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ABSTRACT

A high-performance heat exchanging devices are gaining traction in many
applications. This study aims to investigate heat transfer in a microchannel heat
exchanger. A computational fluid dynamics (CFD) model is developed to examine
performance under various flow conditions, assuming a steady-state operating
condition. The effectiveness of the heat exchanger is studied by varying the inlet flow
rate, with investigations conducted for different Reynolds numbers ranging from 200
to 2000. A single channel repeating unit from both the hot and cold sides of the heat
exchanger is modeled. The effectiveness of the heat exchanger is determined using the
inlet and outlet thermal condition of the heat transfer fluids. The thermal performance
of the heat exchanger, including effectiveness and overall heat transfer coefficient,
is examined for different flow rates. The effectiveness of the heat exchanger strongly
depends on the channel size. It is found that increasing the Reynolds number decreases
effectiveness while increasing the overall heat transfer coefficient. It is concluded that
the use of microchannel can significantly improve the performance of heat exchangers
in many applications. Using CFD can be substantial enhance understanding of fluid
and heat transfer in heat exchanging devices.
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INTRODUCTION

In many different industries, including aerospace, microelectronics, robotics,
biomedical, automotive, nuclear, power plants, and chemical processing,
two-fluid heat exchangers are widely used for a variety of purposes, such
as air conditioning, heating, and cooling, as well as chemical processing and
the cooling of electronic chips. Enabling heat transfer between two fluids at
different temperatures is the primary purpose of a two-fluid heat exchanger.
The second law of thermodynamics states that heat transfers from one body
at a high temperature to another at a low temperature when two bodies are
at different temperatures (Cengal, 2010).

Hot and cold fluids, respectively, enter the heat exchanger at high and
low temperatures. In addition, a solid wall keeps the two fluids in the
two-fluid heat exchanger apart to prevent them from mixing. Convection
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transfers heat between the fluids and the wall, dividing them, and conduction
transfers heat within the wall (Sekulic et al., 2003), (Kakac et al., 2012),
(Mathew et al., 2015). Two-phase heat exchangers are those in which the
working fluid undergoes a phase change while absorbing or rejecting heat.
However, heat exchangers in which the working fluids do not undergo phase
change as a result of heat addition or rejection are referred to as single-phase
heat exchangers. Different types of heat exchangers have been produced
as a result of the diverse uses for heat exchangers. A straightforward heat
exchanger design comprises two concentric cylinders, one for a hot or cold
fluid that fills the inner cylinder’s volume and another for a cold or hot
fluid that fills the space between the cylinders. This type of heat exchanger
is known as a double pipe heat exchanger. Compact heat exchangers and
shell and tube heat exchangers are two other well-known varieties of heat
exchangers based on construction.

Researchers have been looking into different methods for increasing heat
transfer coefficient in addition to using small channels in heat exchangers.
Techniques for reducing channel dimensions and increasing the heat transfer
coefficient fall into two categories: passive and active. Techniques classified as
passive do not need any outside power, whereas techniques classified as active
do. In order to increase the heat transfer coefficient, both passive and active
methods thin the boundary layer and create secondary flow (Alkhazaleh
et al., 2023), (Alnaimat, 2022), (Alkhazaleh et al., 2023), (Alnaimat, 2023).
Model-based studies of a MEMS parallel flow two-fluid heat exchanger
operating in laminar flow conditions were conducted (Alnaimat et al., 2021).
Pin fins embedded in straight microchannels were used in the MEMS heat
exchanger. Research is conducted on Reynolds numbers between 50 and
2000 as well as heat capacity ratios between 0.5 and unity. They found that
the effectiveness was increased with pin fins for a given Reynolds number,
and that this improvement was correlated with a rise in pumping power. An
experimental testing was carried out to investigate heat transfer in pin-fin
heat sinks for cooling applications (Alnaimat et al., 2022). A range of pin-fin
sizes and operating parameters, such as heat flux and Reynolds numbers,
were tested experimentally. It was discovered that, in comparison to fin
size, fluid velocity had a more noticeable impact on thermal resistance. An
experimental and numerical investigation of air-mist cooling in minichannel
heat sinks was conducted (Alnaimat et al., 2022). The application of air-
mist based cooling resulted in a notable improvement in heat transfer
performance.

A shell-and-tube heat exchanger is made up of several small pipes arranged
inside of a large cylinder; the fluids within the small pipes are either hot
or cold, while the fluids outside the pipe are either cold or hot. Compact
heat exchangers are the third most common type of heat exchangers in
terms of construction. They are made up of several layers, each of which
is devoted to a different fluid (hot or cold) and has multiple flow passages.
Additionally, a solid wall divides each flow passage from the others in both
the same layer and adjacent layers. Compact heat exchangers have the highest

compactness, or surface area to volume ratio, usually greater than 300 m2/m3
(Sekulic et al., 2003) (Kew et al., 2011), (Reay et al., 2013), (Singh et al.,
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2019). Therefore, compact heat exchangers are any heat exchangers that use
channels that have a hydraulic diameter of less than 10 mm (Sekulic et al.,
2003), (Kew et al., 2011), (Reay et al., 2013), (Singh et al., 2019). Heat
exchangers can also be categorized according to how the fluid flows; these
include cross, parallel, and counterflows. This work would cover the two
flow arrangements of parallel and counter flows. The hot and cold fluids
enter the heat exchanger at the same point and flow in parallel to exit at the
opposite end, which is known as the parallel flow arrangement. In contrast,
hot and cold fluids enter the heat exchanger at different ends, flow in the
opposite direction, and exit at different ends when there is a counterflow
arrangement.

The analysis of the two-fluid heat exchanger with staggered pin-fin
arrangement in the channels is the goal of this work. The heat and mass
transfer inside the heat exchanger are described by mathematical modeling.
As part of this study, a parametric analysis of the conceptualized heat
exchanger is conducted to determine how operating conditions affect the heat
exchanger’s hydraulic and thermal performance.

MATHEMATICAL MODELING

The minichannel heat exchanger consists of several minichannels in each
layer for the hot and cold fluids. There are 2 layers of channels for the hot
and cold fluids to flow. The CAD model of a single channel heat exchanger
is shown in Figure 1. The depth and width of a single channel is 2 mm. Water
is used as the working fluid. The hot water enters the channel at 80 °C and
the cold water enters at 20 °C.

Figure 1: CAD model of the channel heat exchanger.

A single repeating channel from the hot and cold fluid of the heat
exchanger is modeled. The heat exchanger effectiveness is an important
parameter and need to be determined. The effectiveness is defined as:

_ Q _ Clo (Th,i - Th,o) _ Cc (Tc,o - Tc,i)
Qmax Cmin (Th,i - Tc,i) Cmin (Th,i - Tc,i)

(1)
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where T (K) represents the fluid temperature, C (J/K) is the fluid heat capacity
C = ey, i represents the inlet, o represents outlet, h represents the hot

fluid, ¢ represents the cold fluid, and min represents the minimum. The heat
capacity ratio is defined as C, = CC’{ = CC—‘ It is to be noted that the
min

nun

effectiveness is dependent on several geometrical and operational parameters
includinge = f (D;,y’ch, U, Les Vios Ves Phs Pes Cphs ¢pc)- The heat transfer rate
is determined as,

Q = UAAT,cr (W) (2)

where U is overall heat transfer coefficient, A is the heat transfer area, T}, cp
is the logarithmic mean temperature difference which is defined as,

ATi — AT
In (47)

where AT| = T}, ; — Teo, ATy = T o — T,

ATpu,cr = (3)

0
U = (4)
ATlm,CFA

It is to be noted that the overall heat transfer coefficient for the heat
exchanger can be obtained as,

(1) (L) L (2 5
vA, ~ \hay), T \ks), T \ha,).
where h (W/m2K) is the heat transfer coefficient associated with the fluid,
k (W/mK) is the thermal conductivity.

RESULTS AND DISCUSSION

Figure 2 shows the temperature distribution in the minichannel heat
exchanger. It is shown in Figure 2 that the temperature of the hot fluid
decreases in the flow direction and the temperature of the cold fluid increases
in the flow direction. Figure 2 shows the temperature distribution in the
minichannel. It is also shown that the temperature changes in a channel
along the flow direction. It is noticed that the temperature near the wall
changes more rapidly compared to that away from the surface. This is
due to the proximity of the surface were the fluid temperature reaches
near the surface temperature. The hot fluid enters the minichannel at a
temperature of 353 K and exits at lower temperature around 340 K. The cold
fluid enters the minichannel at a temperature of 293 K and exits at higher
temperature around 304 K. Figure 3 shows the temperature distribution in
the minichannel heat exchanger at the inlet and outlets of both hot and cold
fluids. As noticed in Figure 3, the hot fluid temperature at the inlet is uniform
as specified by the CFD software, and non-uniform at the outlet where
the maximum in the center. This to due to heat transfer to the cold fluids.
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Figure 2: Temperature distribution in the minichannel heat exchanger (T}, j,= 80 °C,
Te,0 =20 °C, Reh = 600, Cr = 1).

4 4

Figure 3: Temperature distribution at the inlet and outlet of the minichannel heat
exchanger (Tp j,= 80 °C, T¢,0 =20 °C, Reh = 600, Cr = 1).

Similarly, the cold fluid temperature at the inlet is uniform, and non-uniform
at the outlet where the minimum in the center.

Figure 4 shows the velocity distribution in the minichannel heat exchanger.
It is noticed that the maximum velocity is in the center of the channel.
Similarly, the cold fluid and hot fluid velocity at the inlet is uniform, and
non-uniform at the outlet where the maximum in the center. This is due the
low friction at the center, and higher friction near the channel surface.

Figure 4: Velocity distribution in the minichannel heat exchanger with side (T}, j,=
80 °C, T¢,0 =20 °C, Reh = 600, Cr = 1).
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Figure 5 shows the effectiveness for different Reynolds number for a
minichannel heat exchanger. It is observed that the effectiveness decreases
with increasing Reynolds number. This is due to the increase in mass flow rate
with increasing Reynolds number which leads to increasing the maximum
heat transfer in the heat exchanger Oy x.

Figure 6 shows the overall heat transfer coefficient for different Reynolds
number for minichannel heat exchanger. It is shown that the heat transfer
coefficient increases with increasing Reynolds number. This is attributed to
the increase in fluid velocity with increase in mass flow rate which leads to
increase the heat transfer in the minichannel.
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Figure 5: Effectiveness of the minichannel heat exchanger for different Reynolds
number (T}, jn= 80 °C, T¢,0 =20 °C, Reh = 600, Cr = 1).
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Figure 6: Overall Heat transfer coefficient of the minichannel heat exchanger for
different Reynolds number (T}, j,= 80 °C, T¢,0 =20 °C, Reh = 600, Cr = 1).

CONCLUSION

Investigations are conducted into the heat exchanger’s performance under
various operating circumstances. A computational simulation model is
created to investigate the efficiency and rate of heat transfer. The study is
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conducted for various Reynolds numbers ranging from 200 to 2000. The
fluids’ inlet and outlet temperatures are used to calculate the effectiveness. It
is discovered that when the Reynolds number increases, the heat exchanger’s
effectiveness decreases for the minichannel heat exchangers. Additionally, it is
discovered that the overall heat transfer coefficient increases as the Reynolds
number increases.
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