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This study numerically investigates the thermal and hydraulic performance of a 
3-D counterflow heat exchanger equipped with internal baffles under laminar flow 
conditions. The finite element method is employed to simulate the effects of baffle 
rotation angle (θ = 0°, 30°, 45°, and 60°) and Reynolds number (Re = 500-2000). 
The heat exchanger consists of two adjacent rectangular channels separated by a 
thin aluminum wall, with hot and cold water flowing in opposite directions. Key 
performance indicators, velocity, pressure drop, temperature difference, ΔT, and 
thermal efficiency, are evaluated for both fluid streams. Results reveal that increas-
ing the baffle rotation angle enhances thermal performance up to an optimal point 
(θ = 30°), beyond which further increases reduce heat transfer due to weaker flow 
disturbances. Conversely, pressure drop decreases steadily with higher baffle an-
gles, with the lowest resistance observed at θ = 60°. The Reynolds number strongly 
affects both thermal and hydraulic behavior, with higher values resulting in lower 
ΔT and efficiency due to shorter residence times.
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Introduction

Heat exchangers are essential in energy systems, widely used in applications such 
as power generation, thermal storage, and electronic cooling. Counterflow configurations are 
particularly valued for their high thermal efficiency and compact design [1, 2]. Recent advances 
aim to improve heat transfer while reducing pressure drop and material usage. Umer et al. [1] 
and Li et al. [3] emphasized the role of material selection and structural optimization in sol-
id-gas and foam-filled exchangers, respectively.
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Passive enhancement methods, including turbulators and modified geometries, have 
been extensively explored. Tavousi et al. [2] improved nanofluid-based exchangers using inno-
vative turbulators, while Zhao [4, 5] introduced entropy-based methods for thermodynamic as-
sessment. Geometric enhancements, such as twisted and conical turbulators proposed by Rinik 
et al. [6] and Haddadvand et al. [7], were shown to increase turbulence and thermal uniformity. 
Computational studies by Zhao et al. [8] and Chaquet and del Sastre [9] further examined com-
plex thermal-fluid behavior.

Nanofluids have also emerged as effective additives for enhancing convective heat 
transfer. Kadhim et al. [10] and Alhulaifi [11] highlighted their benefits in double-pipe ex-
changers, while Ahmad and Alsalmah [12] combined AI with modelling to predict solar-as-
sisted exchanger performance. Advances in materials and fabrication, such as binder jetting 
for Inconel exchangers [13] and empirical-experimental optimization of heat pipes [14], have 
also improved performance, supported by innovations in micro-channel and dimpled designs 
[15-17]. Moreover, contributions by Menni et al. [18-20], Ameur et al. [21], Djeffal et al. [22], 
Tahrour et al. [23], Salmi et al. [24], and Chamkha et al. [25] have shown the effectiveness of 
baffle-induced turbulence and geometry optimization in enhancing heat transfer in air channels 
and finned-tube systems.

This study addresses the need for compact, energy-efficient heat exchangers in appli-
cations such as electronic cooling and HVAC systems. Enhancing thermal performance in lam-
inar flow requires effective geometric modifications that minimize pressure loss. Baffle rotation 
is a promising strategy, yet its impact in counterflow configurations remains underexplored. 
This work numerically investigates the effects of baffle rotation angle and Reynolds number, 
Re on the thermal and hydraulic performance of a 3-D counterflow heat exchanger, aiming to 
guide the design of efficient systems for low Reynolds number applications. 

Numerical model and methodology

This study numerically analyzes the thermal and hydraulic performance of a 3-D 
counterflow heat exchanger with internal baffles, fig. 1. It features two adjacent rectangular 
channels (1 m long, 0.08 m internal diameter, and 1 mm wall thickness) separated by a thin 
aluminum wall (1 mm thickness) allowing heat transfer without fluid mixing. 

To enhance heat transfer, stationary rectangular baffles are mounted on the inner surfac-
es of both channels. These baffles are oriented at rotation angles of 0°, 30°, 45°, and 60° relative 
to the flow direction, promoting secondary flows and boundary-layer disruption. The working 
fluid in both channels is water, with inlet temperatures of 373.15 K (hot fluid) and 293.15 K (cold 
fluid). The Reynolds number is varied from 500-2000, ensuring laminar flow throughout.

The physical model assumes steady-state, incompressible flow with constant ther-
mo-physical properties. Conjugate heat transfer is modeled through the aluminum wall, with 
perfect thermal contact at fluid-solid interfaces. Boundary conditions include uniform inlet ve-
locity based on the selected Reynolds number, zero-gradient outlet conditions, no-slip walls, 
and adiabatic external surfaces.

Based on the aforementioned assumptions, the governing equations describe flu-
id-flow and heat transfer in both the fluid channels and the separating solid wall.

Continuity equation:
u 0∇ =
 (1)

Momentum equations:
( ) 2u u upρ µ∇ = −∇ + ∇
  

(2)
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Energy equation in the fluid domain:
( ) 2upC T k Tρ ∇ = ∇


(3)
Energy equation in the solid wall:

2 0w wk T∇ = (4)
Conjugate heat transfer conditions:

	– Temperature continuity
f wT T= (5)

	– Heat flux continuity

f w
f w

T Tk k
n n

∂ ∂   − = −   ∂ ∂   
(6)

where u→ = (u, v, w) is the velocity components in the x-, y-, and z-directions. The flow equations 
involve fluid density, ρ, dynamic viscosity, µ, pressure, p, and convective acceleration, u→ ∇, re-
solved in all three directions. The thermal model includes fluid properties such as specific heat, 
Cp, thermal conductivity, k, and temperature, T. In the solid wall, Tw represents the temperature 
field, and kw is the thermal conductivity of aluminum.

Thermal efficiency:

, ,

, ,
100%c o c i

h i c i

T T
T T

ε
 −

= ×  − 
(7)

where Tc,o and Tc,i are the outlet and inlet temperatures of the cold fluid, respectively, and Th,i is 
the inlet temperature of the hot fluid [26]. 

Figure 1. Schematic representation of the studied baffled counterflow heat 
exchanger; (a) side view, (b) front view, (c) dimensional specifications, and 
(d) computational mesh
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Numerical simulations are performed 
using the finite element method implemented 
in COMSOL Multiphysics under steady-state 
conditions. The computational domain is dis-
cretized using an unstructured tetrahedral mesh 
consisting of 1404894 elements and 261143 
nodes, with refined regions near baffles, walls, 
and thermal gradients. The average element 
quality is 0.575, and the minimum element 
quality is 0.0393. A segregated solver is used 
with convergence criteria set to 10–⁶ for all re-
siduals, ensuring stability and accuracy. The 
numerical model was validated against Las-
kowski [26] using a counterflow heat exchang-

er with coaxial channels under matching thermal and flow conditions. As shown in fig. 2, 
the temperature distribution closely agrees with the reference results, confirming the model’s 
accuracy and reliability.

Findings and analysis

Flow field visualization

Figure 3 presents the velocity contours in the counterflow heat exchanger at a low Reyn-
olds number (Re = 500) for four different baffle rotation angles: θ = 0°, 30°, 45°, and 60°. At θ = 0°, 
the baffles are oriented perpendicular to the flow, generating strong flow obstruction and high veloc-
ity jets between the baffles. This configuration leads to pronounced acceleration in the flow channels 
and the formation of re-circulation zones downstream of each baffle. As the baffle rotation angle 
increases from 0° to 60°, the flow experiences less disruption due to the increasingly streamlined 
orientation of the baffles. Consequently, the peak velocity magnitude gradually decreases across 
the flow domain. At θ = 60°, the baffles are more aligned with the main flow direction, minimizing 
resistance and resulting in a smoother, lower-velocity profile. This progressive reduction in velocity 
with increasing baffle angle indicates a trade-off between flow mixing intensity and pressure drop, 
which directly influences the heat exchanger’s thermal and hydraulic performance.

Drop hydrodynamic pressure loss 

Table 1 summarizes the pressure drop behavior of the counterflow heat exchanger un-
der varying baffle angles (θ = 0°, 30°, 45°, and 60°) and Reynolds numbers. For all configura-
tions, pressure drop increases significantly with Reynolds number due to higher fluid velocities 
and associated wall shear stress. For example, at θ = 0°, the hot channel pressure drop rises from 
0.039 Pa (Re = 500) to 0.574 Pa (Re = 2000), while the cold channel increases from 0.048 Pa 
to 0.644 Pa, representing increases of 1372% and 1242%, respectively.

Baffle rotation angle strongly influences pressure loss. As θ increases from 0° to 60°, 
pressure drop consistently decreases at all Reynolds number values due to reduced flow ob-
struction. At Re = 2000, the hot channel pressure drop falls by 80.7% (from 0.574-0.111 Pa), 
and the cold channel by 79.5% (from 0.644-0.132 Pa), indicating improved hydraulic perfor-
mance at higher angles.

Cold channels exhibit slightly higher pressure drops than hot ones across all cases, 
mainly due to the higher viscosity of cold water (293.15 K) compared to hot water (373.15 K), 
leading to greater viscous resistance under identical flow and geometric conditions.

Figure 2. Model validation under same 
geometrical and operational conditions
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Inlet-outlet temperature difference

As shown in tab. 2, the temperature difference, ΔT, between inlet and outlet decreases 
with increasing Reynolds number for all baffle angles due to shorter residence time and re-
duced heat transfer opportunity. At θ = 0°, the hot fluid ΔT drops from 15.450 K at Re = 500 to 
11.479 K at Re = 2000, while the cold fluid ΔT decreases from 14.783-11.109 K. This consis-
tent trend across all configurations indicates that lower Reynolds numbers favor higher thermal 
gradients under constant inlet conditions.

Varying the baffle angle shows that thermal performance improves notably up to  
θ = 30°. At Re = 500, ΔT increases from 15.450-25.408 K for the hot stream and from 14.783 K 
to 24.625 K for the cold stream. This improvement is due to enhanced secondary flow and ther-
mal boundary-layer disruption. However, beyond 30°, ΔT begins to decline, as higher angles 
reduce turbulence intensity by aligning more with the main flow, which weakens vortex forma-
tion and wall mixing.

Figure 3. Velocity contours in the counterflow heat exchanger 
at Re = 500 for baffle angles θ; (a) 0°,  
(b) 30°, (c) 45°, and (d) 60°
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Table 1. Pressure drop in hot and cold fluid streams vs. Reynolds number and baffle angle

Baffle rotation angle, θ [°] Reynolds number Δp [Pa] – Hot fluid Δp [Pa] – Cold fluid

0

500 0.039 0.048

1000 0.149 0.174

1500 0.327 0.373

2000 0.574 0.644

30

500 0.032 0.038

1000 0.123 0.140

1500 0.270 0.304

2000 0.473 0.529

45

500 0.015 0.020

1000 0.060 0.071

1500 0.132 0.152

2000 0.230 0.264

60

500 0.007 0.010

1000 0.029 0.036

1500 0.064 0.077

2000 0.111 0.132

Table 2. Effect of baffle angle and Reynolds number on ΔT in hot and cold channels

Baffle rotation angle, θ [°] Reynolds number ΔT [K] – Hot fluid ΔT [K] – Cold fluid

0

500 15.450 14.783

1000 13.130 12.619

1500 12.083 11.663

2000 11.479 11.109

30

500 25.408 24.625

1000 24.441 23.621

1500 23.943 23.138

2000 23.632 22.847

45

500 23.562 22.787

1000 22.528 21.765

1500 22.019 21.270

2000 21.699 20.966

60

500 20.882 20.197

1000 19.669 19.010

1500 19.123 18.483

2000 18.789 18.163
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In all cases, the hot stream exhibits slightly higher ΔT than the cold stream, despite 
symmetric geometry and boundary conditions. This asymmetry arises from the higher inlet 
temperature of the hot fluid, which creates a stronger thermal gradient and enhances heat loss 
near the inlet. Overall, the 30° baffle configuration offers the best thermal performance, striking 
a balance between efficient heat transfer and manageable pressure drop.

Thermal efficiency trends

Table 3 shows that thermal efficiency decreases with increasing Reynolds number 
across all baffle angles. This decline is primarily due to shorter residence time at higher flow 
rates, which limits heat transfer between streams despite greater convective potential. For in-
stance, at θ = 30°, efficiency drops from 32.252% at Re = 500 to 29.889% at Re = 2000 (a 7.3% 
decrease), while at θ = 0°, it falls more sharply from 19.345-14.519% (a 24.9% drop). These 
results indicate that lower Reynolds numbers are more favorable for maximizing thermal per-
formance in laminar counterflow conditions.

The baffle rotation angle strongly influences thermal efficiency. At a fixed Reynolds 
number, increasing θ from 0° to 30° significantly improves performance due to enhanced flow 
mixing and thermal boundary-layer disruption. For example, at Re = 500, efficiency increases 
from 19.345% at 0° to 32.252% at 30°, a 66.7% gain. However, beyond 30°, further increases in 
baffle angle reduce efficiency slightly. This is attributed to reduced secondary flow generation 
as baffles become more aligned with the main flow, weakening convective mixing and overall 
heat transfer.

Despite this decline beyond 30°, baffle angles of 45°, and 60° still outperform the 
baseline 0° case. At Re = 2000, efficiency drops from 29.889% (30°) to 27.417% (45°), and 
23.743% (60°), showing diminishing returns at higher angles. These findings confirm that the 
30° baffle orientation offers the optimal balance between heat transfer enhancement and hy-
draulic performance, achieving the highest thermal efficiency across the studied range.

Table 3. Variation of thermal efficiency with flow and baffle configuration
Baffle rotation angle, θ [°] Reynolds number Efficiency, ε [%]

0

500 19.345
1000 16.501
1500 15.245
2000 14.519

30

500 32.252
1000 30.917
1500 30.275
2000 29.889

45

500 29.839
1000 28.477
1500 27.820
2000 27.417

60

500 26.437
1000 24.865
1500 24.166
2000 23.743
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Conclusions

This study examined the thermal and hydraulic performance of a 3-D counterflow 
heat exchanger with internal baffles at various rotation angles (0° to 60°) and Reynolds num-
bers (500-2000). Results showed that increasing the Reynolds number leads to higher pressure 
drops and lower thermal efficiency due to reduced residence time. In contrast, baffle rotation 
significantly influenced flow and heat transfer. A 30° rotation angle provided the best balance, 
achieving the highest thermal efficiency while maintaining moderate pressure loss.

Higher baffle angles (45° and 60°) reduced pressure drop but weakened thermal perfor-
mance, indicating a trade-off between mixing and hydraulic resistance. The findings suggest that 
a 30° baffle angle is optimal for laminar flow applications. Future work should consider transient 
effects, varying fluid properties, and experimental validation enhance the model’s applicability.
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