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Abstract

The influence of cross-section orientation on fluid flow and heat transfer in a pe-

riodic serpentine equilateral triangular microchannel was investigated by means

of computational fluid dynamics (CFD) modeling. Serpentine channels with

cross-sections of upward- and left-pointing equilateral triangles were consid-

ered. Serpentine channels with twisted sections of different degrees of twisting

were also considered and evaluated. The simulations were performed for fully-

developed periodic flow with constant properties under constant wall heat flux

(H2) thermal boundary conditions at Reynolds numbers of 50, 100 and 150

(corresponding to Dean numbers of 38, 76 and 114). The results showed that

the heat transfer performance of the triangular channel is sensitive to the ori-

entation of its cross-section. At all the Reynolds numbers studied, the channel

with left-pointing triangular cross-section provided a higher mean heat transfer

enhancement than the channel with upward-pointing cross-section, whereas the

pressure drop remained the same. It was also found that by employing twisted

shapes, it is possible to rotate the cross-section into a more favorable orienta-

tion for local heat transfer and thus improve the overall thermal performance

further. With a moderate pressure drop increase, mean heat transfer enhance-

ments for the channels with twisted sections were found to be greater than those
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for non-twisted configurations over almost the whole range of Reynolds num-

bers considered. However, the mean heat transfer enhancement did not rise

with increasing degree of twisting, although the pressure drop increased with

the degree of twisting.

Keywords: Heat transfer enhancement, Serpentine microchannel, Twisted

channel, Triangular cross-section, Pressure drop, CFD.

1. Introduction

Heat transfer enhancement in microchannels has received increasing atten-

tion due to the rapid development of microscale heat transfer devices for various

applications such as electronics cooling, microreactors and transport of living

cells [1]. The flow regime in microstructures is usually laminar, and heat trans-5

fer, compared to turbulent conditions, is thus significantly reduced. To improve

heat transfer in microchannels, various enhancement techniques have been de-

veloped. They can be classified into active and passive depending on the op-

eration principle. Active techniques use external sources such as vibration or

electrohydrodynamic, to enhance heat transfer, while passive techniques typi-10

cally rely on channel geometry or fluid additives [2]. However, active techniques,

which can provide considerable enhancement of heat transfer, need additional

power supply and control units, and hence might require complex fabrication

and assembly [3].

Compared to active methods, passive techniques, which also can substan-15

tially augment heat transfer performance, have been studied more widely due to

the advantages of ease of fabrication, higher reliability and relatively low cost.

Heat transfer enhancement with passive techniques usually can be achieved by

using different channel shapes, structural materials and working fluids [4]. Ghani

et al. [5] provided a comprehensive review on the effects of microchannel design20

on the heat transfer performance. The authors considered various passive en-

hancement techniques based on modified channel geometry. Some of the channel

modifications discussed in their work are curved channels, channels with ribs,
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grooves or combination of them, and offset strip fins. Although the heat transfer

enhancement by such modifications can be significant, it is accompanied by an25

increase in pressure drop as compared to straight channel. It is reported that

curved channels have been shown to be one of the most effective configurations in

improving heat transfer performance. Using serpentine configurations, a consid-

erable heat transfer augmentation with moderate pressure drop can be reached.

When a fluid flows through a curved channel, secondary vortices are formed30

around the bends disrupting the thermal boundary layer and thus improving

the heat transfer performance. Ghani an co-authors particularly emphasized

that a combination between different heat transfer enhancement techniques can

have more advantages than a single technique alone.

Fluid flow and heat transfer in serpentine microchannels have been studied35

extensively. Geyer et al. [6] and Karale et al. [7] investigated the effect of various

geometric parameters and Reynolds numbers on the heat transfer performance

of curved channels with semi-circular and rectangular cross-sections respectively.

In their works, the channel shapes varied from a regular serpentine with smooth

bends to a zig-zag pathway with sharp corners. Sui et al. [8] and Mohammed et40

al. [9] analyzed numerically wavy microchannels with rectangular cross-section.

The influence of geometric parameters on the heat transfer efficiency at various

Reynolds numbers was also considered in their studies. Rosaguti et al. [10],

Geyer et al. [11] and Gupta et al. [12] performed simulations of fluid flow

and heat transfer in microchannels with, correspondingly, circular, square and45

triangular cross-sections following the same serpentine path. Silva et al. [13]

studied the thermal performance of curved channels with elliptic cross-section.

All the aforementioned studies report substantial heat transfer enhancement in

the curved channels relative to straight channels with identical cross-sections.

Twisted channels is another geometric configuration that has been used to50

improve heat transfer performance by means of producing secondary flows. Tan

et al. [14] and Bhadouriya et al. [15] carried out experimental and numer-

ical studies of fluid flow and heat transfer in twisted centimeter-scale ducts

with, respectively, oval and square cross-sections. Yang et al. [16] conducted
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experimental investigation on flow and heat transfer characteristics of twisted55

centimeter-scale elliptical channels. The impact of geometric dimensions and

Reynolds number was analyzed in these works. Fluid flow and heat transfer

in twisted milli-scale channels with different cross-sections including circular,

semi-circular, elliptic, square, rectangular and triangular were studied via nu-

merical simulations by Khoshvaght-Aliabadi and Arani-Lahtari [17, 18]. They60

particularly examined the effect of various working fluids. The results of these

studies indicate that twisted channels can also provide significantly higher heat

transfer efficiency than straight smooth channels.

Although both serpentine and twisted types of channels have demonstrated

improved heat transfer capabilities compared to straight channels, their thermal65

efficiency has been shown to be strongly dependent on the geometric parameters

and Reynolds number [17, 19]. Therefore, great attention has been paid to study

of the influence of geometric characteristics such as channel pathway [6, 7], cross-

section shape [12, 17] and twist pitch length [14, 16] over various Reynolds

number ranges.70

However, practically no emphasis has been given to the effect of cross-section

orientation on local heat transfer performance in serpentine channels. A change

of the orientation of some cross-sections such as triangular cross-sections, for

example, can cause variations of flow distribution around the bends. Hence,

the local heat transfer coefficient can change as well. In this work, serpentine75

microchannels with equilateral triangular cross-section are considered. Fluid

flow and heat transfer characteristics for different cross-section orientations are

numerically investigated over a range of Reynolds numbers. The concept of uti-

lizing twisted shapes in serpentine microchannels as a mean of further increasing

of the heat transfer performance is proposed.80

2. Numerical analysis

The microchannels under consideration have a periodic geometry comprising

repeating serpentine units. A schematic diagram of the axial path of the unit
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is presented in Figure 1. The serpentine path is defined as follows: S/H=1,

Twisted sections in TSC-60, 
TSC-180 and TSC-300 configurations

SC-U

SC-L

Bend 1 Bend 4

Bend 2Bend 2 Bend 3

Figure 1: Axial path of the serpentine unit.

S/a=4.5 and R/a=1, where S is the unit half length, H is the unit height, a85

is the cross-section side length, and R is the radius of curvature of the bends.

The given serpentine path is similar to that studied in [12]. Different chan-

nel configurations were considered, depending on the cross-section orientation.

SC-U and SC-L types are serpentine channels with cross-sections of upward-

and left-pointing equilateral triangles. TSC configuration corresponds to the90

SC-U type with uniformly twisted vertical channel sections indicated in Fig-

ure 1. The twisting changes the cross-section orientation from upward-pointing

to downward-pointing and back by rotating the cross-section around the axial

direction. The center of the rotation of the cross-section coincides with the

circumcenter of the cross-section. Based on the degree of twisting, three con-95

figurations are distinguished: TSC-60, TSC-180 and TSC-300 with 60◦, 180◦

and 300◦ twists, respectively. All the described configurations are summarized

in Table 1. Figure 2 illustrates some of the generated computational domains

used for the CFD analysis.

The computational domains were meshed with a structured grid in ANSYS100

ICEM 15.0 by sweeping the cross-sectional grid consisting of mainly quadrilat-
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Table 1: Channel configurations.

Configuration Cross-section orientation Twisting

SC-U Upward-pointing -

SC-L Left-pointing -

TSC-60 Upward-pointing 60◦

TSC-180 Upward-pointing 180◦

TSC-300 Upward-pointing 300◦

SC-U

SC-L

TSC-60

Figure 2: Computational domains used for CFD analysis.

eral elements along the channel path shown in Figure 1. A finer mesh resolution

was applied in the near wall region, where the velocity and temperature gra-

dients are largest. The axial grid spacing was uniform, with slightly smaller

spacing around the bends and in the twisted sections.105

After a sufficiently long distance from the inlet, depending on the geometry

and Reynolds number, the velocity distribution and non-dimensional tempera-

ture pattern in periodic geometry become constant for each repeating module,

and the flow is then said to be hydrodynamically and thermally fully-developed.
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A solution approach for the periodic fully developed flow developed by Patankar110

et al. [20] was therefore used in this study. Due to the periodicity, only a single

unit was modeled. The inlet and outlet of the unit were considered as periodic

planes.

Fluent 15.0 software was utilized to perform numerical simulations of the

periodic flow and heat transfer. The fluid flow, namely water flow, was first115

calculated by solving three-dimensional steady incompressible mass and mo-

mentum conservation equations. A constant mass flow rate corresponding to

Re = 50, 100 or 150 was defined at the inlet, and no-slip boundary conditions

were assigned to the walls of the channel. The gravitational force was neglected

in the simulations. Then, when the velocity field was obtained, the energy equa-120

tion was solved alone to predict the temperature field. Constant wall heat flux

(H2 type [21]) thermal boundary conditions were set at the wall boundaries.

The working fluid properties were assumed constant (Prandtl number of 6.13)

and temperature-independent. The Semi-Implicit method for Pressure-Linked

(SIMPLE) algorithm for pressure-velocity coupling and second-order upwind125

scheme for the discretization of the convection terms in the solved equations

were used in the numerical calculations. More details about the governing equa-

tions, numerical methods and techniques applied in this study can be found in

[20], the Fluent Theory Guide [22] and Fluent Users Guide [23].

The performance of the serpentine channels was assessed by comparing such130

characteristics as Nusselt number and friction factor to those for a straight chan-

nel with identical cross-section under the same flow and thermal conditions.

Then, heat transfer enhancement factor, eNuH2
, and pressure drop penalty fac-

tor, ef , can be expressed as

eNuH2
=
NuH2,ser

NuH2,str
(1)

135

ef =
fser
fstr

(2)

where NuH2,ser, fser, NuH2,str and fstr are Nusselt numbers and Fanning fric-

tion factors in the serpentine and straight channels, respectively. For lami-
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nar fully-developed flow in a straight channel with equilateral triangular cross-

section, NuH2,str and fstr · Re are constant and equal, respectively, to 1.892

and 13.333 [21].140

The overall performance of each channel configuration was evaluated using

a performance evaluation criterion (PEC) [24]

E =
ēNuH2

e
1/3
f

(3)

The Nusselt number at a given axial position l was evaluated using the

peripherally-averaged heat transfer coefficient, which is defined as

hl =
qw

Tw − Tb
(4)

where qw is the wall heat flux, Tw is the peripherally-averaged wall temperature145

at the given l and Tb is the bulk fluid temperature at the given l, which is de-

termined as a mass-weighted average fluid temperature over the cross-sectional

plane at l.

The Fanning friction factor was calculated according to the following for-

mula:150

f =
Dh

2ρu2m
· ∆p

L
(5)

where ρ is the fluid density, um is the mean flow velocity, Dh is the hydraulic

diameter of the channel, ∆p is the pressure drop along the unit, and L is the

axial path length of the unit. For a channel with equilateral triangular cross-

section, the hydraulic diameter is defined as

Dh =
a√
3

(6)

3. Results and discussion155

Grids of different resolutions were tested to determine the appropriate cross-

sectional and axial meshes for the calculations. The mesh sensitivity test was

performed by modeling periodic flow and heat transfer in a straight channel

with equilateral triangular cross-section at Re = 150. The computed values of
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Table 2: NuH2 and f ·Re for different cross-sectional mesh refinements.

Mesh configuration Number of cross-sectional elements NuH2 f ·Re

1 1900 1.915 13.300

2 2500 1.910 13.306

3 3300 1.909 13.312

NuH2 and f · Re for different cross-sectional mesh sizes are given in Table 2.160

The computed NuH2 and f ·Re on the grid from the mesh configuration 1 varied

by 0.26% and 0.04%, respectively, from those for the mesh configuration 2. On

the grids from the mesh configurations 2 and 3, the corresponding differences

were 0.05% and 0.04% respectively. The cross-sectional grid from the mesh

configuration 2 was thus selected as the optimal for further simulations. The165

difference between the values for Nusselt number and friction factor obtained

with the mesh configuration 2 and the corresponding analytical values given in

[21] is less than 1 %. The axial path was divided into approximately 160 - 180

element groups to ensure mesh independent results, as it was determined in [12].

Figure 3 illustrates the optimal mesh configuration.

Figure 3: Cross-sectional (left) and axial (right) grids.

170
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To additionally validate the numerical approach, results on heat transfer

enhancement and pressure drop penalty for the SC-U channel were compared

with those obtained by Gupta et al. [12]. Reynolds numbers of 25 and 200 were

also included to the validation. The values in the present simulations matched

the previous numerical data well enough, see Figure 4.

25 50 100 150 200
1

1.5

2

2.5

3

3.5

Re

ē N
u
H

2

 

 

Present simulations

Gupta et al. [12]

(a)

25 50 100 150 200
1

1.1

1.2

1.3

1.4

1.5

1.6

Re

e f

 

 

Present simulations

Gupta et al. [12]

(b)

Figure 4: Comparison of simulated and literature [12] values for mean heat transfer enhance-

ment (a) and pressure drop penalty (b) for channels with equilateral triangular cross-section

following the same serpentine path for different Reynolds numbers.

175

Simulation results obtained for the non-twisted configurations are compared

first. Figure 5 shows the variation of heat transfer enhancement across the units

for different Reynolds numbers. The heat transfer performance increases with

the Re value for both channel types. As can be seen in Figure 5, an increment
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SC−L, Re=50

SC−U, Re=100

SC−L, Re=100

SC−U, Re=150

SC−L, Re=150

Bend 2Bend 1 Bend 3 Bend 4

Figure 5: Heat transfer enhancement in the SC-U and SC-L configurations as a function of

normalized axial distance at Reynolds numbers of 50, 100 and 150. The intervals bounded by

a pair of dashed vertical lines correspond to bend sections.

of eNuH2
is observed as the flow passes through each bend, with peak values at180

the exit of the bends. At higher flow velocities, the intensity of counter-rotating

vortices, called Dean vortices [25] and shown in Figure 6, becomes stronger,

and hence more cold fluid is transported from the center of the channel to the

walls, resulting in improved heat transfer rates. Dean [25] characterized such

vortices by a non-dimensional parameter, called Dean number, Re
√
Dh/R. For185

the channel configurations considered in this study, the Dean number is equal

to approximately 0.76 ·Re.

The heat transfer enhancement is greater after Bend 1 and Bend 3 than

after Bend 2 and Bend 4, as observed in Figure 5. It is caused by a change of

the rotation direction of Dean vortices due to the changing direction of rotation190

of the bends [10]. At Re=50 and 100, the heat transfer augmentation after

Bends 1 and 3 of the SC-L channel type is approximately at the same level,

whereas for the SC-U configuration, the heat transfer rate after Bend 1 is higher

than that after Bend 3. In particular, the SC-L geometry shows a noticeably

stronger heat transfer augmentation after Bend 3 compared to that in the SC-195
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Figure 6: Secondary flows in the form of two counter-rotating vortices, known as Dean vortices,

at the exit of the Bend 2 of the SC-U (left) and SC-L (right) channels.

U case. However, at Re=150, heat transfer in Bend 3 of the SC-U channel

increases considerably, reaching over three times greater performance at the

exit than the corresponding straight channel and exceeding the peak eNuH2
of

the SC-L configuration at the same location. The performance in Bend 2 of

the SC-L channel is higher at all the Reynolds numbers considered, whereas it200

is roughly similar in Bend 1 and Bend 4, compared to the SC-U configuration.

With the same pressure drop as the SC-U channel, the SC-L configuration

demonstrates 2.7%, 5.6% and 2.9% higher mean heat transfer enhancement at

Reynolds numbers of 50, 100 and 150 respectively.

Although the mean heat transfer performance of the SC-L configuration205

does not increase significantly, local variations across the unit are noticeable.

The effect of cross-section orientation is most pronounced for Bends 2 and 3. A

centrifugal acceleration induced by the curvature forces the fluid to move toward

the outer channel region. Thus, when the flow passes through Bends 2 and 3, the

SC-L configuration provides better overall contact between the cold fluid and210

the channel boundary and the thinner thermal boundary layer, as illustrated

in Figure 7, and hence improved heat transfer. Likewise, the heat transfer in
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Figure 7: Temperature contours at the exit of Bend 2 of the SC-U (left) and SC-L (right)

channels at Reynolds number of 150.

Bend 1 of the SC-U geometry is observed to be slightly superior to that in

the SC-L case. Additionally, the SC-U channel allows for lower heat transfer

enhancement relaxation as the flow enters into Bend 4, and the effect becomes215

more pronounced with increment of the Reynolds number (see Figure 5).

To keep the cross-section at more favorable orientation for the heat transfer

performance, it was varied along the SC-U channel by twisting, as shown in Fig-

ure 2. Figure 8 compares the variation of heat transfer enhancement across the

SC-U and TSC-60 configurations for different Reynolds numbers. The changed220

orientation provides a remarkable heat transfer improvement already at Re=50;

the heat transfer enhancement at the exit of Bend 3 is more than 35% greater

compared to that of the SC-U, showing two-fold enhancement relative to the

corresponding straight channel. The heat transfer enhancement is also larger in

Bend 2 of the TSC-60 channel, and the performance difference becomes more225

pronounced at the higher Reynolds numbers. Thus, the heat transfer augmen-

tation in Bend 2 and the following straight section of the TSC-60 configuration

13
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Figure 8: Heat transfer enhancement in the SC-U and TSC-60 configurations as a function of

normalized axial distance at Reynolds numbers of 50, 100 and 150. The intervals bounded by

a pair of dashed vertical lines correspond to bend sections.

at Re=100 is comparable with that of the SC-U at Re=150. Furthermore, at a

Reynolds number of 150, the peak value of eNuH2
at the exit of Bend 2 of the

TSC-60 channel is about 30% higher than in the SC-U channel. However, at230

the same Reynolds number, the SC-U geometry still gives a slightly better heat

transfer enhancement at the exit of Bend 3 compared to the twisted configura-

tion. In Bend 4, the TSC-60 configuration outperforms the SC-U configuration

in terms of heat transfer efficiency at all the Re values considered, whereas the

performance is nearly equal in Bend 1.235

The change of the cross-section orientation thus gives rise to the heat transfer

enhancement in Bends 2-4. Colder fluid is brought to the walls more effectively

in the TSC-60 geometry, see Figure 9 and Figure 10. The intensity of the

vortices in the SC-U channel becomes stronger only at the exit of Bend 3 at

Re=150, providing a 5% higher peak heat transfer augmentation than with240

the TSC-60 configuration. Nevertheless, in the latter case, the overall heat

transfer performance in Bend 3 is compensated by the lower relaxation of the

heat transfer enhancement, as can be observed in Figure 8. The mean heat
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Figure 9: Temperature contours inside the SC-U (left) and TSC-60 (right) channels (Bend 2

and the upstream vertical section) at Reynolds number of 150.

transfer enhancement for the TSC-60 channel is 9.5%, 8.2% and 7% greater than

for the SC-U geometry at Reynolds numbers of 50, 100 and 150 respectively,245

and the twisted sections increase the pressure drop penalty only by 1.8%, 3.1%

and 3.5%.

The TSC-180 and the TSC-300 channels with a tighter twisting are next

considered. The variation of heat transfer enhancement across the twisted con-

figurations is shown in Figure 11. Heat transfer performance in the twisted250

sections reduces significantly with increasing degree of twisting. This occurs

due to changes in the vortex structure. The Dean vortices formed in the bends

usually advance into the following straight section and disappear after some

distance further downstream. However, as can be seen in Figure 12, the twisted

shape of the channel disrupts the vortex structure. The tighter twisted sections255
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Figure 10: Velocity vectors colored by velocity magnitude at the exit of Bend 2 of the SC-U

(left) and TSC-60 (right) channels at Reynolds number of 150.
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 TSC−60, Re=50

TSC−180, Re=50

TSC−300, Re=50
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TSC−180, Re=100

TSC−300, Re=100

TSC−60, Re=150

TSC−180, Re=150

TSC−300, Re=150

Bend 1 Bend 3Bend 2 Bend 4

Figure 11: Heat transfer enhancement in the TSC-60, TSC-180 and TSC-300 configurations

as a function of normalized axial distance at Reynolds numbers of 50, 100 and 150. The

intervals bounded by a pair of dashed vertical lines correspond to bend sections.

disrupt the Dean vortices earlier, see Figure 12a. Hence, the decline of eNuH2

in the twisted sections increases with the degree of twisting and becomes more

pronounced at higher Re values. In Figure 12b, a secondary flow can be detected
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(a)

(b)

Figure 12: Secondary flows at the entrance (a) and the middle (b) of the twisted section

(between Bend 1 and Bend 2) of the TSC-60 (left) and TSC-300 (right) channels at Reynolds

number of 150.

in the corners. This secondary flow is caused by the twisted shape, and has a

swirling nature, as illustrated by the flow streamlines in Figure 13. Stronger260

twisting of the channel normally intensifies the secondary flow and thereby pro-

motes the heat transfer [14, 17]. With the configurations presented in this work,
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Figure 13: Streamlines colored by velocity magnitude inside the TSC-300 channel (twisted

section between Bend 1 and Bend 2) at Reynolds number of 150.

however, the opposite effect is observed.

According to [26], the heat transfer enhancement factor for a twisted channel

with triangular cross-section decreases with the increment in Reynolds number.265

Therefore, a stronger attenuation of heat transfer enhancement in the twisted

sections at the greater Re values can be conditioned also by the cross-section

shape. However, it is interesting to note that the results of Khoshvaght-Aliabadi

and Arani-Lahtari [17] showed that Nusselt number for the same channel con-

figuration increases with Reynolds number. The difference between the findings270

of [26] and [17] might be related to the channel geometry being twisted around

different axes, that is, the center of rotation of the cross-section differs for the

geometries studied. For example, in the case of a triangular cross-section, if the

center of rotation does not coincide with the circumcenter, axial tortuosity of

the channel appears, which promotes the heat transfer. Hence, when a twisted275

channel is designed, the center of rotation of the cross-section should be taken

into account.

18



In Figure 11, the peak heat transfer enhancement in the bends downstream

of the twisted sections increases with the degree of twisting. In addition to

the cross-section orientation, such augmentation can also be attributed to the280

swirling flow caused by the preceding twisted sections. Moreover, the flow enters

these bends with a slightly higher peak axial velocity as the degree of twisting

increases, see Figure 14. The difference between the heat transfer enhancement

Figure 14: Velocity distribution at the entrance of Bend 2 (similarly for Bend 4) of the TSC-60

(left), TSC-180 (center) and TSC-300 (right) channels at Reynolds numbers of 150.

at the entrance and the exit of the bend just after the twisted section can thus

be considerable. For instance, for the TSC-300 channel at Re=150, the heat285

transfer augmentation at the exits of Bend 2 and Bend 4 is more than 3.5 times

higher than in the corresponding straight channel, whereas the enhancement at

the entrances barely reaches the value of 1.6.

The estimated mean heat transfer enhancements and pressure drop penalties

for the studied channels at different Re values are summarized in Figure 15. It290

can be seen that the TSC-180 and TSC-300 configurations do not provide a

superior mean heat transfer enhancement than the TSC-60 configuration. With

the TSC-180 geometry, ēNuH2
decreases by 2.5% at Re=50, and stays at the

same level as the TSC-60 configuration at Reynolds numbers of 100 and 150.

The mean heat transfer enhancement factor for the TSC-300 configuration shows295

3.2%, 4.7% and 2.7% lower values than for the TSC-180 channel at Reynolds
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Figure 15: Mean heat transfer enhancement (a) and pressure drop penalty (b) for different

channel configurations at Reynolds numbers of 50, 100 and 150.

numbers of 50, 100 and 150, respectively. Moreover, at Re=100, the mean heat

transfer enhancement for the TSC-300 geometry is 2.4% lower relative to that

for the SC-L.

The pressure drop increases with the Reynolds number for all the config-300

urations. Among the considered cases, the SC-U and SC-L geometries have

the smallest pressure drop penalty. At Re=50, the pressure drop in the these

configurations is only 10% higher than in the corresponding straight channel.

However, with increase of the Reynolds number to 150, the pressure drop in-

creases further by more than 30% to 1.44. For the channels with twisted sections,305

the pressure drop rises also with degree of twisting due to increasing intensity of

the swirling flow. Compared to the SC-U geometry, the pressure loss exhibited

by the TSC-300 configuration is 7.3%, 10.1% and 13.9% greater at Re=50, 100

and 150 respectively.

The overall performance of each channel based on the PEC is presented in310

Figure 16. For all the channels, the PEC increases with the Reynolds number.

At Reynolds number of 50, the TSC-60 channel provides a noticeably higher

value for E than the other ones, followed by the TSC-180 channel with E of

1.51. At Re=100, having almost equal overall performances, the SC-L, TSC-60
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Figure 16: PEC for different channel configurations at Reynolds numbers of 50, 100 and 150.

and TSC-180 geometries outperforms the other configurations in terms of the315

PEC. The maximum E of about 2.3 is achieved by the TSC-60 configuration

at Re=150. The SC-U and TSC-300 channels give the least PEC at all the

Reynolds numbers studied.

4. Conclusions

The effect of cross-section orientation on the thermal performance of a ser-320

pentine microchannel with an equilateral triangular cross-section was studied

numerically. The fluid flow and heat transfer were simulated in Fluent 15.0 un-

der the constant wall heat flux (H2) thermal boundary conditions at Reynolds

numbers of 50, 100 and 150. The local heat transfer was shown to be sensitive

to the cross-section orientation and heat transfer can be improved by changing325

the orientation. With the same pressure drop, the SC-L configuration demon-

strated a higher mean heat transfer enhancement than the SC-U geometry at
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all the Reynolds numbers considered. Serpentine channel configurations with

twisted sections were also considered and evaluated. Variation of the cross-

section orientation by twisting had a significant impact on heat transfer and330

fluid flow. The TSC-60 channel showed a noticeably better mean heat transfer

enhancement than the non-twisted configurations and the pressure loss increase

was insignificant.

Tighter twisting of the sections did not provide a higher mean heat transfer

enhancement factor and resulted in greater pressure drop. At Re=50, the mean335

heat transfer enhancement for the TSC-180 channel decreased slightly but re-

mained equal at the higher Re values. The mean heat transfer enhancement for

the TSC-300 also reduced slightly further at all the Reynolds numbers studied,

compared to the TSC-180. The heat transfer enhancement variation along the

TSC-180 and TSC-300 channels was considerable. The twisted sections tended340

to disrupt the Dean vortices formed in the upstream bends, substantially de-

teriorating the heat transfer performance, whereas the effect was negligible in

the TSC-60 configuration due to weaker twisting. At the same time, stronger

twisting gave a remarkable increase in the heat transfer enhancement in the

downstream bends due to the the swirling flow generated by the twisted geom-345

etry. It is concluded that utilization of twisted shapes is capable of improving

heat transfer performance of serpentine channels.
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