
University of Plymouth

PEARL https://pearl.plymouth.ac.uk

The Plymouth Student Scientist - Volume 15 - 2022 The Plymouth Student Scientist - Volume 15, No.1 - 2022

2022

A computational fluid dynamic,

experimental and empirical analysis of

University of Plymouth's Brunel

laboratories shell and tube heat

exchanger

Hill, L.

Hill, L. (2022) 'A computational fluid dynamic, experimental and empirical analysis of University

of Plymouth's Brunel laboratories shell and tube heat exchanger', The Plymouth Student

Scientist, 15(1), pp. 69-103.

http://hdl.handle.net/10026.1/19457

The Plymouth Student Scientist

University of Plymouth

All content in PEARL is protected by copyright law. Author manuscripts are made available in accordance with

publisher policies. Please cite only the published version using the details provided on the item record or

document. In the absence of an open licence (e.g. Creative Commons), permissions for further reuse of content

should be sought from the publisher or author.





The Plymouth Student Scientist, 2022, 15, (1), 69-103 

70 

 

Introduction 

Shell and tube heat exchangers are a through-the-wall heat exchanger where a 
bundle of tubes is contained within a cylindrical shell. Fluids at different temperatures 
flow within the shell and the tubes creating a thermal gradient resulting in heat 
transfer. Heat exchangers have many industrial applications such as preheating of 
crude oil before the distillation process (Master, Chunangad & Pushpanathan, 2003). 
There is also naturally occurring heat exchangers in grey whale flippers and 
flukes. Here, warm arteries are surrounded by cold veins reducing the artery 
temperature. When this cooler artery enters the poorly insulated fluke less heat is 
lost to the environment (Schmidt-Nielsen, 1997). 

Due to the wide range of industrial applications assessing the performance of heat 
exchangers is important. Computational fluid mechanics (CFD) can be used to 
replicate the fluid flow virtually. In this paper an experimental, two empirical and a 
CFD study will be carried out on University of Plymouth heat exchanger (UHX). Each 
of these three methods will be assessed with the overall aim to gain the same result 
from each analysis. However, if this is not the case then each analytical method will 
be evaluated to determine which is the most suitable for predicting heat exchanger 
performance. 

Before conducting the three analyses on the UHX the CFD model will be validated 
by replicating the CFD model developed by Ozden & Tari, 2010. Once validated the 
model will be applied to the UHX with the results compared against the experimental 
data and two empirical analyses the Kern and Bell-Delaware methods. 

 

Literature review 

Heat Exchanger Theory 

Thermodynamics 

The fundamentals of heat transfer effect the behaviour of a heat exchanger. 
Conduction and convection are applicable with radiation only becoming relevant in 
space applications (Holman, 2010). Conduction arises when heat is transferred from 
an area of high temperature to an area of low temperature. The rate of heat transfer 
is dependent on the properties of the material and the magnitude of the temperature 
difference (Levenspiel, 1984). Heat transfer caused by convection occurs when a 
temperature difference exists between a solid body and a fluid in motion (Rogers, 
1992).   

Baffles 

Baffle arrangement is considered one of the most effective methods of enhancing 
heat exchanger performance (Eryener, 2006). Both heat exchangers being modelled 
use the segmented baffle arrangement. Other types such as helical and trefoil-hole 
baffles can be utilised for improved heat transfer and pressure drop performance (El 
Maakoul et al., 2016).  

Segmented baffles increase heat transfer by guiding the flow back and forth across 
the tube bundle in a sinusoidal flow pattern (Figure 1) (Taborek & Spalding, 1983). 
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Table 1: Validation case article results (After Ozden and Tari (2010)) 
  

Mass flow 
rate (kgs–1) 

 Empirical methods  CFD analysis 

 
U (Wm–2K–1) 

 
U  

(Wm–2K–1) 
Heat transfer 

rate (W) 
Outlet 

temp. (K) Kern Bell-Delaware 
0.5  2147 2213  2514 84853 340.40 
1.0  3086 3311  3757 131785 330.18 
2.0   4489 5025   6768 240506 326.64 

 

Empirical Methods 

The Kern and Bell-Delaware methods are commonly used within the literature to 
empirically assess the performance of heat exchangers. The Kern method was 
developed in the 1950’s and has the simpler calculation method. However, it 
includes several assumptions impacting its accuracy. Notably the baffle cut is 
assumed to be always 25% which is not the case for either of the heat exchangers 
being studied (Donald, 1950). Further, Taborek and Spalding (1983) suggest that the 
accuracy decreases in the laminar region. 

The Bell-Delaware method was developed to provide a more accurate prediction of 
the overall heat transfer coefficient. Throughout the literature the Bell-Delaware 
method is the main analytical prediction for heat exchanger performance. This 
method initially calculates an ideal value which is then adjusted using a series of 
correction factors. Though both methods can calculate pressure drop only U will be 
assessed. Taborek and Spalding (1983) present both methods and alongside a 
simplified online document allowed the relevant calculations to be carried out. 
Example calculations for the Kern and Bell-Delaware method are presented in 
appendix A and appendix B.  

 

CFD Validation Case 

The study by Ozden and Tari (2010) will be used to verify the CFD method. Their 
method will not be used exclusively with weaknesses changed for better practices.  

Geometry 

As the heat exchanger is symmetrical this meant that only half of the model needed 
to be generated (Figure 3). This allowed a symmetry plain boundary condition to be 
used significantly reducing the computational demand of the simulation (Tu, Yeoh 
and Liu, 2007). However, during initial running the location of the outlet was in flow 
recirculation. This was reducing the accuracy of the results, so the outlet section was 
extruded a further five times the outlet diameter from the original location (Figure 3).  

Only the shell fluid domain was modelled; Baffles, manifolds, shell casing, and other 
structural components were not. Fillets were introduced at the inlet, outlet and baffle 
ends to aid the smooth capture of flow around these points. Figure 4 and Figure 5 
show the improvement of the mesh at the baffle ends and the inlet. Appendix C 
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presents the dimensions which were used to generate the geometry. Where values 
were not specified appropriate approximates were used.  

 
 

Figure 3: Half model of the validation case geometry with the shell inlet (A) and extended 
outlet (B) annotated 

 
 

Figure 4: Mesh improvement from using fillet at baffle ends 
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Figure 5: Mesh improvement from using fillet at shell inlet 

 

Mesh generation 

As no meshing method is stated within the article best practice CFD techniques were 
used. When a fluid passes over the tubes and encounters the shell walls a boundary 
layer will form. For the tubes, a thermal boundary layer is also present. Hence, it is 
necessary to have appropriate mesh elements in these areas to represent the fluid 
behaviour. Having sufficiently accurate mesh resolution in the boundary layer effects 
the accuracy of the solution (Tu, Yeoh and Liu, 2007).  

Within ANSYS CFX the inflation layer option is used for boundary layer meshing. 
The smooth transition option uses the local element size to calculate the first layer 
thickness so that the rate of change is smooth (ANSYS, 2010). Combined with face 
sizing’s on the shell and tube walls the first layer thickness can be controlled. When 
smaller face sizing’s were introduced, smaller elements were generated to blend the 
final inflation layer into the global element size (Figure 6). This helped increase the 
mesh density in areas where the inflation layers were restricting the free stream 
elements. Figure 7 shows the increase in elements in the free stream flow by 
reducing the face sizing’s.  

The element size specified for the face sizing’s were not uniform across all the 
surfaces. In areas with large amounts of change, such as the baffle ends, smaller 
face sizing’s were used to better capture the flow. The inlet and outlet were meshed 
with sweep methods as there is unlikely to be any changes to the flow in the 
horizontal direction. Mesh settings are specified in Appendix C.  

 



The Plymouth Student Scientist, 2022, 15, (1), 69-103 

77 

 

 
 

Figure 6: Mesh generated with 0.45mm face sizing showing the smooth blend of elements 
from the boundary layer to the free stream flow 

 






















































