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Abstract —This study presents a Computational Fluid Dynamics (CFD)-based optimization framework to enhance the performance of
bare-tube heat exchangers. The framework comprises a CFD solver, an adjoint solver, and a CAD-based parametrization tool. This
framework simultaneously optimizes the tube shape and layout to obtain an optimum heat exchanger configuration with a higher heat
transfer rate and lower pressure drop. Firstly, a parametric study of the longitudinal pitch is performed that shows that increasing the
longitudinal pitch results in an increase in pressure drop and heat transfer rate. Furthermore, the proposed framework was applied to
optimize an in-line elliptical tube configuration. The optimum geometry showed a performance improvement of 29% as compared to the
baseline geometry while satisfying the constraint on the heat transfer rate.
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1. Introduction

Heat exchangers are crucial devices of energy conversion systems as the overall conversion efficiency is directly linked
to the effectiveness of the heat exchangers used in the thermodynamic process. Ideally, heat exchangers should feature a high
heat transfer rate per unit area, low pressure drop, and minimal weight and volume [1]. Recently, heat exchangers made up
of bare tubes of small diameter have emerged as suitable heat exchanger technology for mobile applications [2], for example,
road vehicles and aircraft. This is primarily due to the relatively high heat transfer coefficient per unit of volume,
consequently resulting in compact heat exchangers [3][4].

The design of the bare-tube heat exchangers involves selecting the shape and the layout of the tubes. Conventional tubes
may feature round [5], oval [6], elliptical [7], or tear-drop [8] shapes. The selection of the tube shape is usually driven by the
chosen manufacturing method, the Reynolds number at which the tube bundle operates, and the thermal-hydraulic
performance of the heat exchanger targeted in the design. Studies have established that elliptical and drop-shaped bare-tube
heat exchangers have a better thermal-hydraulic performance, whereas round and oval tubes are more popular because of
their simpler manufacturing method. The layout of the bare-tube heat exchangers is defined by the longitudinal and transverse
pitches. The optimal value of these parameters is usually obtained by conducting parametric studies, where the longitudinal
and transverse pitches are varied for a range of Reynolds numbers to study the trend between heat exchanger size and pressure
drops in the cold and hot streams. For example, in Ref. [9][10], a parametric study was performed to achieve a high Nusselt
number and low friction factor for rounded bare-tube heat exchangers. Overall, these parametric studies have been
instrumental in providing insights into the performance of bare tube heat exchangers under varying conditions. However,
they involve trial-and-error and do not necessarily lead to optimal designs.

Another way to obtain the optimal shape and layout configuration for bare-tube heat exchangers is by using optimization.
For example, Lim et al. [2] used the multi-objective genetic algorithm (MOGA) to obtain a Pareto front of round tube designs,
whose objective functions were the air-side pressure drop and heat transfer rate. The heat exchanger model in Ref. [2], was
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based on the analytical e-NTU method and empirical correlations for heat transfer coefficient and friction factor. Conversely,
Kasagi et al. [11] used a neural network trained on the results of a CFD model to estimate the heat transfer rate and pressure
drop across bundles of round tubes for a wide range of tube longitudinal pitch, transverse pitch and Reynolds numbers. The
results show that optimal values of dimensionless transverse and longitudinal tube pitch were 2.28 and 1.31 respectively.
While the previous optimization studies dealt with round tubes only, Bacellar et al. [4] presented non-round tubes whose
shape and layout were optimized by using MOGA. The performance of the designs was evaluated with a CFD-based
metamodel developed using the Kriging method. However, developing a metamodel is computationally expensive, especially
as the number of design variables is increased to explore a larger design freedom. An alternative method enabling shape
optimization in a drastically shorter computational time than MOGA is adjoint-based CFD optimization.

In this context, the aim of the research presented in this manuscript is to apply an adjoint-based CFD optimization
framework to optimize the shape and layout of bare-tube heat exchangers simultaneously. Such an optimization framework
was previously developed for turbomachinery problems [12][13] and was recently extended to design tube bundles [14].
This work extends this framework further by including the tube longitudinal pitch among the optimization variables. The
framework is based on the open-source CFD suite SU2 [15], whose key feature is the integration of RANS solvers with an
adjoint solver to determine in a computationally efficient way the gradients associated with design variables, consequently,
enabling the use of gradient-based optimization methods. The other element of the optimization framework is a CAD-based
parametrization [13] to represent the heat exchanger geometry, and to modify the shape and layout of the tubes during the
optimization process.

To demonstrate the potential of the developed framework, an in-line elliptical bare-tube heat exchanger is selected as
the test case. The numerical model is validated against data in the literature about heat transfer rate and pressure drop across
in-line circular tubes. A parametric study is carried out to study the influence of the longitudinal pitch on the performance of
in-line elliptical bare-tube heat exchanger. Finally, the shape and pitch of the baseline design is optimized based on 2-D flow
simulations. The objective of the optimization was to reduce the pressure drop while constraining the heat transfer rate and
internal area of the tubes.

2. Methodology
The proposed optimization framework utilizes the CFD and adjoint solver of the SU2 suite [15] and the CAD parametrization
tool described in Ref. [13]. The framework can be represented with the help of the extended design structure matrix (XDSM)
diagram illustrated in Figure 1. The XDSM diagram showcases the key components of the design chain, namely, the surface
generator, mesh deformer, flow solver, adjoint solver and the optimizer. The input provided to the optimization loop is the
initial design vector (a®) and the corresponding mesh (Xgol). At each optimization step, the CFD and adjoint solvers are
used to determine the value of the objective function (J), flow constraint (cf), geometric constraints (cg) and their
associated sensitivities. The sensitivity of the objective function with respect to the design variable can be obtained by the
following matrix multiplication
a_] _ a] . 0Xyol . aXsurf 1
da  0X,o 0Xgyrs Oa (0
The evaluation of cost functions and gradients with respect to the design variables are performed as per Ref. [14].
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Figure 1: XDSM diagram representing the adopted optimization framework, from Ref. [14].

3. Case Study

In order to assess the capability of the optimization framework, a test case inspired by the work presented in Ref. [4]
was chosen. The heat exchanger geometry consists of four elliptical tubes in an in-line arrangement, see Figure 2. The
elliptical tubes have a major axis of 3 mm and a minor axis of 0.9 mm.

The computational domain and boundary conditions corresponding to this baseline geometry are shown in Figure 2. The
flow domain was discretized using quadrilateral elements close to the wall and triangular elements in the rest of the domain.
The mesh selected after performing a grid-independence study, consists of approximately 86,200 elements which
corresponds to a 0.4% uncertainty in pressure drop due to the discretization error. Figure 3 depicts the mesh used in the
simulations for analysis and design.

Periodic Boundary
v=3m/s
Inlet St ‘ ‘ No-slip walls 7, =350 K Outlet
A 4
Periodic Boundary

Figure 2: Computational domain and boundary conditions for the in-line elliptical tube test cases.

Figure 3: Discretized domain around the tubes (top) with an enlarged view of the grid (bottom).
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4. Optimization Setup
The objective of the optimization is to minimize the airside pressure drop (AP,;,-) across the bare tubes by changing

the design variables (a); while constraining the heat transfer rate (Q) and the area enclosed (a) within each tube of the
geometry. The optimization problem can be expressed as

main AP, (o), (2)
s.t. Q = 0.970,, 3)
a =a,, 4)

where Q,, is the heat transfer rate of the baseline design and a,, is the area enclosed within each tube of the baseline geometry.
The framework used the SLSQP [16] optimization algorithm available within the python SciPy package [17].

5. Results

The results are presented in three separate sections. First, a validation study of the numerical setup used for the
simulation is documented. Next, a parametric analysis is reported to study the effect of longitudinal pitch on the performance
of the considered tube bundle. Finally, the results of the optimization are described.

5.1. Validation study

To validate the numerical model used to simulate the flow and heat transfer, a test case with in-line cylindrical tubes
from Ref. [11] was selected. The geometry of this test case consists of 21 streamwise circular tubes of 0.5mm diameter in an
in-line arrangement with transverse and longitudinal pitch ratios of 2.28 and 1.31 respectively. The flow conditions of the
experiment considered for the validation correspond to a Reynolds number of 100 [11].

The air-side pressure drop and heat transfer coefficient estimated by the CFD model are equal to 37.1 Pa and 128.6
W/m?K, respectively, versus 41.6 Pa and 136.2 W/m’K of the experiment. Hence, the simulation underpredicts the heat
transfer coefficient by 5.5%, and the pressure drop by 11%. The CFD model is, then, deemed sufficiently accurate for the
purpose of this study.

5.2. Influence of Reynolds number and longitudinal pitch

To study the influence of longitudinal pitch, its ratio (P;), i.e. the ratio between the longitudinal pitch and the major
axis of the ellipse, was varied from 1.25 to 4. The key performance parameters considered for this parametric study are the
Nusselt number (Nu) and the Euler number (Ew), representing the non-dimensional heat transfer coefficient and the pressure
drop (AP), respectively. The definition of these quantities is as follows:

vpL
Re = —,
U &)
AP
Eu = 1 ,
Evzp (6)
Nu = hL
YT (7
. me TW - TiTL
h=" (TW - T) , ®)

where v is the free-stream velocity, p is the density of the air, L is the major axis of the ellipse chosen as the characteristic
length, u is the dynamic viscosity of air, h is the heat transfer coefficient, k is the thermal conductivity of air, 1 is the mass
flow rate, ¢, is the heat capacity of air, A,, is the heat transfer area, T,, is the temperature of the tube walls, Ty, is the
temperature at the inlet and T, is the temperature at the outlet.
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Figure 4: Variation of Nusselt number and Euler number with longitudinal pitch ratio.

Figure 4 represents the variation of Nusselt number and Euler number with longitudinal pitch ratio for the flow
conditions of the case study, corresponding to a Reynolds number of 591. It can be observed from Figure 4 that by increasing
the longitudinal pitch ratio, both the Nusselt number and the Euler number increase. Therefore, for a given tube shape, it can
be observed that minimizing pressure drop and maximizing heat transfer rate exhibit opposite trends, thus, emphasising the
need of an optimization algorithm to find an optimum trade-off between the two objective functions.

5.3. Optimization results

The baseline geometry of the tube bundle in Figure 3 is optimized as per the optimization problem represented in Eqns.
(2)-(4). The optimization variables were the longitudinal pitch and tube shape parameters (leading and trailing edge radii,
major axis length, and tube thickness along the major axis). The geometric constraint was computed using the shoe-lace
method as reported in Ref. [14]. The optimization was performed on a workstation with Intel Xeon processor Gold 5220R
(2.2 GHz) processor. The computational cost per design step was approximately 90 mins using 24 cores, which consume a
maximum of 4 GB of memory.

The optimization history of the problem is illustrated in Figure 5, where the non-dimensional objective and constraint
values are plotted for each design step. It can be observed that the objective function is reduced by ~29% while maintaining
the heat transfer rate at the 97% of its baseline value. Furthermore, Figure 5 also presents the tube shapes of the design
solution exhibiting this performance improvement. The total height of the optimum tubes is 18.4% smaller than in the
baseline design while the width of the tube is 18.67% larger. Additionally, the longitudinal pitch ratio is decreased by 25%
reducing the total volume of the tube bundle.
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Figure 5: Optimization history depicting the evolution of the normalized objective function and constraint values (Left).
Comparison of the optimum tube shape and the baseline design (Right).

The optimum and baseline geometry are compared in Figure 6, which also shows the corresponding velocity contours
obtained from the CFD simulations. It can be observed that the maximum velocity is reduced in the optimum geometry as
compared to the baseline case. The reduction in the maximum velocity is ~11%. This is due to the reduction in the frontal
area of the optimum design, which provides a larger flow passage area. Consequently, this leads to a lower maximum velocity
and subsequently to a lower pressure drop. The flow patterns in the optimum design result in smaller recirculation zone
between the tubes, see Figure 6. On the other hand, the wake after the last tube is longer compared to that of the baseline. A
larger wake region in the optimum geometry can be attributed to a slower flow diffusion due to the lower maximum flow
velocity when compared with the baseline.
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Figure 6: Velocity contours for the optimum design (top) and the baseline design (bottom).
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Figure 7: Temperature contours for the optimum design (top) and the baseline design (bottom) with the locations of lines A-E
for quantitative comparisons.

The temperature distribution in the air flow for the baseline and the optimum geometry is shown in Figure 7. Since the total
heat transfer rate is constrained, the overall increase in fluid temperature between the inlet and the outlet is similar in the two
cases. However, the local distribution, especially in the wake of the tubes, is different. For a quantitative comparison, the
velocity magnitude, pressure, and temperature in the airflow are sampled at 5 locations (A-E) as shown in Figure 7. These
locations are arranged such that locations B, C, and D, are at the centre of space between the consecutive tubes.
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Figure 8 compares the air velocity, pressure, and temperature distributions between the two designs at the locations
A-E. The largest pressure drop occurs in both cases across the first tube, see the pressure distributions in Figure 8. The
optimum design exhibits a lower pressure drop across the tubes compared to the baseline design due to the lower flow
blockage, which leads to a more uniform velocity distribution. Conversely, the temperature spread along the vertical direction
increases, with the maximum temperature occurring at the center of the recirculating region, which can be 6 K higher than
in the baseline case.
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Figure 8: Comparison of the baseline and optimum designs with respect to the variation of flow properties — velocity magnitude,
pressure, and temperature — as a function of the normalized y-coordinate at the locations A-E.

The longitudinal pitch ratio (P;) is reduced from 1.6 to 1.2 by the automated design chain. This reduction in the
longitudinal pitch leads to a decrease in pressure drop similar to the trend observed in the parametric study. It should be
noted, however, that the large change in pitch during the design optimization deteriorates the quality of the mesh obtained
after the geometry adaptation imposed by the optimizer.

Overall, this study demonstrates that the simultaneous optimization of the tube shape and longitudinal pitch using the
adjoint-based framework proposed in this study, can substantially improve the performance of in-line bare-tube heat
exchangers with relatively low computational cost.

6. Conclusion

In this work, an adjoint-based design optimization method using CAD-based parametrization was developed for
optimizing the tube shape and layout of bare-tube heat exchangers. The CFD model was validated against experimental data
in the literature and was used for a parametric study to investigate the effect of longitudinal pitch on the performance of in-
line tube bundles. Moreover, the developed optimization framework was applied to optimize an exemplary in-line elliptical
tube bundle to reduce the pressure drop across the heat exchanger while constraining the heat transfer rate. Results showed
that optimizing the tube shape and longitudinal pitch simultaneously results in a performance improvement of more than
29%, while satisfying the imposed constraint on the heat transfer rate.

Future work will include transverse pitch in the optimization framework and extend the problem to more realistic
three-dimensional problems.
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