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In this study, computational fluid dynamics simulations were conducted to investigate the
combined influence of flow regime and flow direction on the thermo-hydraulic
performance of a double-pipe heat exchanger. The laminar, transitional, and turbulent flow
regimes were simulated using two-dimensional models with Reynolds numbers of 1500,
3000, and 6000, respectively. For both parallel flow and counter flow configurations, the
influence of the Reynolds number on the pressure drop and heat transfer rate was examined.
It is clear that while a lower Reynolds number results in lower heat transfer rates with
minimal pressure drop, a higher Reynolds number results in improved heat transfer rates
at the expense of higher pressure drop. Compared to the parallel flow configuration, the
counter flow configuration is more effective in terms of heat transfer with a higher
logarithmic mean temperature difference and a slight increase in pressure drop. Counter-
flow in the transitional flow regime offers the best compromise between power

consumption and heat transfer enhancement among all the considered cases.

1. INTRODUCTION

Heat exchangers (HEs) are crucial in various industries and
engineering  systems, including power production,
transportation, HVAC, and refrigeration, improving heat
transfer between fluids [1-3]. Their performance depends on
several factors, such as heat transfer mechanism, fluid flow
direction, and structural design [4-6]. Among the various HE
types, including shell and pipe, plate, double pipe, and finned
pipe, the double pipe HE is widely used in the engineering
sector because of its simple design, pipe inside a pipe
maintenance, disassembly, assembly, and its applicability to
almost all cooling and heating applications [3, 7-11]. These
HEs are configured into two main types: counter and parallel
flow [12, 13]. In a parallel flow HE, a rapid decrease in the
temperature difference between the hot and cold fluids over its
length occurs since the fluid inlets are in the same direction
[14]. In contrast, a counter-flow HE maintains a higher
temperature gradient due to the opposite direction of the two
fluids' motion. Thus, compared with parallel flow designs,
counter flow designs are generally more effective in heat
transfer [3, 13].

HEs are typically constructed from materials with high
thermal conductivity and excellent corrosion resistance, such
as copper and aluminum, as these materials endure corrosion
while providing superior thermal conductivity [15].

The hydraulic and thermal performance of HEs has become
of paramount importance in waste energy minimization in
power systems and industrial and engineering processes [5, 16,
17]. Thus, a less than optimal design of the HE or conditions
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of flow that are less than optimal normally lead to huge losses
of energy, with reduced thermal and mechanical efficiency;
optimization, therefore, remains imperative [18, 19]. Previous
studies have shown that non-uniform flow distribution
deteriorates thermal performance by reducing heat transfer
coefficients and increasing thermal resistance, Zhang et al. [20]
conducted a quantitative study to assess uneven flow
distribution on thermal performance, and it was found that
poor flow led to a deterioration in the thermal performance
(heat transfer coefficient, capacity, and increased thermal
resistance) of HE. Furthermore, highly efficient HEs control
system reliability and stability by conserving thermal energy
without loss, maintaining necessary temperatures, and
increasing overall productivity [5, 21-25].

The main thermal and mechanical characteristics of a
double pipe HE are determined by various parameters,
including HE design, convection heat transfer coefficient,
pressure drop, and temperature distribution, all of which
depend on the mass flow rate of the working fluid. After
conducting an experimental investigation of a double pipe HE
at different flow rates and flow directions. Furthermore,
increasing the flow rate between hot and cold streams
improves the thermal efficiency, especially in counterflow
systems [26, 27].

The flow rate is directly related to a dimensionless value
known as the Reynolds (Re) number. This number is used in
fluid mechanics to predict the nature of the flow, indicating
whether the flow is laminar, turbulent, or transitional inside
the inner tube and annulus [28, 29]. In laminar flow, Re
numbers are low, resulting in a smooth and orderly fluid flow,


https://orcid.org/0009-0001-7137-8575
https://orcid.org/0009-0000-5580-5920
https://orcid.org/0000-0003-1532-5863
https://crossmark.crossref.org/dialog/?doi=10.18280/ijht.440124&domain=pdf

leading to limited mixing and the formation of thicker thermal
boundary layers [30-33]. As the Reynolds number increases,
turbulent flow develops, characterized by chaotic et al. fluid
motion, enhanced mixing, and disruption of boundary layers,
with distinct behavioral differences between the two regimes
[30, 34-37] Between these two types lies a transitional flow
pattern, occurring within a specific range of Re numbers,
exhibiting a combination of laminar and turbulent
characteristics [28, 36]. In this type, even minor turbulence can
lead to localized disturbances, causing fluctuations in
temperature and flow velocity. Thus, understanding the trade-
off between thermal enhancement and flow regime is
fundamental to optimal HE design for high thermal efficiency
with minimum energy consumption [38-40].

Apart from concentrating on the flow system and direction,
other researchers have resorted to the development of new
technologies that can enhance heat transfer in heat HEs. Some
of the new technologies that have been developed include the
use of fluids with certain properties, such as nanofluids, and
the enhancement of the heat transfer surface area through the
use of extended surfaces such as fins, spiral tubes, and internal
gaskets [41, 42]. Choi et al. [43] reported that using nanofluids
in HEs increases the heat transfer coefficient due to their high
thermal conductivity, particularly metal oxide nanofluids.
However, despite this improvement, increasing the viscosity
of the nanofluids can lead to a significant pressure drop,
reflecting a conflict between thermal and hydraulic
performance [44]. Also, in an experimental study conducted
by Sivalakshmi et al. [45] on a double tube heat exchanger
with helical fins, the heat transfer rate was shown to be
increased compared to a tube without any additives. The heat
transfer coefficient increased by up to 35%.

Although these technologies have been successful in
improving heat transfer rates, they have been linked with
difficulties such as increased pressure drops, operating costs,
and design complexities [46].

Recently, most researchers have turned to numerical
analysis and simulation software to study flow types and their
impact on the mechanical and thermal performance of HEs
[47]. For example, many engineering phenomena can be
predicted using computational fluid dynamics (CFD), yielding
results such as velocity patterns, temperature distribution, and
local heat transfer characteristics using finite-volume (FVM)
techniques without the need for laboratory equipment or time
[48]. This method allows for the numerical partitioning and
solution of the governing equations of energy, momentum, and
mass, providing valuable insights into heat exchanger
performance. Kotian et al. [49] conducted a numerical analysis
to elucidate the effect of coolant flow rates within a HE on the
temperature distribution during the cooling process, and Banu
et al. [50] demonstrated the effect of coolant or heating mass
flow rates on heat transfer rates in HEs using CFD modeling,
employing variable inputs such as mass flow rate, inlet
temperatures, and specific heat. Debtera et al. [51] conducted
direct comparisons of different mass flow combinations in
double pipe HEs using CFD, and the results showed trends in
the mean logarithmic temperature difference (LMTD),
efficiency, and coefficient of friction with different flow rates.
Hassan and Abdulmajeed [52] determined that increasing the
mass flow rate enhances overall heat transfer and thermal
efficiency, based on a CFD study conducted at different mass
flow rates.

In general, previous research in CFD has provided
important insights into how mass flow rate affects HE
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efficiency. However, there appears to be a scarcity of research
that has attempted to investigate the integral effect of both
flow regimes and HE flow patterns. More specifically, the
mutual relationship concerning flow patterns (laminar flow,
turbulent flow), HE patterns (Parallel flow HE, Counter flow
HE), alongside key thermodynamic factors such as
temperature distribution, heat flux, and pressure drop.

In this study, the Re number was deliberately chosen as the
primary dimensionless indicator to represent changes in mass
flow rate, facilitating a systematic study of the effects of the
flow system under comparable dynamic conditions. Unlike
traditional studies that evaluate thermal or hydraulic
performance separately, this study establishes an integrated
system combining thermal and hydraulic aspects. CFD
analysis is used to simultaneously assess the flow types impact
through three key performance indicators: temperature
distribution, heat transfer rate, and pressure drop, comparing
parallel flow HE and counter flow HE under identical
geometrical and boundary conditions. A better understanding
of how the flow system and HE design work together to
improve thermal performance and lower friction is made
possible by this integrated and comparative approach.

2. METHODS

A double pipe HE is a heat exchange where two fluids flow
inside the concentric tubes. Its operation is basically driven by
convection and conduction, which then determine the heat
transfer rate and the required pumping force. The pressure
drop and LMTD are key parameters in the assessment of
thermal and hydraulic performance. Either laminar or
turbulent fluid flow would significantly influence both
parameters.

2.1 Reynolds number and flow regimes
The Re number is the fundamental dimensionless quantity

used to recognize whether flow is laminar, turbulent, or
transitional. It is defined as:

M

Based on its value, when Re <2300, the flow is considered
Laminar. However, when 2300 <Re <4000, the flow is
transitional and turbulent when Re >4000. The flow regime
directly affects heat transfer coefficients, temperature
distribution, and ultimately pressure drop, heat transfer rate,
and LMTD [53].

2.2 Reynolds number and pressure drop
The pressure drop represents the resistance encountered by

the fluid as it flows through the inner tube and outer channel
of'the HE. It is described by the Darcy-Weisbach equation [53]:

L pu?
AP=f —— 2
D, 2 (2)
Laminar flow:
f=Re (64)" (3)



Turbulent flow:

£=0.316 (Re) " “4)
2.3 Heat transfer for double pipe HEs using mean
logarithmic temperature difference

The rate of heat transfer in a double pipe HE is controlled
by the LMTD, which describes how effective the heat flow is
between the two fluids. The overall heat transfer is described
through Eq. (5) below [53].

Q=UA ATy (5)
where, U is the overall heat transfer coefficient, and A is the
area of heat transfer. The LMTD is an insulation for the non-
uniform variation of temperature. One important measure of
HE performance is the LMTD. Along the counter and parallel
flow, HE takes into account the temperature differential
between hot and cold fluids. As shown in Figure 1.

(A)

Counter flow heat exchanger

Primary inlet
TwoC

Secondary outlet
T,°C =—

Primary outlet
Tw2C

Ty°C

Secondary inlet

(B)
Parallel flow heat exchanger

Primary inlet
Tu’C

Primary outlet
T..°C
Secondary outlet Ts.°C

Figure 1. Temperature distribution for (a) A counter flow
HE; (b) A parallel flow HE [54]

The following formula represents the LMTD in parallel
flow HE, and counter flow HE:

_ AT,-AT,
A= 3T, ©)
Ll’l( A_Tl)
Therefore:
ATI:Th,l'Tc,l (7
ATzzTh,z'Tc,z (3
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For parallel flow HE, it flows that:

Th1=This Tho=Thes Tea=Teis Teo=Tep.
For counter flow HE, it flows that:

Th1=This Tho=Thes Ten™Teis Te1=Tep.

3. COMPUTATIONAL
METHODOLOGY

FLUID DYNAMICS

The basis of this research is to evaluate the effect of laminar,
turbulent, and transitional flow types using varying mass flow
rates and Re numbers within a CFD model to determine the
optimal mass flow rate. A comparison is then conducted
between the effects of different flow types on the thermal
efficiency of HE. Figure 2 illustrates the CFD analysis
methodology.

3.1 Geometry modeling

The 2D geometry of the HE domain was constructed
through the built-in design module in ANSYS Workbench
2020. The HE is composed of an outer copper pipe with a
diameter of 0.05 m, inside which is another copper tube with
a diameter of 0.025 m and a length of 1 meter, as shown in
Figure 3.

3.2 Mesh generation

A rectangular mesh element was adopted to discretize the
HE domain with a size of 5 x 10 m, as shown in Figure 4.
Also, a refinement is applied at the interface between the inner
and outer pipes. The convergence of the difference in
temperature between the inner and outer of both streams was
reported to determine the number of elements.
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Figure 2. The CFD methodology
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Figure 3. 2D HE geometry model
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Element Size 5.2-004 m
Export Format Standard
Export Preview Surface Mesh | No
1| Sizing
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Mesh Defeaturing Yes
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Average Surface Area 2.5e-002 m®

Minimum Edge Length 2.5e-002 m

Figure 4. (A) The created mesh with inflation at the
interface; (B) Mesh metrics details

4. BOUNDARY CONDITIONS

The inlet and the outlet boundary conditions of each case
are shown in Table 1. An ambience pressure boundary
condition was applied at the outlets for both the inner and outer

streams

Table 1. Inlet boundary conditions

Hot Fluid Side Cold Fluid Side
Case (1): Laminar flow
Inner Flow Outer Flow
Flow rate value (Kg/s) 14.1 x 1073 14.1 x 1073
Inlet temperature (K) 353.15 293.15
Case (2): Transitional flow
Inner Flow Outer Flow
Flow rate value (Kg/s) 28 x 103 28 xx 107
Inlet temperature (K) 353.15 293.15
Case (3): Turbulent flow
Inner Flow Outer Flow
Flow rate value (Kg/s) 56 x 107 56 x 107
Inlet temperature (K) 353.15 293.15

5. RESULTS AND DISCUSSIONS

In this section, the flow regimes will be investigated based
on two key performance parameters of a parallel flow HE and
a counter flow HE, namely LMTD and pressure drop. The
results include an analysis of three operating conditions with
varying Re numbers of 1500, 3000, and 6000, representing
laminar, transitional, and turbulent flow conditions,
respectively. The inlet temperatures of both hot and cold
streams are maintained at 353.15 K and 293.15 K, respectively,
while the inlet mass flow rate is adjusted to achieve the
required flow regime.

5.1 Heat transfer characteristics in a parallel flow double-
pipe HE

The results generally show that in a parallel flow HE, the
temperature difference between cold and hot water is greatest
at the inlet because both enter from the same end. Then the
difference gradually decreases along the length of the HE pipe.
Under laminar flow condition (Re = 1500, mass flow rate =
0.0141 kg/s) for both fluids, exhibits a gradual change in the
average axial temperature, leading to a rapid decrease in the
temperature difference at the inlet and a decrease in the heat
transfer area along the flow direction of the HE, as shown in
Figure 5(a), this is due to poor mixing and increased thermal
boundary layer thickness. Consequently, the heat transfer
capacity is limited to 560 W, accompanied by a relatively low
LMTD value, indicating weak overall thermal performance.

When the flow transitions to a transition flow regime (Re =
3000, mass flow rate = 0.028 kg/s), the temperature gradients
become steeper compared to laminar flow, as shown in Figure
5(b). Consequently, heat transfer improves to 905.5 W, which
represents an increase of approximately 62% compared to the
laminar regime, due to flow instability and increased thermal
mixing.

When the flow transitions to a turbulent flow regime (Re =
6000, mass flow rate = 0.056 kg/s), the temperature gradients
at the outlet between the hot and cold water become more
homogeneous and closely matched, as shown in Figure 5(c).
This is due to strong thermal mixing and a significant decrease
in the thermal boundary layer thickness. Consequently, the
heat transfer efficiency improves to about 1600 W,
corresponding to an increase of about 185% relative to laminar
flow and 77% compared to transitional flow, resulting in better
thermal performance.
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Figure 5. Parallel flow HE temperature distribution for (A)
Laminar flow, (B) Transitional, and (C) Turbulent
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Despite this improvement, the parallel flow configuration
still exhibits a decrease in temperature driving force. Figure 6
shows the improvement in heat transfer rate in a parallel flow
HE with increasing Re number and mass flow rate. A
comprehensive list of thermal performance metrics for the
three flow regimes of a parallel flow HE can be found in Table
2.

Heat transfer rate in (watt) in parallel flow HE

1800

1600
1400
1200
1000

800

0 I I I

600
400

Laminar Transitional Turbulent

BHeat transfer rate in (watt) in parallel flow HE

Figure 6. The parallel flow HE heat transfer rate for different
flow regimes

Table 2. Thermal performance metrics for the three flow
regimes of a parallel flow HE

Flow Re Heat Transfer Rate LMTD
Regimes Number (Watts) (K)
Laminar 1500 560 47

Transition 3000 905.5 49
Turbulent 6000 1600 51

5.2 Heat transfer characteristics in a counter flow HE

In the case of laminar flow (Re = 1500, mass flow rate =
0.0141 kg/s), a counter flow HE realizes a greater length-wise
temperature difference (LMTD) than a parallel flow HE, as
indicated in Figure 7(a). Though the heat transfer rate is
restricted by the nature of laminar transport, a better thermal
use of the exchange surface is attained in the case of counter
flow heat transfer, resulting in a heat transfer rate of 592 W.

In the case of transitional flow with (Re = 3000, mass flow
rate = 0.028 kg/s), the CFD solution indicates a greater
reduction in the outlet temperature difference than in parallel
flow, as indicated in Figure 7(b). Therefore, heat transfer rates
are appreciably enhanced owing to greater mixing of the fluid
and turbulence in the boundary layer. Simultaneously, the
latter allows an entire span of the HE to profit from the
increase in heat transfer rates to about 942 W, indicating a
roughly 59.5% improvement over the laminar regime.

The final case involving turbulent flow with (Re = 6000,
mass flow rate = 0.056 kg/s), in which the HE is in the opposite
direction, reveals the maximum heat transfer rate of 1644 W,
representing a further increase of approximately 74.5%
relative to the transitional flow. The CFD solution reveals a
great deal of mixing of the fluid, a strong temperature gradient
as indicated in Figure 7(c), and a uniform axial force function
in the HE. The values of (LMTD) calculated in this case are
appreciably greater than in parallel flow conditions. Figure 8
shows the improvement in heat transfer rate in a counter flow
HE with increasing Re number and mass flow rate. A
comprehensive list of thermal performance metrics for the
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three flow regimes of a counter flow HE can be found in Table
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Figure 7. Counter flow HE temperature distribution for (A)
Laminar flow, (B) Transitional, and (C) Turbulent
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Figure 8. The counter flow HE heat transfer rate for different
flow regimes

Table 3. Thermal performance metrics for the three flow
regimes of a counter flow HE

Flow Re Heat transfer rate LMTD
Regimes Number (Watt) (K)
Laminar 1500 592 48.5

Transition 3000 942 50.7
Turbulent 6000 1644 52

5.3 Pressure drop characteristics in counter flow HE, and
parallel flow HE

The CFD pressure line analysis demonstrates that both
configurations of HE exhibit nearly identical pressure drop
behavior under the same operating conditions, indicating that
pressure losses are predominantly governed by the flow
regime and mass flow rate rather than the flow arrangement.
Under laminar flow conditions, where the mass flow rate is
0.0141 kg/s, the pressure drop is minimal, approximately
0.1462 Pa and 0.0502 Pa for the inner and the outer pipe,
respectively, due to low velocity gradients and low wall shear
stress. However, with transitional flow, where the mass flow
rate is 0.028 kg/s, the pressure drop increases non-linearly to
0.3873 Pa for the inner pipe, and 0.1081 Pa for the outer pipe
with increasing turbulence, thermal mixing, evolving velocity
gradients, and increasing shear stress. After increasing the
mass flow rate to 0.056 kg/s, where the flow is turbulent, the
pressure drop increases significantly to 1.1226 Pa for the inner
pipe and 0.2570 Pa for the outer pipe due to increased shear



stress and momentum exchange. These results confirm that,
for both parallel flow HE and counter flow HE, the pressure
drop increases substantially with increasing mass flow rate and
turbulence intensity, while the influence of flow direction on
pressure losses remains negligible.

Figure 9 shows the pressure drop in both the inner and outer
tubes for all three flow conditions. The inner tube always has
a higher pressure drop than the outer tube. This is because the
inner tube has a smaller hydraulic diameter.

The corresponding velocity profiles in the axial direction,
as shown in Figure 10 for the parallel flow and counter flow
arrangements, respectively, further support the above
conclusions. The smooth velocity profiles for the laminar flow
and the higher velocity gradients near the walls for the
transitioning flows from laminar to turbulent can be used to
explain the increase in pressure losses.

|Pressure Drop in Both Pipe for Parallel and Counter Flow HEs

Transitional

Turbulant

v

Laminar

B Pressure drop in inner pipe (pa) W Pressure drop in oufer pipe (pa)

Figure 9. Pressure drop for different flow regimes in parallel
and counter flow HEs
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Figure 10. Parallel and counter flow HE temperature
distribution for (A) Laminar flow, (B) Transitional, and (C)
Turbulent

5.3 Comparison between parallel and counter flow HEs

CFD simulation results comparing parallel and counter flow
designs show that the thermal performance of counter flow
HESs surpasses that of parallel flow in all flow regimes. The
counter flow design achieves higher overall values for both the
(LMTD) and heat transfer rates. This advantage becomes more
pronounced with increasing Re numbers. However, despite the
higher heat transfer rates, the pressure drop along the HE for
both tubes is the same for both parallel and counter flow
designs in all flow regimes. This is because the pressure drop
is primarily affected by the flow regime rather than its
direction. Figure 11 illustrates the heat transfer rate for both
parallel flow HE and counter flow HE for all regimes.

|Heat Transfer Rate in (Watt) For Parallel and Counter Flow Heat Exchang I
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® Heat Transfer Rate For Parallel Flow HE in (watt) ®Heat Transfer Rate For Counter Flow HEs in (watt)

Figure 11. Heat transfer rate comparison between parallel
flow HE and counter flow HE

6. CONCLUSIONS

CFD analysis shows that the heat transfer rate rises with the
Reynolds number because of increased mixing in the flow,
resulting in a substantial pressure drop. The laminar flow
results in the lowest pressure drop but poor heat transfer rates,
while the turbulent flow results in higher heat transfer rates at
the cost of higher pressure drops. Based on the operating
conditions and geometry chosen for this study, the transitional
flow results in balanced heat transfer and pressure drop.
Additionally, the counterflow HE performs better than the
parallel flow HE for both heat transfer rates and LMTD. These



results are valid for the range of parameters studied in this
work.

Future research should broaden the analysis to include more
geometric variations, different working fluids, and wider
ranges of Reynolds numbers. It should also include
experimental validation to improve how the findings can be
applied in general.
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NOMENCLATURE

HE heat exchanger

AT (LMTD) log mean temperature difference, K
CFD computational fluid dynamics

Q heat transfer rate, Watt

A area, m?

U overall heat transfer coefficient, W/m>K
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Th,1,Th2 inner and outer hot temperatures, K
T T2 inner and outer cold temperatures, K
Greek symbols

Re Reynolds number

p fluid density, Kg/m®

u fluid velocity, m/s

D, hydraulic diameter, m

u dynamic viscosity of fluid, N-s/m?
AP pressure drop, pa

f friction loss
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