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ABSTRACT

Shell and tube heat exchangers are devices which are widely adopted in thermal systems for the
transfer of thermal energy due to both performance and reliability factors. Given their application in
energy-intensive systems, the design and sizing of these devices have become a rapidly growing field.
Traditionally, empirical correlations which were based on experimental results were used for thermal
sizing and design. This was replaced by computational fluid dynamics (CFD) modelling given its ability
to model and visualize flow, expanding the horizon of possibilities for design and performance
optimization. Recently, CFD has been combined with numerical methods such as non-linear least-
squares regression to develop correlations that predict thermal performance based on input design
parameters. However, the application of this integrated method for shell and tube heat exchangers is
limited. This study will model a single-pass TEMA E-type shell and tube heat exchanger using ANSY'S
Fluent ®. CFD simulations are used to explore the effect of turbulence on thermal performance by
varying both the inlet mass flow rate and the central baffle spacing. Steady state simulations are
conducted for four models with six, eight, ten, and twelve baffles. The results of CFD modelling are
then combined with non-linear least squares regression in the MATLAB Curve Fitter Toolbox ® to
develop four sets of correlations in the form of Nu = C.Re®. Pr?. Reasonably confident results were
obtained in the final fitted data; however, relatively high 95% confidence interval widths were evident
for certain fitted coefficients leaving space for improvement in the model. The study highlights that
combining CFD with tools such as nonlinear least squares regression aids both engineers and designers
in the thermal design process of shell and tube heat exchangers eliminating the need to limit design
based on empirical correlations.

KEYWORDS: Shell and tube heat exchangers, thermal optimization, non-linear least squares
regression, central baffle spacing, turbulence, mass flow rate

1 INTRODUCTION

Heat exchangers are devices commonly used to transfer thermal energy between process streams
in both commercial and domestic systems (Mangrulkar et al., 2019). A range of different heat exchanger
types are used in the industry. Among them, shell and tube heat exchangers are widely adopted due to
their versatility in operating over, in a range of working pressures and temperatures (Sekuli¢ & Shah,
2023). These devices also provide a large area of heat transfer for a given volume with a relatively
simple construction (Pal et al., 2016; Aslam Bhutta et al., 2012). In shell and tube heat exchangers, two
fluids at relatively different temperatures flow simultaneously. One flows through the tubes (tube side),
and the other flows outside the tubes, or the shell, which is a circular, enclosed volume around the tubes.
The energy transfer occurs through a combination of conduction and convection from the inside of the
tube fluid to the outside shell fluid or vice versa (Bichkar et al., 2018). This is represented in Figure 1
(a) and (b) below.
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Figure 12: (a) Schematic of a Single Pass TEMA E Type shell and tube heat exchanger (M. Necati
Ozisik, 1985) (b) Physical model in ANSYS Design Modeler.

The widespread adoption of these devices in industries with significant energy transfers has made
the design and sizing critical, with thermal and pressure drop as the key parameters analyzed (Huang et
al., 2017). Traditionally, empirical correlations developed by organizations such as the TEMA (Tubular
Exchanger Manufacturers Organization) were used. This process was time consuming and restricted
design, due to the inability to visualize and identify design weaknesses in the flow (Ozden & Tari,
2010). The adoption of CFD for modelling addressed this challenge given its ability to model and
visualize complex flow phenomena.

The thermo-mechanical performance in these devices depends on the level of turbulence present.
This is commonly introduced using metal plates known as baffles. A range of different types and
configurations can be used to achieve this (Bichkar et al., 2018). Traditionally, most models use single
segmental baffles. However, the use of these types has two key drawbacks (Ozden & Tari, 2010; Pal et
al., 2016; Nedunchezhiyan Mukilarasan et al., 2022; El Maakoul et al., 2016; Abbasi et al., 2020; Zhang
et al., 2017). In the region present behind the baffle, “Dead zones” or areas of recirculation are created
which reduce the amount of heat transfer. Additionally, the contraction and expansion effects in the
fluid flow increase the pressure drop, thereby increasing the pumping power required. A common
approach to optimizing performance is to adjust the configuration of baffles, the central baffle spacing
and the baffle cut (Ozden and Tari, 2010; Abbasi et al., 2020). The central baffle spacing and baffle cut
are identified as parameters which significantly affect the flow phenomenon and thermo-mechanical
performance. Numerical work indicates that decreasing baffle spacing is associated with increased heat
transfer and nozzle-to-nozzle pressure drop.

The potential of CFD design and optimization has recently been combined with tools such as
non-linear least squares regression. The integration of the two tools has enabled the development of
correlations that relate thermal performance to the model’s input design parameters. However,
following a comprehensive survey of the existing literature, minimal applications were available for
shell and tube heat exchangers. Established applications include those for a horizontal counter-flow
double tube heat exchanger and plate-fin and tube heat exchanger, as reported by Alhulaifi (2024) and
Marcinkowski et al. (2021), respectively. The study done by Alhulaifi (2024) explored the thermal
performance of a nano-fluid flow in the device, and a correlation that predicts Nu based on Pr and Re
was developed. While the study by Marcinkowski et al. (2021) involved developing a set of correlations
to predict the Nu for each row based on the respective Pr and Re. A further development of the work
was that done by Marcinkowski et al. (2024) which highlighted that varying the modelling scheme had
minimal effect on the final outcome.

This study will use the commercial CFD solver ANSYS Fluent to model the thermal and
mechanical performance of a single-pass TEMA E-type shell and tube heat exchanger. Simulations will
be conducted in a steady state for the case of six, eight, ten and twelve baffles. In the effort to develop
comprehensive correlations which capture the effect of turbulence on thermal performance both the
central baffle spacing and the inlet mass flow rate are varied. For each model, simulations are performed
over the range of 0.50 kg/s to 2.0 kg/s with increments of 0.25 kg/s. The results from the CFD analysis
are then fit using non-linear least squares regression in the MATLAB Curve Fitter Toolbox to develop
four sets of correlations in the form of Nu = C.Re®. Pr? where a confidence level of 95 % is used for
modelling. Overall, the study is an effort to highlight the potential present in combining CFD with tools
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such as non-linear least squares regressions for the design and optimization of shell and tube heat
exchangers.

2 METHODOLOGY

2.1 Physical Modelling of STHX

The shell and tube heat exchangers were modelled using the ANSYS Design Modeler ® tool
based on the dimensions shown in Table 1 below (Ozden & Tari, 2010). For simulation purposes, the
heat transfer through the thickness of the baffles was neglected.

Table 2. Dimensions of the shell and tube heat exchanger (Ozden & Tari, 2010).

Dimensional Parameter Value / mm
Shell Diameter 90
Outside Tube Diameter 20
Number of tubes used 7 tubes
Length of the heat exchanger 600
Central baffle spacing 86

The working fluid considered is water while, Aluminum is taken as the material for the tube
walls. The presence of narrow operating temperature ranges prevented the use of piecewise linear
interpolation for the properties. Additionally, simulations were done in the steady state given similar
studies have utilized this assumption (Ozden and Tari, 2010; Nedunchezhiyan Mukilarasan et al., 2022;
Zhang et al., 2017).

2.2 Computational domain, mesh and boundary conditions

The shell side volume of the four models is modelled using an unstructured tetrahedral mesh in
the ANSY'S Meshing tool as shown in Figure 2 below. To select the ideal mesh, a balance of accuracy
and computational memory four grids were generated. The element numbers modelled were ~1.2
million, ~2.2 million, ~3.3 million and ~5.0 million. Given that the discrepancy between the overall
heat transfer coefficients for the grid of 3.3 and 5.0 million was less than 2% the grid of element size
3.3 million was selected. This aligns with the level of discrepancy which has been considered reasonable
in similar studies, such as that done by Abbasi et al. (2020).

ST
(a) (b)
Figure 13. (a) Unstructured tetrahedral mesh with boundary conditions applied (b) Zoomed in view of
the mesh applied at the tube wall.

Analysis of the contours revealed significant turbulence on the shell side of the heat exchanger.
Considering merit factors such as the model’s ability to capture flow detail while maintaining minimal
computational time and offering simple closure, the standard k- ¢ turbulence model was selected (Aslam
Bhutta et al., 2012; Ozden and Tari, 2010; Abbasi et al., 2020). Prism layers and a scalable wall function
were employed to resolve the near-wall flow in combination with the turbulence model (E1 Maakoul et
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al., 2016; Shahril et al. 2017).This was done to limit the y* = 11.5, ensuring the flow remained
compatible with the turbulence model. Control of this non-dimensional parameter which represents the
distance from the wall to the first node is critical given its ability to define the near wall flow (Shahril
et al., 2017). The fluid domain was defined using inlet and outlet nozzle boundary conditions. Standard
mass flow and pressure boundary conditions were used respectively (Ozden and Tari, 2010,
Nedunchezhiyan Mukilarasan et al., 2022; Abbasi et al., 2020; Zhang et al., 2017). Additionally, a fixed
thermal condition of 450 K was used for the tube walls while a zero-heat flux condition was assumed
for the shell wall.

2.3 Non-linear least squares regression for correlation development

The parameter formulations in the modelled correlations are similar to those used in established
design methods such as the Bell-Delaware, Kern’s and flow-stream analysis methods (Jamil et al.,
2020). Equations 1-3 below show the basis of calculating the Re, a similar analogy is used to evaluate
both the Pr and Nu (Alperen et al., 2019).
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3 RESULTS AND DISCUSSION

3.1 Model verification and thermo-mechanical results

Simulations revealed that increasing mass increased both the overall heat transfer coefficient and

the shell side pressure drop. The results align with the trend shown in similar studies, however,
differences are observed. This could be attributed to variations in the modelling schemes used. This
argument is supported by the agreement visible with the study done by Pal et al. (2016) given they used
a similar methodology for modelling.
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Figure 14: CFD Results for the six-baffle model (a) Overall heat transfer coefficient vs mass flow rate
(b) Shell side pressure drop vs mass flow rate.

The overall heat transfer coefficient and shell side pressure were observed to be significantly
affected by the increase in number of baffles and the mass flow rate as shown in Figure 4 (a) and (b)
below. The overall heat transfer was observed to improve, which could be related to an improvement
in the shell side flow phenomena and amount of area available for thermal transfer. Pressure drop was
negatively affected, where this would lead to a higher pumping power to maintain the consistent flow
of fluid. These phenomena are discussed in the context of the contours in the next section.
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Figure 15. CFD based results with mass flow rate (a) Shell Side Pressure Drop (b) Overall Heat
Transfer Coefficient

3.2 Pathlines

The developed pathlines reveal the fluid flow on the shell side of the heat exchanger and its
dependence on the number of baffles. Fluid follows a zig-zag pattern with regions of dead zones or
areas of recirculation observed behind certain baffles. The significance of recirculation areas is high at
a lower number of baffles as evident in the case of 8 baffles (refer Figure 5 (a)). This is related to
decreased thermal performance, as a greater amount of tube area is bypassed, thereby reducing the
surface area available for heat transfer (Ozden and Tari, 2010; Alhulaifi, 2024). However, decreasing
the baffle spacing was observed to improve the flow with increased flow uniformity and reduced areas
of flow recirculation (refer to Figure 5 (b) and (c) below). This led to improved thermal performance as
discussed earlier.
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Figure 16. Velocity path lines at 1.0 kg/s (a) 8 baffles (b) 10 bafﬂe; and (c) 12 baffles.

3.3 Pressure drop along the length

The pressure contours reveal that the pressure drops from the inlet to the outlet along with the
length of the heat exchanger. High pressure is observed at the inlet of the model due to the impingement
of the fluid entering at the inlet nozzle. Flow expansion and contraction due to the presence of baffles
is a key factor that introduces a significant pressure drop, as the barrier to fluid flow increases as evident
in the contours. Additionally, increasing the mass flow rate is related to an increased pressure drop with
relative similarity in the contours (refer Figure 6(a) — (¢)).
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Figure 17. Pressure contours at the middle plane for six baffle model (a) 0.5 kg /s (b) 1.0 kg/s and (c)

2.0 kg/s.

Another key observation is the presence of back pressure at the outlet nozzle; this was due to
improper flow development at the outlet plane. A similar observation was reported in studies by Pal et
al. (2016) and Sauro & Lewis (2012).
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3.4 CFD-Based Thermal Correlations for the four models

A summary of the correlations developed using NLSQR is shown in Figure 7 below.

Shell side R 4 3
Reynolds Number (Rc)
Shell side Prandtl number (Pr)

Figure 18 (a) Nu variation with Pr and Re for the four models (b) Nu variation with Re for the four
models.

Nu is observed to increase significantly with Re, indicative of increasing turbulence. The Re
increase with both the mass flow rate and the central baffle spacing. The observed variation is a result
of improved flow phenomena as revealed earlier and in similar studies done by Ozden & Tari (2010)
and Abbeasi et al. (2020). Additionally, the minimal variation in Pr in the observed results could be due
to slight variations in the thermal properties of the working fluid. A summary of the correlations
obtained using NLSQR are shown in Table 2 below.

Table 3. Summary of the correlations developed for the four models.

Baffles C a b Re Range Pr Range
6 0.2312 | 0.9972 | -2.1907 9600 < Re < 37100 3.68 <Pr<4.12
8 0.139 1.0065 | -2.1304 13900 < Re < 53400 3.80 < Pr<3.96
10 0.0809 | 1.0103 | -1.9586 18500 < Re < 71400 3.66 < Pr<3.81
12 0.0319 | 0.9964 | -1.2735 22900 < Re < 88100 3.54 <Pr<3.70

The overall precision and reliability of the predicted correlations were evaluated by considering
the confidence intervals (CI) widths of the predicted coefficients, a standard methodology used in
numerical model evaluation (Sauro and Lewis, 2012). A summary of the upper and lower bounds of the
coefficients at a 95 % confidence level is shown in Table 3 below.

Table 4. Summary of the upper and lower bounds for predicted coefficients with a 95 % confidence

level.
Nb 6 8
Parameter | Predicted value | Lower bound | Upper bound Predicted Lower bound Upper
value bound
C 0.2312 0.014 0.4485 0.1390 0.0158 0.2623
a 0.9972 0.9758 1.0186 1.0065 0.9817 1.0312
b -2.1907 -3.0117 -1.3696 -2.1304 -2.9624 -1.2914
Nb 10 12
Parameter | Predicted value | Lower bound | Upper bound Predicted Lower bound Upper
value bound
C 0.0809 0.0263 0.1355 0.0319 0.0207 0.0431
a 1.013 0.9900 1.0307 0.9964 0.9852 1.0076
b -1.9586 -2.6318 -1.2854 -1.2735 -1.639 -0.908
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The results show that the CI decreases with the increasing numbers of baffles and this may again
be related to the observed improvement in the flow phenomena. Overall the curve fit was stable, as
evidenced by the significant improvement in the goodness-of-fit statistics. The sum of squares due to
error (SSE) decreased from 0.2064 to 0.1279 for the six and twelve baffle models respectively.
Additionally, the root mean squared error (RMSE) decreased from 0.1703 to 0.0654. The results of
these statistical parameters indicate that the random component of error in the model is minimal and
that it can be used as a prediction tool with reasonable confidence, provided the operating ranges are
applicable. This can be further verified by performing a practical simulation at the given boundary
conditions.

4 CONCLUSIONS

In this study, a single pass TEMA E-type shell and tube heat exchanger was modelled in a steady
state. The effects of turbulence on thermal performance were explored by varying turbulence level as a
function of both mass flow and central baffle spacing for six, eight, ten, and twelve baffle models. The
key finding was that decreasing baffle spacing improved the thermal performance at a cost of increased
pressure drop. The CFD results were then combined with NLSQR to develop four sets of correlations
relating Nu to Pr and Re. Given the reasonable goodness-of-fit parameters and confidence intervals the
study reveals that the model can be used as a prediction tool with a reasonable level of confidence
highlighting the potential of such workflows and integrations for practical design and optimization
purposes. Further research work in the area needs to be conducted to explore the potential by improving
the modelling schemes such as the grid quality and convergence tolerances, consideration of the flow
in tube sides, flow conditions at inlet and outlets and the application of advanced prediction tools such
as ANN (Artificial Neural Networks) to utilize the capability of decision making improving the
potential and scope of thermal design and optimization. Another key improvement to judge the accuracy
of the developed model would be to conduct practical simulations at the given boundary conditions.
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