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Abstract – Shell and tube heat exchangers (STHX) are widely adopted in industrial thermal systems due to their reliability and
performance. As such thermo-mechanical design and sizing of these devices has become a continuously expanding and existing research
domain. Following technological advancements, CFD is now widely adopted for flow analysis and design. An upcoming area as of recent
is the integration of tools such as non-linear least squares regression and CFD to develop correlations capable of predicting thermal
performance based on the input design parameters such as Re and Pr. However, limited applications exist for STHXs. This study focuses
on the development of thermal correlations in the form of Nu = C.Rea.Prb for a small TEMA E-type STHX. For these devices, turbulence
is identified as a key parameter which affects thermal and mechanical performance and is often introduced by using metal plates known
as baffles. Single segmental baffles which are widely used in industry are integrated into the design. Hence, turbulence is varied as a
function of both the mass flow rate and the central spacing among the baffles. CFD Modelling in ANSYS-Fluent is conducted in the
steady state for six, eight, ten and twelve baffles. Following CFD analysis the data is fit using non-linear least squares regression in
MATLAB Curve-Fitter Toolbox generating four correlations with applicable operating ranges. The results of the goodness of fit were
reasonable, however, high 95 % confidence interval widths were evident for certain fitted coefficients leaving further potential for
improvement. The work conducted highlights that the application of CFD combined with numerical tools such as non-linear least squares
regression can act as an aid in the design and optimization of heat exchangers, increasing design potential for engineers and researchers.

Keywords: CFD, Shell and tube heat exchangers, Non-linear least squares regression, Baffle spacing, Design Optimization,
Heat Transfer  

1. Introduction
Heat exchangers are devices which are used for the transfer of thermal energy in industrial processes with a range of

applications in both the commercial and domestic sectors [1]. Among the range of types present, shell and tube heat
exchangers are widely used due to mechanical reasons [2, 3]. The key reason behind its use is the ability to provide a large
amount of heat transfer area for a given volume and ease of construction. Exchange of thermal energy in these devices are
achieved by a combination of conduction and convection phenomena due to the flow of fluid inside the tubes and the shell
[4]. This can be visualised through the schematic shown in Figure 1 (a) below. 

Figure 1: (a) Schematic of Single Pass TEMA E Type STHX [5](b) ANSYS Physical Model.

(b)(a)
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Given their application in several energy intensive industries, design and sizing are critical, of which pressure drop, and
heat transfer analysis are the centre of the evaluations [6,7]. Traditional design methods such as those recognized and
developed by leading organizations such as Tubular Exchangers Manufacturers Association (TEMA) of the USA utilized
empirical correlations, these were limited by the inability to visualize the flow field in the shell volume [8]. A consequence
was designers lacked the capacity to identify design weaknesses, limiting possibility for design and optimization [9]. This
led to the adoption of computational fluid dynamics modelling for the assessment of thermo-mechanical performance. A
range of software such as Ansys Fluent, Ansys CFX, FIDAP, CFD2000, STAR CD and PHEONICS are now employed
industrially [3]. 

The level of turbulence has a significant impact on thermo-mechanical performance where it is commonly introduced
and controlled using metal plates known as baffles. Several configurations and types exist, including single, double, and
triple segmental, as well as helical, flower, rod, and overlapping baffles [10,11]. Among these, single segmental baffles are
commonly used; however, they come with associated drawbacks [2,9,12,13,14,15]. "Dead zones" or areas of recirculation
are produced behind baffle, this impacts heat transfer negatively as the amount of heat transfer contact area is reduced.
Additionally, high values of nozzle-to-nozzle pressure drop are also present due to significant flow expansion and contraction
along the path within baffle window regions. 

Optimization of thermo-mechanical performance by the variation of baffle parameters such as configuration, type,
central baffle spacing and baffle cut is an existing and continuously expanding research domain. Among these, central baffle
spacing and baffle cut are highlighted as critical design parameters which affects the flow phenomena and performance as
indicated in Figure 2(a) according to [9] and [14]. Decreasing the baffle spacing has been found to decrease the size of
recirculation areas, hence, improving thermal performance [9, 14]. However, this is associated with an increase in pressure
drop due to increased obstruction to the fluid flow.  

Figure 2: (a) Schematic showing the central baffle spacing and baffle cut [16] (b) Schematic highlighting effect of baffle cut and 
spacing on flow phenomena [9]. 

In the recent research work, researchers have started combining CFD with numerical methods such as non-linear least
squares regression to develop correlations to aid thermal design. However, following a comprehensive survey of literature
very limited applications were present for shell and tube heat exchangers. Well established examples, include the work done
by [17] who evaluated the thermal performance of nano-fluid moving within a horizontal counter-flow double tube heat
exchanger and study done by [18] who worked towards developing corelations which can predict the Nu for the air side of
each individual row in a plate-fin and tube heat exchanger. These studies utilized non-linear least squares regression to
develop correlations which can relate the 푁푢 to the input design parameters (푃푟 and 푅푒) of the flow. Additionally, building
on the work done by [18] the study done by [19] highlighted that there was little to no sensitivity to different modelling
schemes utilized further building the ground for their application.

This study will utilize the commercial CFD package ANSYS Fluent ® to explore the thermo-mechanical performance
of a small TEMA E-TYPE single pass shell and tube heat exchanger with the working fluid considered as water. The model
was selected following its adoption in a range of published literature in the existing research domain [2,9,12,13,14,15]. The
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shell side is resolved considering state steady simulations, with varying inlet mass flow rates in the range of 0.5 kg/s to 2.0
kg/s in increments of 0.25 kg/s. The effect of turbulence level (푅푒) is explored by varying both the inlet mass flow rate and
the central baffle spacing by simulating for six, eight, ten and twelve baffle models. Detailed flow analysis is performed by
resolving the shell side velocity and pressure contours. The findings are then validated against a range of published literature.

 This study is a comprehensive extension of those present in literature where the effect of 푅푒 on thermo-mechanical
performance is explored in detail after which an effort is made to develop correlations in the form of Nu = C.Rea.Prb . This is
achieved by combining non-linear least squares regression in MATLAB with the CFD based results. The research work
highlights the application and the ability to extend the developed workflow to aid thermal design of larger scale shell and
tube heat exchangers.

2. Methodology 
2.1 Physical Modelling 

The models of the heat exchangers were made by ANSYS Design modeler where the volume of the baffles were
neglected in the simulation. A 3D view of the six-baffle model is shown in Fig. 1 (b) above. The key dimensions of the model
are shown in Table 1 below [9]. Water is selected as the shell side fluid and Aluminum is used for the surface of the tubes.
The standard properties present in the ANSYS Fluent database are used. Piece-wise linear interpolation was not used given
the operating temperature range was narrow. The simulations are conducted in a steady state, this follows from the
assumption in similar studies [9, 12, 15]. 

Table 1: Dimensions of the shell and tube heat exchanger [9]. 

Dimensional Parameter Value / mm
Diameter of the shell 90 

Outside diameter of the tubes 20
Number of tubes used 7 tubes

Length of the heat exchanger 600 
Central baffle spacing 86 

2.2 Turbulence Modelling and Boundary Conditions 

The turbulence in the shell side of the heat exchanger is modelled using the standard k- 휀 turbulence model where the
model suitability is highlighted in studies done by [3],[9] and [14]. The key highlights of the model include reasonable capture
of flow detail, low computational time and simple closure offered. Secondly, the inlet and outlet boundary conditions applied
at the nozzles are the standard mass flow and pressure boundary conditions respectively [9, 12, 14, 15]. Following the
assumption of steady state, a zero-heat flux condition and fixed thermal condition of 450 K are applied to the shell wall and
tubes respectively. 

2.3 Computational domain, mesh and model choices

The heat exchanger flow domain is modelled using an unstructured tetrahedral mesh with the aid of the ANSYS
Meshing Tool (refer Figure 3(a)). Four grids of element numbers ~1.2 million, ~2.2 million, ~3.3 million and ~5.0 million
were generated. The variation of the overall heat transfer coefficient was monitored for all grids. Considering that the
difference among the 3.3 and 5.0 million grid was less than 2.0 %, the grid with 3.3 million elements was selected. The
discrepancy observed is similar to that observed in studies done by [14] who worked on similar type of analysis. 

Another factor which affects the thermal results is the near wall behaviour at the tube surfaces. The accurate capture
of the near wall flow in the model was ensured by using prism layers near the tube surface (refer Figure 3(b)). Additionally,
a scalable wall function was used to limit the 푦⁺ ≈ 11.5 such that the flow is compatible with the standard k- 휀 turbulence
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model [13, 20]. This non-dimensional parameter represents the distance from the wall to the first node and is an important
parameter defining near wall flow in CFD [20]. Resolution of the near wall flow exhibited variations which can be attributed
to the flow expansion and contraction, where certain areas exhibited values below the cutoff 푦⁺. However, its overall effect
on the bulk quantities analyzed were insignificant.

(a) (b) 

Figure 3: (a) Meshed model with boundary conditions (b) Zoomed in view of the near wall mesh.

A target residual tolerance of 10 − 3 was used for the model solution. Based on a survey of existing research
this is selected based on the expected level of detail. Considering a range of studies, this appears to be a balance
between accuracy and computational power. 

2.4 Correlation development using Nonlinear least squares regression (NLSQR)

Non-linear least squares regression is used to develop the correlations which relate the 푁푢 to the 푃푟 and 푅푒. The
approach of using CFD for correlation prediction has been applied for plate fin heat exchangers as evident in studies done by
[18] and [19] with minimal adoption seen for shell and tube heat exchangers. NLSQR is applied using MATLAB Curve
Fitter Toolbox. Given the variation of the flow regime and thermal performance in the four models, four sets of correlations
of the form Nu = C. Rea. Prb are developed using the CFD results. The formulation is similar to that used in recognized
thermal design methods such as the Kern’s method, Bell-Delaware method and the flow-stream analysis method [21].
Equations 1-3 below, show the derivation of the Re based on the principles used in established design methods [22], similar
analogies are used for estimation of the Nu and Pr. 

3.
De =

4
Pt
2

* 0.87 * Pt − 0.5 * π * d2o
4

π * do
2

(1)

As =
(Pt − do) * Ds * B

Pt

(2)

Re =

mṡ
As

* De

μ
(3)
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Results And Discussion 

3.1 Thermo-mechanical results for the four models 

CFD results indicate that the overall heat transfer coefficient, total heat transfer rate and shell side pressure drop
increase with the mass flow rate as shown in Figure 4 (a) and (b) below for the six-baffle model. The differences observed
in the trend could be attributed to variations in grid resolution, type, quality, level of convergence and types of turbulence
models used. The results obtained in [2] support this statement given they utilized a similar grid type and turbulence model.

Figure 
4: CFD 

based results for the six-baffle model (a) Overall heat transfer coefficient (b) Pressure drop.

Increasing the number of baffles was observed to significantly affect the thermal and mechanical performance as
indicated in Table 2 below. The impact on thermal performance is positive, where the improvement can be related to the
enhancement of the shell side flow phenomena or streamlines. Pressure drop is impacted adversely by requiring higher
mechanical pumping power to maintain the fluid flow. Both the underlying phenomena will be analyzed in the context of the
streamlines and pressure contours in the next section prior to the results of CFD based correlations.

Table 2: CFD based results for the eight, ten and twelve baffle models. 

Nb Mass flow 
rate

Temperature 
Rise Shell Side/

K

Total heat 
transfer / 

W

Heat transfer 
Coefficient/
 W / m2K

Shell Side 
Pressure/ 

Pa
0.5 341.0 86108.8 2541.5 1796.0
1.0 339.8 163658.1 4787.7 7265.08
2.0 337.1 311113.1 9028.6 28977.0
0.5 334.6 93488.1 2802.6 2504.1
1.0 342.5 178466.0 5301.4 10112.810
2.0 340.7 341102.01 10050.9 40372.8
0.5 347.4 99332.4 3015.6 3303.4
1.0 345.3 190088.6 5717.6 13323.712
2.0 338.4 365346.1 10900.3 53066.1

(a) (b)
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3.2 Velocity Streamline variation with baffle spacing 

Velocity streamlines reveal the fluid flow and its dependence on the baffle spacing (refer Figure 5(a)-(c)). At the
highest baffle spacing (six baffle), significantly large areas or recirculation are evident which are indicated by streamlines in
light blue colour. Decreasing the baffle spacing is seen to improve the shell side flow phenomena, with smaller areas of
recirculation and a more uniform flow path being produced eventually. This decreases the amount of tube area bypassed by
the fluid flow, hence, increasing the amount of heat transfer [9,14]. At the lowest baffle spacing (ten and twelve baffles)
minimal recirculation is evident, however, similar studies done by [9] state that no areas of recirculation are evident. This
difference could be attributed to the differences in the modelling.  

Figure 5: Velocity streamlines at 0.5 kg/s (a) 6 baffles (b) 10 baffles and (c) 12 baffles.

3.3 Pressure drop variation with length 

The nozzle-to-nozzle pressure drop is observed to decrease along the length of the heat exchanger with the highest-
pressure present at the inlet nozzle where the fluid impingement happens (refer Fig. 6 (a) and (b)). Similar contours are seen
for both the lowest and the highest flow rates with minimal difference present. Contours reveal the presence of localized
pressure at baffle windows; this is a consequence of significant flow contraction. In addition, the relatively prominent
pressure gradients present at the inlet and outlet could be attributed to the impingement of fluid within the nozzle [29]. 
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Figure 6: (a) Variation of pressure along the heat exchanger length (a) 0.5 kg/s (b) 2.0 kg/s

The contours indicate the presence of a negative back pressure at the outlet; this could be attributed to improper flow
development which was identified following analysis of the flow at the plane of the outlet nozzle. A similar phenomenon
was observed in studies done by [2] and [23]. 

3.4 CFD-Based Correlations for the four models 

The non-dimensional parameters Nu, Re and Pr were determined for the four models respectively using similar
analogies to that in the established Kern’s and Bell-Delaware thermal design methods. Then NLSQR was used to fit the data
as indicated in Figure 7(a) and (b) below.  

Figure 7: (a) Variation of 푁푢 vs 푅푒, Pr for all four models (b) Variation of 푁푢 vs 푅푒 for all four models.

푁푢 is observed to significantly increase with the 푅푒, where Re is a function of both the increasing mass flow rate and
decreasing baffle spacing. The observed correlation arises from the improvement of the shell side flow phenomena as
revealed earlier in the flow contours and in similar studies such as that done by [9] and [14]. In addition, the range of 푃푟 is
minimal given that the shell inlet temperature was kept constant. Slight decreases in 푃푟 observed with increasing baffle
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number could be related to the variations in thermal properties with temperature. A summary of the correlations formulated
are shown in Table 3 below, with the applicable ranges of the 푅푒 and 푃푟 for the four models. 

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

Baffles C a b Re Range Pr Range
6 0.2312 0.9972 -2.1907 9605.7 < Re < 37104 3.678 < Pr < 4.124
8 0.139 1.0065 -2.1304 13864 < Re < 53405 3.7981 < Pr < 3.9589
10 0.0809 1.0103 -1.9586 18543 < Re < 71364 3.6554 < Pr < 3.8135
12 0.0319 0.9964 -1.2735 22892 < Re < 88057 3.5437 < Pr < 3.6986

Reliability and precision of the formulations can be determined using the confidence interval (CI) width of each
evaluated term [24]. The traditionally used confidence level of 95 % was used, however, this can sometimes lead to the
confidence level not being useful given the higher width [25]. CI widths for the model parameters are indicated in Table 4
below. 

Table 4: Summary of the 95 % confidence interval widths for six, eight, ten and twelve baffle models. 

Nb 6 8

Parameter Predicted value Lower 
bound

Upper 
bound

Predicted 
value Lower bound Upper 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 
value Lower bound Upper 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

The confidence interval width is observed to decrease with the increase in number of baffles. This indicates an
improvement in both the stability and the curve fit, which can be further highlighted using the goodness of fit statistics as
indicated in Table 5 below. 

Table 5: Summary of the SSE and RMSE for the six and twelve baffle models. 

Baffles SSE (Sum of Squares due to Error) RMSE (Root Mean Squared Error)
6 0.2064 0.1703
12 0.1279 0.0654

Goodness of fit statistics observed indicate that the random component of error present in the model is minimal,
emphasizing that the model is suitable for use as a prediction tool. Figure 8 below shows the residual plot for the six and
twelve baffle models. The lower magnitude of residuals presents in the twelve-baffle model highlights the improvement in
the CI of the coefficients and hence the reliability of the model. Overall, the predicted correlations can be utilized with
reasonable confidence for similar models given the operating range of the non-dimensional parameters are known. 
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(a) (b)
Figure 8: Residual plots for (a) six baffle model (b) twelve baffle model. 

4. Conclusion 

CFD based visualization of fluid flow in this study highlighted the effect of central baffle spacing on both thermal and
mechanical performance of a small TEMA E-type shell and tube heat exchanger. This was successfully captured by
considering four baffle spacings (six, eight, ten and twelve baffles). Visualization revealed that decreasing the baffle spacing
minimizes recirculation areas and enhances thermal performance at the expense of a higher pressure drop. The developed set
of CFD based correlations for the four models allows to predict the thermal performance based on the key input design
parameters (Re and Pr), with a relatively high confidence. Overall, the workflow developed, and the correlations can be used
for the thermal design of similar models. The research work highlights the potential of combining CFD with tools such as
non-linear least squares regression to aid the process of thermal design and management by developing correlations capable
of predicting thermal performance based on the design parameters. Future work can focus on improving the quality of the
grid, turbulence modeling, and model convergence, resolving the flow in the tube side, consideration of a range of inlet
conditions, and applying tools such as ANN (Artificial Neural Networks) and frameworks capable of making decisions to
improve the accuracy of the model and the optimization process.
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