest. The transferability of these relations has been contested by a few researchers with a few
contradictory results being brought forth[15], [16] . However, most scholars were unable to
conclude major differences between macro and micro-scale applications. The experimental study
of Mishan et al.[17] was based on heat transfer and pressure drop across channels. They
concluded that the conventional theory holds good for prediction of flow in micro-channels. Xu
et al[18] numerically studied the flow characteristics for Reynolds number between 20 to 4000
concluding that the flow in micro-channels was in agreement with theoretical navier stokes
equations. Therefore the earlier reported discrepancies can be attributed to scaling effect and
measurement uncertainties due to viscous heating, wall roughness, entrance effects and
temperature dependent properties of fluids [19]-[21].

The above scaling effects were subsequently studied by a few scholars who determined
the entrance length in micro-channels. Whenever the length of micro-channels is small, the
channel entrance length cannot be ignored and needs to be addressed [3]. Ahmad and Hassan[22]
experimentally studied the hydrodynamics of flow in the entrance region and developed an
empirical relation independent of aspect ratio. Galvis et al.[23] studied the effect of hydraulic
diameter and aspect ratios using numerical simulations. He proposed separate correlations for
different range of aspect ratios and Reynolds number contradicting the earlier study irrespective
of aspect ratios by Ahmad and Hassan[22].

Upadhye and Kandlikar et al.[24] studied the aspect ratio optimization for micro-channels
against different boundary conditions. Gao et al.[25] studied water flow in silicon ducts of
rectangular cross-section. Gamrat et al.[13] numerically studied the conduction and entrance
region for laminar flow of water across rectangular channels. Their geometry was modelled

against the experimental work of Gao et al.[15]. The numerically formulated Poiseuille number



values were found to be considerably smaller than the ones given developing flow equation by
Shah and London[26] and the observed deviation was attributed to the entrance region effect.
Dharaiya and Kandlikar[27] heat transfer in rectangular micro-channels for developing and fully
developed flow cases, concluding that the Nusselt number decreases with increase in aspect ratio
for one or two sides heated boundary conditions. Moharana and Khandekar[28] concluded that
the average Nusselt number decreases with increasing aspect ratio until an aspect ratio value of
“2” after which it starts increasing.

Peng and Peterson[29] experimentally investigated the heat transfer characteristics of
water through micro-channels. It was found that the heat transfer in laminar regime is dependent
on aspect ratio of the channel while small resistance values were recorded in case of turbulent
flow comparison with classical relations. Sahar et al[30] studied the single and multi-channel
configurations for different hydraulic diameters summarizing that the flow transition from
laminar to turbulent regime occurs at Reynold number values beyond 1600. While Zhang et
al.[31] experimentally determined the flow transition region range of Reynolds number between
1200-1600 for channels of hydraulic diameter between 0.48 to 0.84mm. The study by Harms et
al.[21] concluded that the transition occurs at 1500 Re. Since the present study has been limited
to laminar flow regime, therefore a range of 50< Re <1000 has been identified as the operating
range for accurate prediction of flow behavior within the laminar flow regime.

A three dimensional model for conjugate heat transfer was developed by Fedorov and
Viskanta[32] who concluded that the thermo-physical properties are temperature dependent as
uniformity in average wall temperatures was observed along the channel. Hetsroni et al.[33]
studied hydrodynamic characteristics of laminar flow in micro-channels with heat flux boundary
condition, wall conduction, energy dissipation and temperature dependent fluid properties of
fluid. It can be concluded that for an accurate problem formulation the heat transfer should be
three dimensional and fluid properties need to be to be temperature dependent.

Renksizbulut and Niazmand[34] studied the heat transfer characteristics within entrance
region of trapezoidal channels for laminar flow and T boundary condition. The performance of
thermally developing flow with H1 boundary conditions and rectangular cross section micro-
channels was numerically studied by Lee and Garimella[35]. The changes in convective heat

transfer rates against aspect ratio were studied in order to obtain correlations for average Nusselt



number. This study was further extended by Smith and Nochetto[36] who studied aspect ratios of
up to 100 in order to obtain a relation that covers broader range of aspect ratios.

Different schemes of fluid mixing have been investigated by scholars with the two main
types being active and passive mixing of fluid. The passive mixing can be achieved by subtle
variations in geometry, design, surface roughness, curvature or obstructions. The hydrodynamic
study of curved channels was performed by Dean[37], [38]. According to his study on circular
pipes, the curvature induces a centrifugal effect on fluid flow thus producing imbalance in
velocity gradient. This instability known as Dean instability leads to fluid recirculation across the
curve. Sudrasan[39] and di carlo[40] demonstrated the useful effects of dean vortices along with
fluid mixing.

Xu et al.[41] studied the effect of boundary layer re-development through experimental
studies. They demonstrated the decrease in pressure drop and enhanced heat transfer that can be
achieved from the shortened effective flow length of these micro-channels. Therefore, the dean
vortices combined with continued flow disruption in the lower region of the channel can be a
very effective method of enhancing heat transfer. The cooling effect in microchannels can also
be increased by the use of nanofluids as cooling mediums with many studies favouring the use of
metal oxides as nano particles inside base fluids[42]-[44]. The effect of this fluid mixing can be
exaggerated by the presence of nano-particles introduced in deionized water. Through this
method the nano-particles can effectively transfer heat not only through the natural Brownian
motion but also through fluid mixing.

In the present work, the performance enhancement of micro-channels due to geometric
variations resulting in passive mixing with nanofluids as coolants has been compared to the
conventional straight channel design with deionized water as cooling fluid. The numerical
simulations have been conducted against variations in geometry, nanofluid type, concentration
and Reynolds numbers within the laminar flow regime. The results have been expressed in terms

of thermal performance factor to study the overall thermal performance of these channels.



CHAPTER 3: NUMERICAL MODELS

Since the study was conducted for steady laminar flow across rectangular micro-channels
of varying hydraulic diameters, therefore the flow and heat transfer characteristics were
modelled through the use of continuity, energy and momentum equations. As the steady flow
does not vary with time and therefore the solution for equilibrium state was obtained through
discretization of above mentioned equations. The present study assumes that the operating fluid
acts as a single phase Newtonian fluid with no body forces or viscous dissipation. The flow
condition is that of a steady state laminar flow in three dimensional domain with no slip
condition at the fluid-solid interface. The CFD equation utilized for the present study have been
discussed in the following section.

3.1 Single phase equations:
3.1.1 Conservation of Mass:

The conservation of mass commonly known as the continuity equation can be expressed

as
% + V.(pv) = S,, (3.1)

This generalized form of this equation is valid for compressible as well as incompressible

flows. In the given equation the gradient is given in terms of density "p" and time “t”. The vector

—
" "

v" represents inlet velocity while the term "S,,

represents the external mass added to the

system through inlet.

3.1.2 Conservation of Momentum:

The momentum conservation equation in an inertial frame of reference can be expressed

as

9 (pV)

== 4 V.(pUP) = —Vp + V. () +pg + F (3.2)

?=ux {(vﬁ +ViT) - 2V. 131} (3.3)



Where 7 is the stress tensor whose relation given by equation no. 3.3, the product of

density and gravitational constant is the body force, while F is the external body force, | is the

unit tensor, VT is the volume dilation effect and “p” is the static pressure term.

3.1.3 Energy:

The energy equation can be expressed as

2 (pE) + V.(B(E + ) = V. (kepsVT = S 1] + (Repr. ©) ) + S (3.4)

E=h—%+§ (3.5)

For the above mentioned equations, the term f] represents the diffusion flux, while Kest.
represents the effective thermal conductivity when a turbulent flow model is used. The three
terms, enclosed in parenthesis, on right side of the equation no. 3.4 are the conduction, diffusion

and viscous dissipation terms respectively, while the fourth term accounts for heat sources

occurring either due to any chemical reaction or through any other external volumetric source.



CHAPTER 4: METHODOLOGY

Fluid problems are usually addressed through numerical, experimental or a combination
of both techniques. The present numerical study of micro-channels focuses on a three
dimensional conjugate heat transfer formulation. The operating fluids is de-ionized water with
temperature dependent thermo-physical properties, while the solid material is copper having
fixed thermo-physical properties, whose properties have been taken from the NIST database.

The entrance length is longer for laminar flow as compared to turbulent flows, this is due
to the delayed flow profile development occurring as a result of shear forces at the boundary
layer. Since the heat transfer rates are superior inside the entrance region, therefore it is favorable
to delay the boundary layer formation, in order to achieve improved heat transfer rates. Passive
mixing can be employed as a viable solution, however the design of channel should be capable
of promoting heat transfer and mixing along the entire cross section and should not be limited to
the boundaries of the channel, as was observed in literature. The flow cross section for the
present case has been broken down into two parts with the corrugated model at the base of
channel maximizing the conjugate heat transfer within the fluid in contact with the heating
surface. The vortex phenomenon in the upper region of channel promoting homogeneity of
temperature by distributing this heat evenly across the entire cross-section of fluid thus

delivering an increased cooling effect and extracting maximum heat from the die surface.
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Fig. 1: a) Schematic of straight channel setup, b) Front view (Section) for domain definition
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In this regard, different aspect ratios and hydraulic diameters of straight rectangular
copper micro-channels, as shown in Fig. 1Error! Reference source not found.-a, were studied
0 determine the best performing geometry. The three dimensional problem setup is shown in Fig.
1-b, where the total length of channel was kept fixed at 18mm. since the lab on chip for which
the solution is being developed is a square geometry with an equivalent side length. The analyses
were performed for three different source temperatures to ensure continuity of performance
pattern as shown in Table 1. The results were evaluated in terms of parameters such as Nusselt
number and pressure drop. The dimensionless parameter of friction factor has been used as
reference for comparison of pressure drop across different channels. The performance of
finalized straight channel was enhanced though two separate design variations that have been

numerically investigated to determine the effect of passive mixing.

Table 1: Straight Channel Parameters

Width “w” Height “h” Length “L” Reynolds  Temperature

S. No. (um) (um) (mm.) Number (K)
1 323.15
2 50-350 50-350 18 100-1000 343.15
3 363.15

Details of parameters utilized for this study are given in Table 1. A symmetry condition
was applied across the channel length splitting the domain into two halves about a vertical axis
from the center. The simulation results were evaluated in terms of dimensionless parameters of
Nusselt number and friction factor. The performance of finalized straight channel was enhanced
though two separate design variations that were numerically investigated to determine the effect

of passive mixing, as discussed in the following section.

4.1 Geometry
4.1.1 Bended-Corrugated Channel Model:

Un-interrupted flow mixing across bended-corrugated channels of fixed length was
studied with incremental design evaluation steps. The heat transfer enhancement of best
performing straight channel geometry was achieved through introduction of a series of two

consecutive bends. Sharp cornered bends of different angles, as shown in Fig. 2, were introduced
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along the length of the channel in order to determine the effect of sharp bends and the resulting
fluid mixing effect. A mathematical model describing the relation of bend angle “8” as a
continuous variable was subsequently developed for both Nusselt number and friction factor
parameters. The selection of optimum bend was carried out through response optimization of the
aforementioned parameters. Since, sharp bends are not desirable from a design viewpoint,
therefore the flow across bended geometry was mimicked through smoothing of sharp edges to
obtain an equivalent curved channel model providing near identical performance. A new
diverging-converging base corrugation scheme in the form of array was introduced at the bottom
of the channel to promote flow disruption close to conjugate heat transfer phenomenon at the
base. The corrugation model was studied for variation in width ratio as well as aspect ratio to
determine the effect of change in these parameters over the corrugation scheme for the design.
The bended channel with corrugation used for this study is given in Fig. 2 while its dimensional
parameters are given in Table 2. The base corrugation in this model has been used in the form of
a series of diverging-converging pattern and resulting effects of flow disruption has been studied.

< -1 Qutlet

Fig. 2: Schematic of Bended Channel Geometry

A new diverging-converging base corrugation scheme as shown in Fig. 3, in the form of
array was introduced to promote flow disruption close to conjugate heat transfer phenomenon at
the base. The Wmin. and Wmax. As shown in the reference represent the minimum and maximum

width respectively.
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Fig. 3: Diverging-Converging corrugation geometry

The base corrugation scheme has been used in the form of a series of diverging-converging
pattern and resulting effects of flow disruption have been studied. After finalization of optimized
geometry, the effect of variation in operating fluid by adding nano-particles to de-ionized water

was studied for the most efficient model.

Table 2: Single channel model parameters

S. No. Symbol Dimensions
1 L 60w
2 L1 20w
3 0 (deg.) 0 -90°
4 W (um) 300
5 H w

4.1.2 Interacting-Corrugated Channel Model:

In case of interrupted flow mixing across micro-channels, an interacting channel design
with connecting bridges of varying width close to both ends of the channel were introduced
between two adjacent straight channels. The resulting fluid mixing phenomenon and heat
transfer rates were studied for the interacting channel case. The numerical models were
simulated for both parallel flow and counter flow cases. The three dimensional model of this

geometry and its parameters are given in Fig. 4 and Table 3 respectively. The flow phenomenon
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shows behavior of fluid across the bridge, with the counter flow model generating counter
rotating vortices and providing superior performance for the same operating fluid and Reynolds
numbers. The counter flow model was further investigated with varying dimensions of bridge
width to determine the most effective design for fluid mixing. The model was then subsequently
studied in combination with base corrugation scheme and variation in operating fluid. The final
results for both cases were expressed in terms of thermal performance factor.

Qutlet Inlet

Fig. 4: Interacting-Corrugated channel geometry (counter flow)

Table 3: Interacting channel model parameters

S. No. Symbol Dimensions

1 L 60w
2 L1 10w
3 L2 40w
4 0 (deg.) 90°
5 W (um) 300
6 H w

7 S W
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4.1.3 Operating fluids:

The numerical study was conducted for two different types of coolants. De-ionized water
with temperature dependent thermo-physical properties was utilized as the primary operating
fluid for all simulations. For data reduction purpose, operating fluid was kept the same during
design exploration of different geometrical schemes. The heat transfer enhancement study for
geometries was conducted using de-ionized water as the coolant and the same DI-water was
utilized as base fluid while formulating nano-fluids. The nano-fluids were studied for a
combination of efficiency and economy. In this regard, different volume fractions of alumina
nano-particles were added to the base operating fluid using the relations provided by Rea et al.
[45]and KKL model[46]. Both of the previously discussed models were subsequently simulated
for de-ionized water and nano-fluids to determine the difference in heat transfer rates of nano-
fluids across straight channels against geometries that promote more mixing of flow across the
channel. The properties of de-ionized water, alumina and copper have been given in Table 4,
where the solid copper and alumina nano-particle properties have been obtained from NIST data.

Table 4: Properties of DI water and Copper

S. No. Units De-ionized water [47], [48] Copper Alumina
1 u (Pa.s) 0.0194 — 1.065 X 107*T + 1.489 x 1077T? - -
2 k (W/m.k) —0.829 + 0.0079T — 1.04 x 107°T? 387.6 36
3 GCp(lkgk) 5348 — 7.42T + 1.17 x 10~2T?2 381 765
4 p (Kg/md) 998.2 8978 3970

4.1.4 Data reduction:

Optimum design point criterion was employed for data reduction purpose. The best
design point of each aspect ratio was determined through response optimization between the
dimensionless heat transfer and pressure drop parameters. While the selection of design point
was based on optimization of parameters using the highest Nusselt number and lowest value of
dimensionless pressure drop as desirable conditions, the basic idea behind this criterion can also
be expressed in graphical form as shown in Error! Reference source not found., which shows
he utilization of trade-off between parameters and the resulting optimized Reynolds number
selection for given geometry. Therefore, each of these design points were used as the reference
performance evaluation points for their respective geometries. The initial straight channel

simulations were performed for three separate critical temperatures, as shown in Table 1 of the
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previous section, however since a similar trend in all three temperatures was observed and
varying heating temperatures showed no difference in graphical trends, therefore the lowest
temperature was chosen as the design evaluation reference. Through above mentioned data
reduction methods the total data was reduced from 1470 to 147 design points for considerations.
The optimized design points for each geometry were then plotted against the dimensional
elements to determine the best performing geometry. The subsequent geometrical analyses were
carried out in terms of deionized water and only the finalized geometries were used for

comparison between performances of different nano-fluids.
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Fig. 5: Design Point

4.2  Assumptions:

The numerical model developed for this heat transfer problem was assumed to satisfy the
following criteria:

1. Fluid incompressibility in three dimensional domain

2. Steady state laminar flow regime and heat transfer

3. Negligible radiation heat transfer and viscous heating
4. No-slip condition at the walls
5

No effect of channel surface roughness
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4.3 Governing Equations:

Based on the above mentioned assumptions the governing equations for the given case
can be expressed in the following form:
Conservation of Mass V.(pV) =0 (1)

Where V is the velocity vector givenas V = ui + vj + wk

Conservation of Momentum V.V(pV) = —Vp+ V.(uVV) (2)
Conservation of Energy (Fluid) V.V(pCpTr) = V.(K:VTy) (3)
Conservation of Energy (Solid) V.(k,VT,) = 0 4)

4.4  Boundary Conditions:

The boundary conditions imposed on the numerical model for this conjugate heat transfer
problem are discussed as follows:

e Velocity inlet magnitude was determined against the specified Reynolds number using
analytical relation. In the present case, the inlet velocity is a function of hydraulic
diameter and Reynolds number between a given range 100< Re <1000. The ambient fluid
inlet temperature is kept fixed at 298.15 K (25°C) and the values for temperature
dependent properties can be found using Table 4.

e The solid-liquid interface was set to no-slip boundary condition.

e Dirichlet Boundary Condition known as “T” Boundary condition (Shah & London —
1978) where all the side walls have a fixed temperature.

e Pressure Outlet (inlet/outlet axial direction)

Since the principal flow is along the direction of z-axis, therefore the above mentioned data

can be expressed as

Inlet: atz=0, velocity inlet, w = Uy, u=v=0,T =Ty,
QOutlet: at z =L, pressure outlet, P = P,

Bottom Wall: Dirichlet boundary with constant temperature T = T

Side Walls:  Adiabatic with constant temperature condition T = T,, = Ty,
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Inner walls:  No slip condition, ug = v, = w, =0

The analyses were performed using “T” boundary condition for three critical base
temperatures as already discussed in the previous section. The solid base is made of copper with
de-ionized water as operating fluid having temperature dependent properties, flowing through
copper ducts of rectangular cross section. The properties of both solid and fluid have been

discussed in Table 4.

45 Solution Scheme:

The convergence for numerical solution of governing equations was achieved through
ANSYS 18.1 - Fluent Module. The properties of fluid were expressed as piecewise second order
polynomial functions in terms of Temperature variable. SIMPLE (Semi-implicit pressure linked
equation) algorithm using second order upwind discretization was used to obtain the solution of
governing equations. The details of solution scheme are given in Table 5. An absolute value of
“l x 10°” was chosen as the convergence criteria. The simulations were performed with double
precision and the number of mesh elements for an average simulation were 4.32 million and 6.5
million elements for single and dual channel models respectively. The study was performed
utilizing intel two Xeon X5660 processors, 12 cores with 64 gigabytes of RAM. The average
computational time for a single channel case was four hours, while for dual channel model the
average solution convergence time was six hours.

Table 5: Solution scheme for numerical simulations

S. No. Discretization variable Solution scheme
1 Pressure Standard
2 Pressure-Velocity Coupling SIMPLE
3 Momentum Second order (upwind)
4 Energy

<
T
oS

LT

[

Fig. 6: Mesh cross-section
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4.6 Parametric Relations:
4.6.1 Friction factor:

The inlet velocity across micro-channels for fixed Reynolds numbers can be calculated
by the relation:

vD
Re = PVl ®)
u
The pressure drop induced for fluid flow across the channel is expressed as
AP = Piier — Poutiet (6)

For forced laminar flow across ducts, the pressure drop can be expressed in terms of
dimensionless friction factor parameter. The fanning friction factor and pumping power can be

determined from the numerical values of pressure drop using the following relation:

_ APDy (7
- 2pv2L
Prower = APV (8)

Shah and London [26] proposed the analytical formulation of friction factor for fully developed
flow inside rectangular ducts in terms of Poiseuille number.
P, = fRe 9)
Where Poiseuille number in terms of aspect ratio is given as
P, = 24(1 — 1.3553a + 1.9467a? — 1.7012a3 + 0.9564a* — 0.2537a®) (10)
And the aspect ratio is given as

h (11)
==
w

In case of developing flows inside rectangular channels the Poiseuille number proposed by Shah

& London[26] is given as

K() 3.44
p o) (3.44 N (fRe)fq + pyraien ﬁ) 12)
olam (X ") = n c’
VX 1+ 2

Where the values of K(x) and C* may be obtained from ref. [26], while the dimensionless co-

ordinate X" is given as

xt= = (13)
DyRe
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The Darcy friction factor relation for rectangular channels proposed by Blevins[49] is given as

P 64
e+ (-0 o

The above mentioned darcy friction factor relation to fanning friction factor is given as
fa = 4ff (15)
The rectangular channel friction factor relation proposed by Bejan[50]
_ 24(HZ, + W3)
Re(H., + W_p,)?
The validation of numerical friction factor was performed against all of the above mentioned

(16)

friction factor relations.

4.6.2 Nusselt Number

The generalized Nusselt number relation is given as

havg.DH
k

The Nusselt number relation for fully developed flow across rectangular channels proposed by

Nugyg = (17)

Shah and London[26] is given as
Nu = 7.541(1 — 2.610a + 4.970a? — 5.119a3 + 2.702a* — 0.548a® (18)
Where a is the aspect ratio of the channel given by Eq. 11 of the previous section and the

dimensionless axial length is expressed as

A 19
~ DyRePr (19)
The heat transfer coefficient (h) can be represented in the total heat form as
Q
= 20
h A AT (20)

Where AT the temperature difference between base and operating fluid. The heat flux for this
condition is given as

Q = Cy(T, —T) (21)
The energy balance characterizing flow through channel, with assumptions discussed in previous

section, can be expressed as
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(T, - T)
n(E2)

From the above mentioned data, As discussed in ref. [51] the Nusselt number can be formulated

vo= () (G =2) (i) @)

C

p(TO - Ti) = hAp;

(22)

as

4.6.3 Nano-fluids

Nano-fluids are usually characterized through different numerical and experimentally
determined models. However, for the present study we have utilized the thermal conductivity
and viscosity of correlations formed through regression of experimental data. The R? values of
these models were found to be 98%. The density of nano-fluids can be determined in the form of
a physical mixture of fluid and particles, which can be expressed as

pns = (1= @)pps + @pp (24)
Where the subscripts “p” and “bf” are for particle and base fluid respectively. The specific heat
capacity of nano-fluid is expressed in the form of a thermal equilibrium equation between base

fluid and nanoparticles.

(pCy),, = W= 0)(pGy), +9(pCy), (25)
The generalized relations for viscosity are given in terms of
tny = (1) (1 + ap + bp?) (26)

However, for accurate prediction of results, we are interested in the experimentally formulated
relations of nano-fluids. Therefore, for aluminum-oxide particles and base fluid combination, the
above mentioned equation was expressed giving following expressions[45].

k(p,T) = kg (T)(1 + 4.5503¢) (27)

tai(@,T) = ps(T) exp[4.91¢/(0.2092 — ¢)] (28)

For the KKL model the equations can be expressed as a combination of static and Brownian
motion of particles, Therefore the thermal conductivity and viscosity of nano-fluids for this

model is given as

keffnf = Kstatic + Krownian (29)
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/leffnf = Ustatic T HBrownian (ED)

The static part of thermal conductivity equation can be expressed in the form of Hamilton-
Crosser model.[52]

[y + 2k7) — 200y — k)
Uns = e, 7 2k) T oty =Ty | < X7 (31)

Where ks and k, are the thermal conductivities of base fluid and nanoparticles respectively.

Kb
kprownian = 5 X 104acpbfpbf d_p g(T: a, dnp) (32)
,I npPnp

Where Kj is the Boltzmann constant, while the a and py,,, are the volume fraction and nano-

particle density respectively. The function g(T, a, dnp) provided by the KKL model[53] can be
expressed as
g= (a +b ln(dnp) + cln(a) + dIn(a) ln(dnp) +e ln(dnp)z) In(T)
(33)
+ (m + hIn(dyy) + 110(@) + jIn(a) In(dyp) + k In(dy)”)
The values of co-efficient were obtained from ref. [53]. The effective nano-particle thermal
conductivity can be obtained from the following relations.
d d
Ry +F=—F— (34)
ko Knperr
The static and dynamic parts of viscosity can be calculated as [54]

Upf
Ustatic = m (35)
. K,T (36)
Ubrownian = 5 X 10 APpr d g(T, a, dnp)
npPnp

4.6.4 Evaluation Parameters

The efficiency of micro-channels can be expressed as a ratio of Nusselt number obtained
for novel design over the Nusselt number for conventional straight channel and the same
approach can be used for pressure drop efficiency as discussed in [55]

Nuyypria
eny =y — @37)
uStraight
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_ APHybrici

er = 38
! APS)‘L“raight ( )

Harikrishnan [56] used the following thermal performance parameter for overall
evaluation of design.
Nu/Nu,
(f/fo)*/?

However, since the design of interacting channel gives lowering of localized outlet

TPF = (39)

temperatures, therefore for fair comparison between the two designs can be established for
cooling effect delivered at the base therefore the new parameter for TPF comparison between
different design is given as

ATHybrid /ATStraight (40)

TPF(cooling) = TIALE
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CHAPTER 5: RESULTS AND DISCUSSION

5.1 Grid Independence:

The Meshing module available in ANSYS was used to generate a non-uniform structured
mesh with hexahedral elements. The mesh across the inlet/outlet cross sections was refined with
bias factors to achieve better accuracy of results across the boundary regions as shown in Fig. 6.
Grid independence studies were performed for different mesh sizes in order to achieve
stabilization of results. The mesh was varied from coarse to fine with increasing number of
elements until a stable solution with an acceptable numerical error was achieved. Thus a
condition was reached where large changes in mesh density led to negligible changes in
numerical calculations results. The Reynolds number of 500 was taken as reference parameter
for grid independence as a mean value over the Reynolds number range (100-1000). The mesh
was improved from coarse to very fine with the increase in number of elements. The analytical
result of friction factor was plotted against the number of elements as shown in Fig. 7. The
results were found to be in good agreement with analytical solutions and a maximum error of
10% in the pressure drop, arising at very high Reynolds number in case curved channels, which
can be explained to be a consequence of introduction of curve across the length of micro-
channel. The results have been plotted against number of elements shown in Fig. 7 and the

details are discussed in Table 6.

Table 6: Grid Independence

S. No. Number of Elements Friction Factor Error (%)
Present Study  Shah & London [26]
1 22500 (very coarse) 0.03528 0.0412 14.30
2 45000 (Coarse) 0.037195 0.0412 9.64
3 87500 (Coarse) 0.038182 0.0412 7.25
4 168000 (Fine) 0.040658 0.0412 1.23
5 320000 (Fine) 0.041424 0.0412 0.62
6 600000 (Fine) 0.042564 0.0412 3.39
7 1080000 (very Fine) 0.042706 0.0412 3.73
8 2160000 (very Fine) 0.042758 0.0412 3.86
9 4320000 (very Fine) 0.042792 0.0412 3.94
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Fig. 7: Bended Channel Grid Independence

5.2 Validation:

The validation of numerical results was performed through comparison with established
analytical relations available in literature. The validated data was further confirmed through the
estimation of entrance length, Nusselt number and dimensionless pressure drop to determine the
accuracy of results. The shah and London[26] relation for Nusselt number was used to validate

the Nusselt number as shown in Fig. 8.
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Fig. 8: Nusselt number validation
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It can be seen that the localized value of Nusselt number is very high at the initial portion
along the length of the channel as the hydrodynamic profile of fluid flow is not fully developed,
however the flow becomes fully developed as it reached the end of the channel and the Nusselt
number value stabilizes to a value close to the solution provided by Shah and London [26]. The
analytical relations for Nusselt number and friction factor given by Shah and London for both
developed and developing flow have been given in the previous section. However, since the flow
is with a combination of hydrodynamically developing and developed flow, therefore the results
were also compared against the developing relation of Shah and London. Reliable analytical
relations for friction factor were also developed by Blevins (1984) and Bejan (2013) and they
have also been used to validate our results.

0.25 Channel Geometry
O Present Study - Straight
O Present Study - Curved
0.2 Shah & London - Developed flow
— — Shah & London - Developing flow
& Blevins
VAN Bejan
0.15

friction factor (f)
o
=

0.05

_ ! T T T T T
0'050 200 400 600 800 1000

Reynold Number (Re)

Fig. 9: Validation at aspect ratio 0.167

The numerical solution of friction factor shows good agreement with Shah and London[26] as
well as Blevins[49] relations for fully developed flow at low aspect ratio as shown in Fig. 9. An
error of less than 6 percent was observed for the numerical results which can be explained in
terms of the pressure loss associated with the initial flow development region. However it has
been shown that the Bejan[50] correlation underpredicts the friction factor against low values of

Reynold numbers, however beyond 200 Reynold numbers it shows good agreement with
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numerical results. The results were also validated for aspect ratio of 1 as shown in Fig. 10 it can
be seen that fully developed equations hold good for low Reynolds numbers, however for flows
at Re =1000, it was shown that the error with fully developed equations becomes higher while
the error with developing equation becomes less thus proving that developing flow regime
dominates a major portion of flow at higher Reynolds numbers. The friction factor values for
curved channel geometry, as shown in Fig. 10 also show better agreement with developing flow
relations throughout all values of Reynolds numbers showing that for curved channels,

developing flow dominates the major portion of channel flow.

0.25 Channel Geometry
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Fig. 10: Validation at aspect ratio 1

5.3 Aspect Ratio:

Straight channels of varying aspect ratios were modeled using the temperature dependent
thermo-physical properties of de-ionized water. Initially the optimum aspect ratio of straight
micro-channels was studied. The parameters of width and height were varied against a fixed
channel length of 18mm. This length was determined according to the side length of a square lab
on chip application for which the solution is being proposed. The optimized design points for

each geometry were finalized using the friction factor and Nusselt number parameters. This
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optimization was based on design point method where the friction factor and Nusselt number
were plotted against increasing Reynolds number and the point of intersection between these two
curves was adopted as the most efficient design point according to that specific geometry. The
optimization was based on design point criteria, where performance of optimum points for each
geometry were compared. The selection criteria was based upon the convergence of solution
values to a state where a difference in absolute value of less than 1 x 10~ was achieved for both
the Nusselt number and friction factor. Therefore, the stabilization of pressure drop and Nusselt
number at value of 1 x 10~ was achieved. The width of the channels was fixed and multiple
aspect ratios were investigated against each geometry to find the most efficient design with the
highest convective heat transfer characteristics. These steps were repeated for three separate
boundary Temperature conditions. The results obtained from different aspect ratios are given in
Fig. 11 and Fig. 12.
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Fig. 11: Nusselt Number for different aspect ratios

Channels of varying aspect ratios were studied by varying the width and height of micro-
channel geometry between a range of 50 microns to 350 microns and the best performing
channel in terms of Nusselt number was finalized to further enhance its performance through
fluid mixing. From the above mentioned design selection criteria and the resulting numerical

values, a channel of aspect ratio 1 and a base width of 300 microns provides us with the best
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performance. However going beyond this width is not feasible as the increase in width provides
negligible change in Nusselt number. Further, it has been shown through research that for
cooling of surface it is preferable to have a higher number of channels therefore going beyond
this limit might negatively affect the multichannel performance. Also the channel would change
scale from being micro-scale to mini-scale and thus not providing the required intimate contact
of fluid with surface. Therefore, in light of the above mentioned data, the channel design was

varied through the introduction of curve and base corrugation to enhance its overall performance.
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Fig. 12: Dimensionless Pressure drop for different aspect ratios

5.4 Bended-Corrugated Channels:

After finalization of optimum aspect ratio of straight channels. Bends of varying angles
were studied for a range of 0° to 90°. For such cases, the curvature induces a centrifugal effect
on fluid flow thus producing imbalance in velocity gradient. This instability, known as Dean
instability, leads to fluid recirculation across the curve. A total of six test cases were initiated
with periodic increments of 15° to obtain Nusselt number and friction factor against each bend.

The details of these micro-channels have been provided in Table 7.
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Table 7: Bended angle geometries

S. No. Width Height Bend Angle
(microns) (microns) (degrees)
1 300 300 15
2 300 300 30
3 300 300 45
4 300 300 60
5 300 300 75
6 300 300 90

The multi objective response optimization of bended channel was carried out using angle
“9” as a continuous variable with the pressure drop and Nusselt number as the response
variables. The optimized angle with a composite desirability of 0.83 was finalized as the
optimum bend angle. The resulting surface plot of optimization and response variable is shown
in Fig. 13. The angle obtained from optimization was validated by plotting the friction factor and
Nusselt umber against increasing Reynold number and the point of intersection between these

two curves was adopted as the most efficient design point according to that specific geometry.

Surface Plot of Angle vs Friction Factor, Nusselt Number
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325
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Fig. 13: Response Surface plot

The optimized bend angle was further improved with the removal of sharp corners from
the bended geometry. The bend was replaced by an equivalent curve which provided equivalent
Nusselt Number and friction factor values. The data shown in Fig. 14 and Fig. 16 present the
dimensionless outlet temperature and pressure drop respectively, where a negligible difference in

both values were observed for bended and curved channels.
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Fig. 14: Dimensionless outlet temperatures

The resulting data from bended channel was used to obtain a regression model for
Nusselt number and pressure drop in terms of continuous variable “0”. The accuracy of these
regression models is beyond 99%. Therefore the characteristic equations for bended channels at
optimized Reynolds number values with de-ionized water having temperature dependent

properties can be expressed as

Nu = 5.6180 + 0.020600 — 0.00015562 (35)
PD = 193134 + 13470 — 0. 562 (36)

These equations are also applicable for curved channel models where the dimensionless
outlet temperature and pressure drop is approximately same as shown in Fig. 14 and Fig. 16
respectively. The flow phenomenon for straight as well as bended channel for Reynolds number
500 and 1000 is shown in Fig. 15.
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Re =500

Re = 1000

Fig. 15: Flow phenomenon
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Fig. 16: Dimensionless pressure drop

The flow phenomenon across curved channel leads to generation of dean vortices at
different Reynolds numbers of 500 and 1000, which can be seen in Fig. 15. The same dean
cortices were also generated across bended channel geometries and the noticeable increase in
convective heat transfer and pressure drop at Reynolds number beyond 300 is linked to this

phenomenon. The dean vortices across the curve at Reynolds number of 1000 as shown in Fig.
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17 are characterized by a corresponding Dean number. The dean number is given as De =

Re /Z—: In our case of optimized bend the dean number comes out to be De = 203.9.

X =6mm. X =7mm. X =8mm. X =10mm.

Fig. 17: Dean Vortices across the curve

The bended and curved channel show fluid mixing due to generation of dean vortices.
However, it is desirable to have continued flow disruption in the fluid at the bottom of the
channel to enhance heat transfer rates. Therefore, a corrugation pattern was adopted for heat
transfer enhancement at the base of the channel. The proposed corrugation is based on a periodic
diverging-converging pattern as shown in Fig. 18. The width, length and depth of corrugation

pattern was studied in the form of three separate design parameters. The design parameters were

identified as width ratio and aspect ratio. The parameters can be defined as: Width ratio =

Winin. H

— and Aspect ratio =

max. Avg.

; - Winax+Wmi
, Where A is defined as A = W,y = M

Fig. 18: Diverging-Converging corrugation model
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The study of channel cross section in case of curved channels as compared to curved
corrugated channel shows the enhanced heat transfer performance of channel with corrugated
base. This can be attributed to the flow disruption effect that occurs at the base of the channel
due to the diverging-converging pattern of flow near the heated wall resulting in higher values of
conjugate heat transfer. The temperature contours of channel cross section are shown in the Fig.
19.

X=4mm. X=10mm. X=15mm.

Corrugated Straight Corrugated Straight Corrugated Straight

. - —_— - — ‘

Fig. 19: Channel Cross section comparison of flat and corrugated base

The comparison shown in Fig. 20 shows that a decreasing width ratio shows improved
Nusselt number and friction factor. The decreasing width ratio shows the difference in maximum
and minimum width values of this model. Therefore the difference between maximum and

minimum width dimensions should be maximum to achieve the best results as shown in the

figure below
Width ratio
0.5 } N G
0.375 i -
0.25 B

Fig. 20: Width ratio comparison at base of channel
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The friction factor and Nusselt number values for the same width ratios can be seen in Fig. 21.
Where a lower value of width ratio corresponding to bigger difference between maximum and

minimum width sizes has been shown to provide improved heat transfer rates across the channel.
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Fig. 21: Variation of Nusselt number and friction factor with width ratio

The increase in depth of the channel shows improved heat transfer rates and less pressure
drop as compared to same corrugation pattern with smaller height. This is shown in the Fig. 22,

given below
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Fig. 22: Variation of Nusselt number and friction factor with aspect ratio
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Therefore the corrugation height of 10 microns was chosen as the reference height f base
corrugation. The comparison of different width ratios was expressed in terms of Nusselt number
nad friction factor efficiency of the channel. The efficiency is shown in Fig. 23. Where we can

observe the superior performance of channels with lower width ratios.
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Fig. 23: Nusselt number and friction factor efficiency
The overall thermal performance factor given in Fig. 20 shows the efficiency of curved

corrugated channels over curved and conventional straight channel geometries.
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Fig. 24: Overall thermal performance factor for corrugated curved channel
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The addition of nano-particles to the de-ionized water was studied for the curved-
corrugated channel and dual interacting channel geometries. The performance of most commonly
used aluminum oxide nano-particles was compared against two separate models proposed by Rea
et al. and KKL models. The reference parametric relations for nano-fluids have been discussed in
chapter 4. Using the mentioned equations we formulated the thermo-physical properties of the
new nano-fluids. The resulting effect of increase in Nusselt number and friction factor is given in
Fig. 25. This shows the improved heat transfer properties of nano-fluids. However, we observe
that the Rea model under predicts the results in comparison to KKL model for the same particle
concentration, therfoe we conclude that the rea model is geometry dependent and cannot be used
as a generalized relation in comparison to KKL models.
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I L I I L L B |
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Fig. 25: Nusselt number comparison for KKL and Rea Model

5.5 Interacting-Corrugated Channels:

A connecting bridge of varying width was introduced between two parallel channels to
induce flow mixing and increase convective heat transfer. The orientation of connecting bridge
was varied from optimum angle of 35° to 90° in order to determine the effect of changing bridge
angle upon fluid mixing and performance parameters. Both straight channels and curved
channels with corrugation were used as reference geometries. The flow phenomenon was varied
from parallel flow type to counter flow type for extensive study. The simulation matrix is given
in the Table 8.

37



Table 8: Simulation Matrix for interacting channels

Width Height Angle
S. No. (microns) (microns) (degrees) Geometry Flow

o Straight

1 300 300 90 Channel
o Straight

2 300 300 35 Channel Parallel and
) Curved Counter

3 300 300 90 Channel flow
o Curved

4 300 300 35 Channel

Based on the results of the simulations matrix given by Table 8, it was found that
interacting straight channels for a 90° connecting bridge provide us with the best results.
Therefore, the finalized model was further studied for variation in bridge width and flow types to
determine the best results. The simulation results of parallel and counter flow phenomenon
provided us with re-circulations regions and counter rotating vortices. The flow phenomenon for
Serial No. 1 at Re = 1000 have been shown in Fig. 26.

> Parallel Flow

e Re-500
e ———————————————————
« Re-1000

» Counter Flow
« Re-500

* Re-1000

Fig. 26: Interacting Channel flow phenomenon

Therefore, the finalized best performing geometry with a connecting bridge of 90° was
simulated for different bridge width as well as parallel and counter flow conditions as given by

the simulation matrix given in Table 9.
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Table 9: Simulation Matrix for straight interacting channels of varying bridge width

Width Height Angle Bridge
5. No. (microns) (microns) (degrees) Geometry width Flow type
1 i W Parallel
2 300 300 90° gg:ﬂ;tl 15W and
3 2W Counter

The geometries given in the above table were numerically studied and it was found that

the outlet temperature for counter flow cases is slightly lower than the outlet temperature for

parallel flow cases at very low values of Reynolds numbers. However the cooling effect at the

base for counter flow phenomenon was significantly higher as compared to parallel flow cases.

This decrease in outlet temperature can be explained by the fact that as the fluid moves close to

the outlet of one channel, the incoming cool fluid of the parallel channel mixes increasing the

local Nusselt number while also decreasing the outlet temperature. Therefore, a fair comparison

between two models of varying flow direction can only be made by using the overall cooling

effect of channels. The flow phenomenon along with bridge phenomenon for parallel and counter

flow cases can be seen in the Fig. 27 and Fig. 28 respectively.

Fluid recirculation region
Fig. 27: Parallel flow phenomenon at bridge
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Fig. 28: Counter ro phenomenoh a?[ theBFidge

The flow phenomenon at mid-section of the flow is shown in Fig. 29. Where we can observe the

flow recirculation zones at the bridge for parallel flow cases and flow crossing over to the
neighboring channel can be seen in counter flow case.

Top view for parallel flow (connecting bridge)
300 microns 450 microns 600 microns

& //uu-‘d" W = :
Fig. 29: Flow phenomenon at brldge (mld -section view)
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The flow outlet is shown in the Fig. 30, where a regular flow profile can be seen at the outlet of
parallel channel flow configurations of different bridge widths, however for the counter flow
channel case counter rotating vortices occur at the channels outlet showing that the incidence of
flow into a neighboring channel leads to counter rotating vortex phenomenon, thus explaining
the higher heat transfer rates obtained for the counter flow cases.

Outlet Cross Section for Parallel flow

W =300 microns W = 450 microns W = 600 microns
Fig. 30: Outlet cross section of interacting channels
The resulting cooling efficiency of channels as shown in Fig. 31.

Counter Flow

15 Bridge width (microns)
Fo—— — 300 - Parallel flow
[ ———— 450- Parallel flow
12 —A—— 600 - Parallel flow
- 300 - Counter flow
[ — — — — 450- Counter flow
115 600 - Counter flow

e (Cooling effect)

LN L
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0.9 . 0y
0 200 400 600 800 1000
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Fig. 31: Cooling efficiency for Interacting Channels
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The bridge flow phenomenon can be studied for all flow conditions as given in Table 9.
The efficiency can be expressed as the cooling effect of the geometry and the efficiency of
pressure drop as discussed in the previous section. Therefore, the cooling efficiency can be seen
in Fig. 31 where an improved cooling effect can be seen for all three counter flow cases when
compared against parallel flows. The results of friction factor efficiency shown in the Fig. 32,
demonstrate the superior performance of interacting channel for counter flow phenomenon. The
counter flow model outperforms parallel flow configuration for all values of bridge width in case
of interacting channels. The higher cooling effect and lower value of friction factor can be seen
through the relevant graphs.

1.1 -
1F N
0.9 Bridge width (microns)
- — 300 - Parallel flow
- — — — — 450 - Parallel flow
08 —4A—— 600 - Parallel flow
- 300 - Counter flow
= L — — — — 450 - Counter flow
el - Counter flow
06
05k
04
037\\|\\|\\|\\|\\|\
-0 200 400 600 800 1000
Reynolds Number (Re)

Fig. 32: Efficiency friction factor for interacting channels

There is marked reduction in pressure drop for counter flow cases when compared against
parallel flows. This reduction in pressure drop is due to the crossing over of fluid and resulting
flow mixing across the bridge that can be observed in counter flow scheme as compared to
parallel flow cases. Consequently, the friction factor efficiency as shown by Fig. 32, sees a

marked reduction in comparison to other flow conditions.
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The TPF comparison of these interacting channels is given in Fig. 33., where the parallel flow
configuration provides a stable performance however the counter flow configuration provides
superior performance throughout the entire range of study showing the overall comparatively

superior performance of the design.
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Fig. 33: TPF comparison

The graphs show major decrease in pressure drop across counter flow condition for
different channels. The parallel flow cases show a consistent value of efficiency however since
the desirable efficiency for friction factor is below a factor of 1. Therefore, the best geometry as
shown in the Fig. 33 for thermal performance comparison is the counter flow interacting channel
model with highest bridge width.

The addition of base corrugation to these interacting channels provides a small increase
in Nusselt number values against no increase in fiction factor as shown in the Fig. 34. Therefore,
this increase in Nusselt number against no increase in friction factor is a desirable condition

providing favorable heat transfer performance.
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Fig. 34: Interacting Corrugated Channels

The comparative study between the Rea and KKL model given in Fig. 35, shows that the Rea
model cannot accurately predict the performance of micro-channels since it under predicts the
results by a maximum of 6%. Therefore he model can be assumed to be geometry dependent as

compare d to the reliable KKL model.
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Fig. 35: Nano-fluids for Interacting corrugated channel
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CHAPTER 6: CONCLUSIONS

Introduction of bend along the length of channel generates dean vortices, thus improving
the overall heat transfer rate.

Counter rotating vortices were generating for flow across sharp corned bends of up to 90°
as well as channels with connecting bridges.

The vortex generation phenomenon also occurs in geometries other than curved channels.
For bended and curved channels dean vortices were generated at Reynolds number
beyond 300 showing that a minimum threshold velocity is needed to generate dean
instability. While the same counter rotating vortices were generated for all values of
Reynolds numbers in case of interacting geometry.

The vortex generation phenomenon provides improved heat transfer rates across the
length of micro-channels.

Both models have been observed to deliver similar values of TPF, however a closer
review reveals drastic differences between cases. For the curved model the increment in
friction factor lags behind the increase in Nusselt number as, while for the Interacting
model the Nusselt number increase lags in comparison to friction factor.

While most of the work in this field is concentrated on flow pattern disruption or flow
mixing in separate studies. This study attempts to incorporate the best of both worlds
with flow disruption in the lower region (which is in contact with the heat source) and
continued fluid mixing in the upper region of channel to enhance heat transfer. A better
temperature distribution across the entire channel is achieved due to introduction of
interacting channel phenomenon.

Both kind of designs, the corrugated curved channel and interacting channels find their
applications in specific conditions.

Curved channels with corrugated base can be used in cases where we are more concerned
with increasing convective heat transfer across channels and the pumping power is not
the limiting factor.

Interacting channels can be used in cases where the heat dissipation performance of

MCHE is already sufficient with straight channels, however a decrease in overall
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pumping power is required. It has the added benefit of providing a more uniform
temperature distribution across the entire cooling area.

Therefore, this interacting design is extremely useful in most practical cases where a
uniform heat source is unlikely to be present. In all such cases, these connected channels
provide a better overall channel performance.

The passive mixing due to dean vortices improves the Nusselt number by a maximum of
20% at high Reynold numbers.

The flow disruption in the lower region of channel can be introduced through the base
corrugation of this channel, which further adds up to 4% improvement in overall
convective heat transfer rates.

The introduction of connecting bridge in parallel flow channel induces flow re-circulation
within the bridge with only a marginal improvement in Nusselt number and pressure
drop.

For counter flow cases the local Nusselt number at bridge sees a major spike. While a
decrease in pressure drop of up to a maximum of 30% was observed for interacting
channels at 90° in counter flow condition.

The expected mixing of fluid at channels with a bridge of 35° does not occur as per our
requirement since the fluid velocity profile is not fully developed as it enters the curve
therefore the dean vortices were not observed for this configuration. Therefore, the hybrid
Curved-Interacting channel provides unsatisfactory results.

The increase in aspect ratio provides an increase in Nusselt number, however this
incremental increase diminishes at higher aspect ratio.

For higher channel width the increase in height leads to smaller increase in Nusselt
number.

The nano-fluid relations developed by Rea et al. under predict the Nusselt number by 6%
in comparison to the KKL model. Therefore we conclude that the results presented by

Rea et al. are geometry dependent and not valid for general applications.
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6.1

Future Scope:

Multichannel models can be studied to determine the effect of plenum geometry and
orientation of inlet upon the overall performance parameters.
Multi-phase flow can be studied for both straight and curved channel models.

Experimental study can be performed for the proposed model.
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