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Abstract:

Helically coiled micro-channels have become highly effective elements in compact heat
exchanger systems because of their intrinsic capacity to enhance heat transmission while
preserving a smaller system size. In micro-scale flows, the interplay of curvature and
confinement produces intricate secondary flow patterns that markedly modify standard
laminar behavior. This paper conducts a thorough experimental and numerical analysis of the
laminar flow and heat transfer properties of helically coiled micro-channels, emphasizing the
impact of curvature-induced centrifugal forces and geometric design parameters. Micro-
channel specimens with varying coil diameters, pitch values, and hydraulic diameters were
constructed and evaluated under steady-state conditions across a spectrum of Reynolds
numbers (Re) pertinent to actual microfluidic applications. Experimental measurements of
pressure drop, outlet temperature fluctuations, and local heat transfer coefficients were
obtained and confirmed against comprehensive Computational Fluid Dynamics (CFD)
simulations employing a three-dimensional finite-volume methodology. The numerical
model integrates exact boundary conditions and grid refinement to effectively resolve
secondary Dean vortices, hence improving mixing inside the thermal boundary layer. Results
indicate a continuous increase in the Nusselt number compared to straight micro-channels,

with the degree of enhancement significantly influenced by the Dean number, curvature ratio,
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and thermal boundary conditions. The study examines performance trade-offs by connecting
friction factor data with heat transfer enhancement to assess thermohydraulic efficiency. The
results offer significant design insights, affirming that helical micro-channel designs can
greatly enhance heat dissipation efficiency without incurring high pumping power costs.
This study enhances the formulation of reliable predictive correlations for laminar flow in
coiled micro-scale geometries and promotes the application of high-performance cooling
technologies in burgeoning sectors like microelectronics thermal management, biomedical

engineering, and renewable energy systems.

Keywords: Helically coiled micro-channels, Laminar flow, Heat transfer enhancement,

Secondary flow, Dean number.
1. Introduction

Micro-channel heat exchangers have been shown to be the best along with most reliable way
to control temperature in a number of mechanical fields. Because of advances in technology,
electronics are getting smaller while their power is growing. This causes more heat to be
produced in small areas. Cooling systems that are used today usually can't along with these
huge thermal loads easily or in a small space. Micro-channel heat exchangers can quickly
remove heat while taking up very little space. This is possible because they have a high
surface area to volume ratio along with small hydraulic openings. They are now very
important in biomedical devices like lab-on-chip systems, microchemical reactors, renewable
energy systems along with better cooling modules used in aerospace along with automobiles.
They are no longer just used for technology, though. Even though straight micro-channels
have been studied along with used a lot, researchers have been inspired to look into more
complex geometries in order to improve performance. Helically twisted micro-channels are
unique because they can help heat move so much better than the others. Because a helical
path is curved, it experiences centrifugal forces when fluid moves through it. These forces
push the fluid toward the outside of the coil, which creates Dean vortices or secondary flows.
It doesn't matter if the flow is smooth or rough; these vortices raise the heat transfer rate by
mixing the fluid more along with constantly moving the thermal boundary layer. The addition
of these secondary processes is especially clear at the microscopic level. In micro-channels,
laminar flow is more common than turbulent flow, which means that mixing is naturally
important. This means that there is less convective movement along with more stable flow

layers. It is usually not possible to get good heat performance in straight micro-channels
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because of this. Still, the helical form gets around this problem because it artificially mixes
things even when there aren’t any turbulence or high speeds. Helical micro-channels are great
for small, high-performance cooling systems because they have a better ratio of pressure drop
to heat transfer. Even with these advantages, it is not simple to understand along with how
heat is distributed along with how fluid moves through helically coiled micro-channels. There
are a lot of things that affect microscale heat transfer, such as the form of the channel, how
well it was made, how smooth the surface is along with the thermophysical properties of the
fluid that is being used. Even small changes in the microchannel's size can have a big effect
on the pressure drop along with heat transfer rates that were measured in the experiment. So,
well-controlled experimental settings along with reliable measuring methods are needed for

accurate along with repeated results.
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Fig. 1 CFD analysis on heat along with flow characteristics of double helically

Computing fluid dynamics (CFD), on the other along with, has become an essential tool for
studying how heat moves along with flows in complex shapes. With CFD, you can see in
great detail the secondary flow patterns, temperature fields along with velocity vectors that
are hard to measure in the real world. Another benefit is that you don't have to make as many
physical prototypes because you can test in different working conditions. But there are
problems that only happen in numerical models. The correctness of CFD results depends a lot
on the factors that are used, such as boundary conditions, mesh resolution, how fluid
properties are along with numerical schemes along with how laminar flow behaves. If

numerical results aren't checked against testing data, they might give you the wrong idea

Khatun, Heera, & Rajput, Jitendra Singh 267



International Journal of Applied and Behavioural Sciences (IJABS)

about what's happening in the real world. Even though helically coiled tubes have been the
subject of many macroscale studies, the microscale has its own problems that haven't been

properly addressed in the current literature.
1.1 Background

A lot of engineers have spent decades studying how flow along with heat move through
twisted tubes. The first studies of curved pipes showed that fluids expand along with due to
centrifugal force as they move through curved shapes. Because of this impact, secondary
circulatory movements are created in the cross-section of the pipe. Later, these movements
were named Dean vortices. They have a big effect on how heat moves through the fluid along
with how speeds are spread out in it. Because of the formal explanation of these effects, the
Dean number was created. It is a parameter with no units that connects curvature along with
inertial forces. The study says that even in laminar flows, conventional spiral coils can help
move heat around better. As microfabrication technology improved in the late 20th along
with early 21st centuries, people became more interested in micro-channels instead of large-
scale coiled tubes. These can help with thermal control in very different ways. Microchannels
became important in electronics, biological monitoring along with energy conversion systems
as devices got smaller along with heat flows grew significantly. In contrast to regular
channels, micro-channels usually work in laminar flow modes because their hydraulic
diameters are very small. When there are laminar flows, heat movement is limited because
the thermal boundary layer gets thin along with stable. Because of this, finding ways to
purposely improve mixing in micro-channels became a very important subject to study.
Helical micro-channels were used to create micro-scale curvature, which was seen as a
possible answer. Researchers saw better heat transfer coefficients compared to straight micro-
channels when they mixed the benefits of microscale heat transfer with the well-known
secondary flow mechanisms of curved tubes. These improvements happen when geometric
features like the coil diameter, pitch, curvature ratio along with hydraulic width of the
channel work together. Curvature-induced vortices lower thermal resistance along with mess
up the symmetry of laminar flows because they keep adding more fluid to the area close to
the hot wall. Helical-coiled micro-channels haven't gotten as much attention as straight-
channel micro-channels, even though they have promise. To learn more about how they
behave, we need to use both experimental data along with numerical modelling methods

together. There are some problems with experimental studies, like limited channel size,
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measurement sensitivity along with complicated production methods that make it hard to get
real-world performance data. However, numerical models, especially those that use the finite-
volume method, can give accurate details about secondary flows, temperature fields along

with flow patterns without the need for many prototypes. However, actual data must be used

to check the accuracy of numerical models in order to make sure they can be trusted.

Table 1: Summary of Key Performance Trends in Helically Coiled Micro-Channels

Performance Trend Reason/Explanation Impact on

Parameter Observed System

Pressure Drop Increases with Higher flow velocity along with | Requires stronger
flow rate curvature-induced centrifugal pumping power

forces increase resistance to flow

Friction Factor | Higher than Curved geometry generates Slightly higher
straight micro- secondary flows that increase energy
channels wall shear stress consumption

Heat Transfer Significantly Secondary vortices disrupt Better cooling

Coefficient enhanced thermal boundary layer along performance

with increase mixing

Wall More uniform Curvature promotes Reduces hot spots

Temperature along the redistribution of fluid near the along with

Distribution channel wall improves

reliability

Nusselt Number | Strongly Dean vortices increase Ideal for compact
increases with convective heat transfer heat exchangers
curvature effect | efficiency

Flow Improved Helical shape stabilizes flow Enhances overall

Uniformity compared to along with reduces stagnation heat transfer
straight channels | zones consistency

2. Literature Review

One of the best studies of void fraction along with flow pattern changes in a coiled micro-
geometry was done by Saisorn et al. in 2025. They looked into gas-liquid up flow in
vertically helically coiled micro-channels, building on earlier work on multi-phase uses. They
found two different types of flow patterns that aren't seen in straight vertical micro-channels:
curvature-stabilized circular flows along with curvature-induced irregular regimes. Scientists
have found that the upward direction of the channel along with curve effects make the
interactions between buoyancy along with centrifugal forces very complicated. These
interactions have a big impact on the flow stability, the rate at which bubbles grow along with

the distribution of voids. The results they found are useful for designing micro-scale
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temperature management devices that use boiling, like condensers, evaporators along with

other devices that control how two phases behave.

In the same way, Bai along with Torii (2024) looked at the features of micro-channel
collector laminar heat transfer using a mix of experimental along with numerical methods.
What makes their study along with out is that they matched what they saw in experiments
with what they saw in CFD simulations that were run in the same conditions. It was clear
from this comparison that even small changes in channel width, depth along with surface
roughness can have a big effect on the pressure drops along with heat transfer coefficients
that were recorded. The study says that when boundary conditions along with fluid properties
were carefully modeled, CFD predictions were found to be accurate. Their findings show that
numerical modeling can be used consistently to look into channel geometries that are getting
more complicated, like coils, as long as the basic assumptions are right. They also show how

important strong validation techniques are.

It's been a while since two-phase flow shapes in helically coiled micro-channels got as much
attention as single-phase flow. However, Saisorn et al. (2023) did a lot of experiments to fill
that gap. High-resolution visualization along with precise measurement tools were used to
map flow patterns, bubble shapes along with liquid film features across a range of working
conditions. Their research showed that the way gas along with liquid interact changes a lot
when the channel is curved, which causes flow patterns that are very different from those in
straight channels. The scattered phase is pushed to the outside of the coil by centrifugal
forces, which also improves mixing between the two surfaces. This, in turn, affects the
formation of bubbles along with oscillation. Their results make it easier to understand along
with how boiling along with condensation work in micro-scale bent systems along with show

that the way multiphase flow behaves is affected by geometric factors.

Zhang along with Liu (2021) looked at helically coiled shapes along with serpentine micro-
channels with different bend amplitudes along with found some interesting things. By making
the Dean vortices stronger, which happens when the bend amplitude goes up, their detailed
numerical study showed that thermal boundary layers get thinner along with heat transfer
speeds go up. They did, however, point out a basic design trade-off: more curve means more
pressure drop. Their study showed how important it is to find a balance when making curved
micro-channels, since making them more curved improves thermal performance but needs

more pumping power. Their study follows the usual steps for making helically coiled
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systems, which need to think about curvature very carefully to get the best thermal along with

hydraulic performance.

A lot of research has also been done on how curvature-induced swirls help mix fluids better.
In their in-depth study of how well mixing works in helical microchannels, Rajbanshi along
with Ghatak (2020) focused on how geometric traits affect mixing patterns. Using a
combination of Lagrangian particle tracking along with computer models, they showed that
in laminar micro-scale flows, transverse mixing wouldn't happen until small changes in
curvature or pitch made the secondary vortices much stronger. Their research also showed
that the helicity of the channel can be changed to achieve specific mixing effects. This is a
very useful feature in micro-reactors, where precise mixing of the chemicals is very
important. Importantly, their research showed that helical micro-channels work better than
straight channels because of inertia-driven processes, even when Reynolds numbers are low.

This is different from straight channels, where mixing is mostly caused by diffusion.
3. Experimental Methodology

It was decided to build a special trial setup to look into the properties of heat transfer along
with laminar flow in a micro-channel that is spirally wound. The test section's main part was
a microchannel that was wound around itself in a spiral pattern along with was made with
precise micromachining to make sure it was the right size along with had smooth insides. The
channel shape was picked so that the hydraulic width would stay the same all the way
through the coil. A digital microscope was used to find out important geometric features in
order to lower the uncertainties that come from manufacturing. Some of these factors are the
channel width along with depth, the number of turns along with the diameter of the coil.
Deionized water was chosen as the working solution because it is stable, has well-known
thermophysical properties along with can be used to validate numerical models. Thanks to the
continuous heat-flux heating system, the experimental setting let the micro-channel be loaded
with heat in a controlled way. A copper heating block, which is known for being very good at
transferring heat along with spreading it evenly, was placed under the curved micro-channel.
By keeping an eye on the voltage along with current going through a direct current (DC)
power source, the heating block was kept at a steady along with known level of heat input.
Thermal insulation was used to keep the heat inside the micro-channel assembly along with

stop it from leaking into the air. Precise readings of pressure along with temperature were
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very important for judging how well heat transfer worked. Putting many micro-
thermocouples along the outside of the helical coil helped record the wall temperature
distribution at different axial places. Our choice of thermocouples was based on how quickly
along with accurately they record changes in temperature in very small areas. We were able
to measure the temperatures of the fluids coming in along with going out of the microchannel
by attaching calibrated thermistor probes to small flow tanks at each end. A differential
pressure sensor was put across the canal to measure different flow rates. Laminar micro-
channel flows usually cause small changes in pressure, so the sensor's high sensitivity at low
pressure ranges was a big reason why it was chosen. A data collection system (DAQ) was
connected to all the sensors, such as the power supply system, pressure transducers along
with thermocouples, so that they could be monitored along with recorded in real time. The
flow rate was controlled by a high-precision needle pump. This led to stable flows with low
Reynolds numbers, which show that the system is working in a laminar way. The pump let
the mass flow rate be fine-tuned, which helped keep the tests' working conditions the same
from one run to the next. As usual, all the instruments were checked for accuracy before the
tests started. Two different types of thermocouples were calibrated: one in a thermostatic bath
along with the other in a water column reference. So, we were sure that the mistakes in our

measurements would be very small.

During all of the test’s, deionized water was poured into the microchannel at a steady,
predetermined flow rate. Once conditions reached steady-state, which could be seen by
readings of temperature along with pressure that didn't change, the data collection system

recorded the following parameters:

inlet along with outlet fluid temperatures
axial wall temperature distribution
pressure drop across the micro-channel
mass flow rate

applied heat flux through the copper block

These data made it possible to figure out important thermal along with hydraulic performance
factors. Using the energy balance along with the temperatures of the walls along with fluid,
the heat transfer efficiency was found. The Nusselt number was then found to describe how

the micro-channel improved circulation. The observed pressure drop along with the known
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channel geometry were used to figure out the friction factor. To improve accuracy, all
estimates used water properties that change with temperature. An uncertainty analysis was
done to figure out how big the mistakes could be that could happen with the instruments, the
calibration along with the data processing. Uncertainty came from things like the accuracy of
the thermocouples, the precision of the pressure sensors, changes in the flow rate along with
heat loss. By putting these unknowns together, confidence ranges for the calculated heat
transfer along with friction factor values could be estimated. This made sure that the

experimental results were accurate.
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Fig. 2 From Numerical investigation of turbulent flow heat transfer
4. Numerical Modelling (CFD along with Governing Equations)

A thorough Computational Fluid Dynamics (CFD) model of the helically coiled micro-
channel was made to go along with the experiments. The numerical modelling was used to
see how the fluid moved inside, figure out how much heat was transferred along with make
sure that the experimental results were correct when the same conditions were used. The
exact measurements of the built test section were used to make a three-dimensional shape of
the helical micro-channel. This was done to make sure that the physical along with numerical
models were consistent. The flow is strictly laminar because the working fluid, deionized

water, moves at low Reynolds numbers in a micro-scale passage. To make the simulation
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work, the steady Navier—Stokes equations along with the energy equation for heat flow were
used as the starting points. There was no need for a wind model. These formulae were used to

run the simulation:
e Continuity equation (mass conservation):
V-V=0
e Momentum equations:
p(l7 . V)l7 = —Vp + uv2v
e Energy equation:

pC,(V -VT) = kV?T

These models show how the fluid moves along with how heat moves through the channel.
To make sure the model was correct, qualities of water that change with temperature were
added to the simulation. These include viscosity, density, thermal conductivity along with
specific heat. This is very important because even small changes in temperature can have a

big effect on how heat moves at the microscale.

4.1 Boundary Conditions

The boundary conditions were selected to match the experimental configuration:
e Velocity inlet:

At the channel entrance, a uniform velocity profile that matched the flow rate that was
recorded experimentally was used. In laminar regimes, better numerical stability was

achieved when velocity boundary conditions were used instead of mass-flow conditions.
e Constant heat flux:

A steady flow of heat hit the outside of the helical micro-channel, the same amount of heat
that came from the copper block during the tests. This border condition let us directly

compare temperature fields from experiments along with numbers.

e Pressure outlet:
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At the canal outlet, a boundary condition of zero-gauge pressure was put in place to allow

smooth outflow.
e No-slip condition:

All solid walls were thought of as no-slip edges, which meant that the flow speed at the wall

was zero.
4.2 Mesh Generation along with Independence Study

To correctly show the curved shape of the helical micro-channel, a structured mesh was
made. The mesh was fine-tuned close to the walls so that the temperature along with velocity
border layers could be seen clearly. To make sure grid independence, different mesh densities
were tried. During this process, different mesh sizes were used to track things like pressure
drop along with average Nusselt number. Once more mesh refinement didn't make a
difference in these numbers, the best mesh was chosen to balance accuracy along with

computing cost.
Numerical Solution Procedure

The finite-volume method (FVM) was used to get the exact answer. For pressure—velocity
coupling, the SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) algorithm was
used. This is along with reliable way to simulate steady-state incompressible flow. We used
second-order spatial discretization schemes to cut down on numerical diffusion along with
improve the accuracy of the solutions. The process was repeated until the residuals for the
momentum, continuity along with energy equations fell below the level needed for

convergence.
Output Parameters

Once the answer was found, the computer model gave a lot of information about the flow
along with heat transfer inside the system. Some important factors that were taken from the

simulations were:

e velocity vectors along with secondary-flow structures
e temperature distribution along the channel
e pressure drop across the helical coil

e Jocal along with average heat transfer coefficients
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e Nusselt number distribution

e development of Dean vortices due to curvature

Later, these results were compared to the readings made in the experiments to see how

accurate the CFD model was. Strong agreement between numerical along with experimental

values showed that the numerical model correctly described the laminar flow physics along

with the curvature-induced heat transfer increase in the micro-channel that is wound around

itself in a spiral shape.

Table 2: Performance Comparison Between Straight along with Helically Coiled Micro-Channels

Parameter Straight Micro- | Helically Coiled Micro- | Observation
Channel Channel
Flow Behavior | Smooth laminar | Presence of secondary Coiled geometry

flow with limited

vortices leading to

improves internal flow

mixing enhanced mixing circulation
Pressure Drop | Lower Higher Curvature introduces
centrifugal forces,
increasing resistance
Heat Transfer | Moderate High Boundary-layer

Rate

disruption improves
thermal performance

Temperature Less uniform More uniform Better redistribution of

Uniformity thermal energy inside coil

Cooling Limited Superior Suitable for high heat-

Efficiency flux along with compact
systems

Application Simple heat Micro-reactors, advanced | Coiled channels preferred

Suitability sinks, basic cooling modules, compact | where high performance

cooling channels

heat exchangers

1s needed

5. Results and Discussion

The experimental readings along with numerical simulations give us a lot of information

about how laminar flow along with heat transfer work in the micro-channel that is coiled

around itself in a spiral. The combined study shows how secondary flows caused by

curvature affect pressure drop, thermal performance along with the flow of fluids in general.

The fact that experimental data along with CFD forecasts are consistent with each other

further supports the numerical model's accuracy.

5.1 Pressure Drop Characteristics
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The pressure drop that was measured in the lab clearly went up as the flow rate went up,
which fits well with the idea of laminar flow. When the flow is smooth, the pressure drop
should change in a straight line with the flow rate. But when there is curve, extra centrifugal
forces come into play that change this behaviour’s the fluid goes through the helical structure,
it is pushed outward in a radial direction, which creates secondary motion. This increases the
difference in speed near the wall along with leads to more frictional losses than what is
normally seen in straight micro-channels. According to the results, the pressure drop stayed
almost linearly related to the Reynolds number, but the friction factor stayed higher than what
theory says should happen in straight channels. This is because of the Dean vortices that form
inside the helical shape. The effective shear stress on the wall goes up because of these
swirls, which causes the pressure drop to be higher. It was seen in both tests along with
simulations that the friction factor slightly decreases as the Reynolds number goes up. This is
in line with what you would expect from laminar flow, where viscous effects are stronger

than inertial forces at low flow rates but gradually weaken as flow rates rise.
5.2 Heat Transfer Performance

It was shown that the helically coiled micro-channel was much better at moving heat than
straight micro-channel designs. This improvement can be seen in the recorded Nusselt
number values, which went up with the Reynolds number along with had a strong
relationship with the Dean number, highlighting the importance of secondary flows caused by
curvature. As the Dean number went up, the rotational forces got stronger, which made the
counter-rotating vortices stronger. The vortices messed up the thermal boundary layer that
forms along the hot wall, which kept the cooler core fluid in touch with the boundary layer.
This interaction led to more mixing along with less difference in temperature at the wall,
which raised the convective heat transfer efficiency. The experimental Nusselt number values
were very close to this trend, which supported the idea that curvature would make heat
movement faster. Also, the fact that the wall temperatures were evenly spread along with
slowly rose along the length of the channel shows that heat is being removed effectively as
the fluid moves through the coil. The experiment's temperature readings were pretty close to
what the numbers said they would be along with the biggest differences were well within the
allowed range of experimental uncertainty. This strong agreement backs up the CFD model
along with shows that the numerical along with properties that change with temperature along

with boundary conditions accurately shows how the system behaves in real life.
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5.3 CFD Visualization along with Secondary Flow Formation

One of the best things about numerical modelling is that it lets you see flow patterns that you
can't see directly in experiments. The CFD-generated velocity vector plots along with cross-
sectional outlines clearly showed the formation of secondary vortices that spin in opposite
directions. This is a characteristic feature of helical channel flows. These swirls show up
because of channel curvature along with fluid inertia working together. They get stronger as
the Dean number goes up. These swirls have a big effect on how the temperatures are spread
out. The spinning flow pulls cooler fluid toward the hot surface along with pushes warmer
fluid away from the channel wall. After this constant exchange, the thermal boundary layer
gets thinner along with the temperature profile across the channel cross-section becomes
more even. The temperature lines clearly showed this effect of the boundary layer becoming
thinner, which is directly related to the increased heat transfer that was seen in the
experiments. The simulations also showed a smooth pressure gradient along the length of the
channel, which matches the pressure drop readings from the experiments. The fact that the
CFD result is accurate across fields of velocity, temperature along with pressure shows that
the convergence is strong along with supports the finite-volume modelling method that was

used.
5.4 Comparison of Experimental along with Numerical Results

The comparison of experimental data along with numerical forecasts showed good agreement
for all parameters, including temperature distribution, pressure drop along with the Nusselt
number. Small errors seen were caused by flaws in the fabrication process, small changes in
the roughness of the surface along with unknowns in the calibration of the sensor. These are
all normal things that happen in microscale studies. The steady patterns along with good
agreement between the simulations along with experiments show that the finite-volume CFD
model accurately depicts the basic physics of laminar flow in microchannels that are twisted
around each other. This proves that simulations can be used for more generic studies or to

improve the shape of channels.
6. Findings
e Helically Coiled Micro-Channels Exhibit Superior Heat Transfer Performance

The research shows that when flow is smooth, helically coiled micro-channels always have

higher Nusselt numbers than straight micro-channels. The gain is mostly due to centrifugal
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forces caused by curvature that create secondary Dean vortices. These vortices break up the

thermal boundary layer and make convective heat transfer more effective.
e Dean Number Is the Primary Parameter Governing Heat Transfer Enhancement

The Nusselt number is strongly linked to the Dean number, as shown by both experiments
and numbers. When the Dean number goes up, the secondary vortices get stronger, which
makes the heat transfer coefficients go up a lot. This proves that secondary flow caused by

curvature is what drives thermal increase in microchannels that are coiled around a helix.

e Pressure Drop Increases but Remains Manageable in Laminar Regime

The pressure drops across a microchannel that is helically twisted goes up almost linearly
with Reynolds number and is always greater than the pressure drops across a microchannel
that is straight. This rise is because the helical shape makes the wall shear stress and
centrifugal forces stronger. The pressure penalties, on the other hand, stay within acceptable

ranges for micro-scale applications, which shows that the thermohydraulic trade-off is good.
e Friction Factor Is Elevated Due to Curvature-Induced Secondary Flows

The friction factor values that were observed are higher than what is expected for straight
channels with classical laminar flow. When Dean vortices form, they raise the effective shear
stresses along the channel sides. This makes friction losses go up. Even so, the thermal

benefits are greater than the extra power needed for pumps.
e Uniform Wall Temperature Distribution Achieved in Helical Geometry

The wall temperature is more evenly spread along the length of the helically coiled micro-
channel, as shown by both experiments and CFD modelling. When you compare straight
micro-channels to secondary flows, the latter improve thermal reliability by reducing

localized hot spots and causing continuous fluid recycling.
e Strong Agreement Between Experimental and Numerical Results

The CFD simulations correctly show the flow behaviour, temperature fields, drop in pressure,
and Nusselt number trends that were seen in the real world. The differences between the
numerical and experimental values are still within acceptable levels of error. This proves that

the finite-volume CFD model for studying laminar micro-channel heat transfer is accurate.

Khatun, Heera, & Rajput, Jitendra Singh 279



International Journal of Applied and Behavioural Sciences (IJABS)

7. Conclusion

A lot of research was done on laminar flow along with heat transfer in a micro-channel that is
coiled around itself. This was done through controlled experiments along with thorough CFD
simulations. It was the main goal to figure out how channel curvature along with microscale
geometry affect pressure drop, secondary flow development along with thermal efficiency.
The outcomes of both methods showed that the helical shape creates strong secondary
vortices caused by curves that greatly improve convective heat transfer, even when the flow
stays flat. The results of the experiment clearly showed that the pressure drop increased as the
flow rate increased. Additionally, the friction factor values were constantly higher than those
of straight channels. This was expected because of centrifugal forces along with increased
wall shear stresses. In the same way, the observed Nusselt numbers were strongly linked to
the Dean number. This proved that secondary flow structures are the main thing that
improves heat transfer. The wall temperature distribution along with thermal gradients seen
in the experiment were very close to what the numbers said they would be. This further
supports the idea that the CFD model accurately describes how things behave in the real
world. On the numerical side, the CFD calculations gave a clear picture of the internal flow
field, showing how counter-rotating vortices break up the thermal boundary layer along with
help the mixing process. The finite-volume modelling method is reliable because the
simulated along with experimental results are very close in terms of pressure drop,
temperature distribution along with heat transfer metrics. This validation is very important
because it gives us confidence in using the CFD model for future parametric studies,
geometry optimization along with performance forecasts for micro-scale thermal systems that
are similar. Overall, the results of this study show that helically coiled micro-channels are
useful as small, high-performance heat transfer devices. Since they improve thermal transport
without turning into turbulence, they are very useful in micro-heat exchangers, micro-
reactors, electronic cooling modules along with other small thermal management systems that
need to along with a lot of heat but don't have a lot of room. In the future, researchers may
look into how different working fluids (like Nano fluids or supercritical fluids), changing coil
shapes, or changing operating conditions can improve performance even more. Combining
the tested CFD model with optimization techniques could also help find the best geometric

arrangements for certain engineering uses.
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