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Abstract: - The present study investigates heat transfer in a small parallel-flow shell-and-tube heat 

exchanger through experimental and numerical approaches. Experimental measurements were carried out 

on a dedicated test bench. The three-dimensional flow is modeled using the incompressible, single-phase 

Navier–Stokes and energy equations. For the discretization of the transport equations, we used the ANSYS 

Fluent 2025 calculation code, specifically the student version, which employs the finite volume method. In 

this work, we simulated different configurations, choosing three flow rates for the hot fluid (Vh = 1.4, 2, 

2.5 L/min) and a fixed flow rate of 1.4 L/min for the cold fluid in all three cases. The simulation results 

closely match the experimental results. Increasing the hot water flow rate improves heat transfer between 

the two fluids, consequently enhancing and increasing the overall thermal efficiency. This study aims to 

consolidate our students' knowledge of the numerical analysis of a shell-and-tube heat exchanger, compare 

the results with experimental data, and perform visualization analyses of the flow within the tubes and the 

shell. Correlation-based methods can signal the presence of a design flaw, but CFD simulations are also 

capable of determining the origin and location of that flaw.  
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1 Introduction 
Most heat transfer in industrial applications 

employs non-contact heat transfer between fluids, 

which can achieve high efficiency for various 

applications [1], [2]. 

In refinery and petroleum processing industries, 

for instance, separation and reaction units require 

precise thermal control to establish temperature 

gradients and reach reaction threshold conditions. 

Several types of heat exchangers exist in the 

industry, but shell-and-tube heat exchangers 

constitute around 40% due to their robustness, 

ease of maintenance, and capacity [3], [4], [5], [6]. 

In particular, investigations of parallel-flow 

arrangements have shown that increasing the hot-

fluid volumetric flow rate enhances heat transfer 

rates while inducing higher pressure drops on the 

shell side [7], [8]. Some studies in the literature 

focus on the operating mode of shell-and-tube heat 

exchangers. For example, reference [9] studied the 

impact of inlet flow rates on heat transfer 

coefficients, showing a remarkable improvement 

in performance with increasing hot liquid flow 

rates. Reference [10] investigated a multi-passage 

concept for improving the thermal performance of 

water–air cross-flow tube-and-fin heat exchangers 

by dividing the water flow into several passages. 

The results showed that the thermal performance 

increases rapidly at low water flow rates but 

becomes nearly constant at high flow rates. The 

proposed multi-passage configuration increased 

the overall thermal performance by up to 25.7%, 

with greater enhancement at higher air velocities 

and lower water flow rates. In addition, the 

configuration reduced the water-side pressure 

drop by up to 40.6%, demonstrating its potential 

for simultaneously improving heat-transfer 

performance and hydraulic efficiency. 

Despite these advances, limited research has 

addressed the combined use of experimentally 

validated CFD models and small-scale shell-and-

tube heat exchangers as a research-based 
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framework for analyzing heat transfer phenomena 

under controlled operating conditions, particularly 

in configurations suitable for laboratory-scale 

systems. Moreover, the potential of such validated 

models to support quantitative analysis and 

learning-driven exploration of thermal–fluid 

behavior remains underexplored.       

This work combines experimental investigations 

and numerical calculations to analyze heat transfer 

and fluid behavior in a small-scale shell-and-tube 

heat exchanger. This study aims to observe the 

effect of variations in the hot water volumetric 

flow rate on the performance of this type of 

exchanger. The work will proceed as follows: first, 

experimental measurements will be performed on 

a test bench; second, SolidWorks software will be 

used for the design and dimensioning of the 

exchanger component by component; third, the 

fluids and solids within the exchanger will be 

modeled and simulated using the ANSYS Fluent 

CFD software [11].  

Finally, before interpreting the results, the 

numerical model must be validated. To this end, 

this study will examine the mesh independence 

and then compare the numerical results with the 

experimental results. 

By bridging theoretical analysis, experimental 

observation, and numerical simulation, this work 

contributes to both heat exchanger research and 

the advancement of evidence-based instructional 

approaches in thermal and fluid engineering. 

 

2. Description of the Test Bench 
A process diagram of the experimental setup is 

presented in Figure 1. The miniature heat 

exchanger simulated in this study illustrates water-

to-water heat transfer in a shell-and-tube heat 

exchanger. The heat exchanger contains a shell 

and seven tubes that have four transverse baffles. 

The schematic diagram of the heat exchanger is 

presented in Figure 2. In normal operation, hot 

fluid from the hot water tank enters the manifold 

at one end of the shell and passes through the 

stainless-steel tube bundle, while cold fluid from 

the cold-water supply passes through the shell. 

The technical characteristics and operating 

configuration of the experimental test bench were 

obtained from the manufacturer’s documentation 

[12]. 

 

 
Fig. 1: Process diagram of experimental setup 

Source: [12] 

 

 
Fig. 2: Schematic diagram of the heat exchanger 

to be investigated connected to the supply unit 

Source: [12] 

 

The heat exchanger is connected to a service unit 

(Figure 3). 

 

 
Fig. 3: Photo of a miniature shell-and-tube heat 

exchanger (test bench)  

Source: [12] 

The technical and geometrical details of the heat 

exchanger model are presented in Table 1. 
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Table 1. Constant design parameters and 

geometric parameters of the shell-and-tube heat 

exchanger 

Parameters Value 

Number of shell passes 1 

Shell inner diameter, Dshell,I 

(mm) 

44 

Shell inner diameter, Dshell,o 

(mm) 

50 

Tube inner diameter, dtube,I 

(mm) 

4 

Tube outer diameter, dtube,o 

(mm) 

6 

Nozzle diameter Dnozzle (mm) 14 

Nozzle length, Lnozzle (mm) 12 

Baffle thickness (mm) 1 

Heat exchanger length (mm) 184 

Tube pitch (mm) 12 

Tube pitch angle (mm) 14.5 

Baffle spacing (mm) 37 

Number baffle spacing zones 4 

Number of tubes in bundle 7 

Heat transfer area (m2) 0.02 

Number of shell passes 1 

Source : [12] 

 

The exchanger shell was fabricated from Plexiglas 

to allow visual observation of the flow behavior, 

as illustrated in Figure 2. A proportional–integral–

derivative (PID) controller was used to regulate 

the inlet temperature of the hot water supplied to 

the tube side. The volumetric flow rates were 

measured using paddle-wheel flow meters with a 

measurement range of 0.33–4.17 L/min and an 

accuracy of ±2% of full scale. All measuring 

instruments were calibrated prior to the 

experimental runs to ensure data reliability. A total 

of nine experimental operating conditions, 

summarized in Table 2, were examined.  

 

 

Table 2. Boundary conditions applied at the inlet 

tube and inlet shell faces 

Cases 

Rate of volume 

flow in tube side 

Vh [L/min] 

Rate of volume 

flow in shell 

side Vc [L/min] 

T7  

= 50°C 

1.4 

1.4 2.0 

2.5 

T7  

= 60°C 

1.4 

1.4 2.0 

2.5 

T7      

 =  

70 °C 

1.4 

1.4 2.0 

2.5 

Source: Created by the authors. 

 

The heat exchanger test bench comprises: 

 A structure made of stainless steel AISI 

304, mounted on wheels;  

 A variable area flowmeter for hot water and 

a variable area flowmeter for cold water;  

 four resistance temperature sensors with 

digital displays:  

 T1: inlet temperature of hot water;  

 T3: outlet temperature of hot water;  

 T4: inlet temperature of cold water;  

 T6: outlet temperature of cold water;  

 An emergency stop button.  

 

 

3. Mathematical Formulation 
 

3.1  Geometrical configuration  
The primary objective of this study was to 

investigate the thermal and hydraulic performance 

of a                shell-and-tube heat exchanger model 

(Figure 4) while simultaneously providing a 

practical learning framework for engineering 

education. In this simulation, two liquids at 

different temperatures pass through the 

exchanger; the first liquid flows through the shell 

side, as shown in Figure 5, while the other flows 

through the tubes (Figure 6). The heat exchanger 

consists of a bundle of seven stainless steel tubes 

and four baffles. The distribution and position of 

these baffles within the shell allow a fluid passage 

of approximately 15% of the total cross-section 

(Figure 7). All dimensions are given in Table 1. 
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Fig. 4: Assembly drawing of a shell and tube heat 

exchanger (isometric view)  

Source: Created by the authors 

 

 

 
Fig. 5: Shell Fluid domain 1: Cold water 

Source: Created by the authors. 

 

 
Fig. 6: Tubes and 4 baffles (Fluid domain 2: Hot 

water)  

Source: Created by the authors. 

 

Four return plates (baffles) were used to divide the 

shell-side flow path, deflecting cold water to 

promote heat transfer. This arrangement produces 

a partially cross-flow pattern, enabling students to 

observe and analyze complex flow behavior and 

its effect on thermal performance. Based on the 

experimental model, a proportionally scaled 

numerical model was developed for CFD 

simulations.  

 

 
Fig. 7: Geometric parameters of the Baffles 

Source: Created by the authors. 

3.2  Governing equation (Laminar) 
The configuration obtained during the 

experimental setup in the test bench showed that 

the flow was considered steady, and after 

Reynolds number calculations, the flow in this 

small exchanger was laminar (see Tables 6 and 7, 

page 8). Gravitational effects were neglected, and 

no mass or momentum transfer was assumed at the 

fluid interfaces. Water was used as the working 

fluid in both the shell and the tubes. The FLUENT 

materials database was used to define materials in 

the solver. The analyses were primarily based on 

water as the main material. Its properties were 

redefined using piecewise linear functions. 

Equations 1 through 5 were redefined to determine 

the density, thermal conductivity, viscosity, and 

specific heat capacity of water [11]. 

   4 210 0.002 0.3389 17.199T T T              (1) 

  20.0038 0.0505 1002T T T                         (2)  

  5536010238210879 326 ...λ   TT           (3)  

4180pC                                                             

(4)  

Pr (T) = 1.577×10-3 T2-0.261 T + 12.501                   

(5)  

 

The averaged equations that describe this type of 

flow and the heat transfer are as follows: 

. 0U                                                                     (6) 

    . ρ μ
T

UU p U U       
 

              (7) 

 

    . U . effE p T                                   (8) 

Where: U  is the velocity vector,  is the dynamic 

viscosity,  is the density, p is the static, E: total 

energy (
2

2

p U
E h


   ), h is the sensible 

enthalpy, and     eff  effective thermal conductivity 

The log-mean temperature difference (LMTD) 

method is used to calculate the actual heat transfer 

rate (Q). Combined with the NTU approach, it 

allows theoretical predictions to be linked to 

experimental results. 

Analytical calculations 

Hot fluid: 

 
*

, 1 3h p hh
Q c T TV                                            (9) 

Cold fluid: 
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 
*

, 6 4c p cc
Q c T TV                                           (10) 

And 

h cQ Q Q                                                            (11) 

Heat capacity of fluids: 
*

,h hC h p hV c                                                  (12) 

*

,c cC c p cV c                                                    (13) 

These terms are essential for the analysis (NTU 

method) 

Heat transfer rate: 

m m lmQ K A T                                                       (14) 

 

The logarithmic mean temperature difference is 

calculated using the following expression, [4], 

[13], [14]: 

 
max min

max minln /
LM

T T
T

T T

 
 

 
                                    (15) 

Temperature differences for the parallel flow are 

described briefly in the following equations: 

41 TTT .maxΔ
                                                   (16) 

63 TTT .minΔ
                                                    (17) 

The average heat transmission coefficient (km) is 

defined as 

   
* *

, 6 4 , 3 1.

2. .

p c c c p h h h

m

m LM

C V T T C V T T
K

A T

   



                   (18) 

 ln /

h c

m

h c

A A
A

A A


                                                        (19) 

The Nusselt number is a dimensionless number 

that describes how heat moves between the fluid 

inside a tube and the outside of the tube (shell). 

The Nusselt number is calculated using the 

following correlations [15]: 
hd

Nu


                                                                   (20) 

 

3.3  Mesh details 
Mesh generation of the heat exchanger is 

performed using ANSYS Gambit (v. 2.4.6) [16] as 

shown in       Figure 8 and Figure 9. The shell 

surface, which is perpendicular to the tubes, and 

the baffles are meshed; then the tube surfaces are 

meshed accordingly. Similarly, the nozzle inlets 

and the nozzle side are meshed, and then the outer 

surface of the shell is meshed correspondingly. 

After all the surfaces are meshed successfully, the 

shell volume is meshed. Then, the tube volume is 

meshed. The meshing procedure is similar to the 

process explained above. 

 
Fig. 8: Tubes mesh  

Source: Created by the authors. 

 

 
Fig. 9: Part of the fluid volume and the mesh 

structure in the shell  

Source: Created by the authors. 

 

3.4  Modeling choices  
In the current model, on both the shell and tube 

sides, the flow is laminar. Therefore, the laminar 

viscous model is employed. First-order 

discretization is employed for the pressure, 

momentum, and energy equations. The 

convergence criterion of the pressure residual is 

set to 10-6, and for all other residuals it is set to 10-

3. 

 

3.5  Boundary conditions 
The boundary conditions applied in the numerical 

model were as follows: 

 All heat exchanger walls, including the 

baffles, were modelled as three-

dimensional shells, which required 

special boundary conditions for both the 

flow and heat transfer equations. 

 Interior wall boundary conditions were 

applied to account for the separation of 

fluids by the baffles on both sides. 

 Hot water entered the tube side at a 

specified volume flow rate (Vh) and inlet 

temperature (T1). 
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 Cold water entered the shell side at a 

volume flow rate (Vc) and inlet 

temperature (T4). 

 All other exterior boundaries were 

considered thermally insulated. 

 

3.6  Mesh optimization  
The objective of the mesh optimization study was 

to determine a suitable mesh with the minimum 

number of nodes for which the simulation results 

remain unchanged upon further refinement. To 

this end, six meshes with varying node counts 

were generated and tested. The outlet temperature 

of the hot water was then compared for each mesh 

(see Figure 10). The results indicate that the outlet 

temperature increased with the number of nodes 

until it stabilized at a mesh containing 25,363 

nodes. Consequently, mesh 5, with 25,363 nodes, 

was selected for all simulations conducted in this 

study. 

 

 
Fig. 10: Mesh independence study of outlet 

temperature 

Source: Created by the authors. 

 

 

4. Results 
 

4.1 Experimental results  
Direct measurement at the terminals of the heat 

exchanger involves performing a heat balance by 

recording the inlet and outlet temperatures of both 

fluids, as well as measuring their volumetric flow 

rates. The experiments described here were 

conducted on a parallel-flow shell-and-tube heat 

exchanger. The hot water inlet temperature, T7 

(monitored by a temperature controller), was 

recorded to ensure accurate evaluation of the 

actual operating conditions, while the cold-water 

inlet temperature, T4, was used for comparison 

and validation purposes. Using Equations (9) to 

(20), the results were organized into Tables 3 and 

4. Table 3 summarizes the inlet and outlet 

temperatures for various hot water volume flow 

rates, while the shell-side flow rate was 

maintained constant at 1.4 L/min for all cases. 

Table 4 presents the relationship between the 

average heat transfer coefficient (Km) and the 

volumetric flow rate of hot water. The results 

indicate that the fluid with the smallest specific 

heat capacity, cold water in the shell, undergoes 

the largest temperature change. 

  

Table 3. Experimental inlet and outlet 

temperatures 

Case

s 

Vh 

(L/min

) 

T1 

(°C

) 

T3 

(°C) 

T4 

(°C) 

T6 

(°C

) 

T7 =  

50°C 

1.4 
52.

0 
47.0 

25.8 31.

0 

2.0 
50.

8 
46.8 

25.6 31.

3 

2.5 
51.

4 
47.7 

25.7 32.

2 

T7 = 

 

60°C 

1.4 
63.

0 
55.1 

25.8 33.

2 

2.0 
60.

6 
54.1 

26.0 33.

5 

2.5 
61.

3 
55.7 

25.7 34.

7 

T7 =  

70 

°C 

1.4 
70.

0 
60.3 

26.0 35.

0 

2.0 
70.

0 
61.7 

26.0 36.

3 

2.5 
71.

0 
63.3 

25.8 37.

5 

Volumetric Flow of a fluid in a shell, Vc = 1.4 

(L/min) 

Source: Created by the authors. 
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Table 4. Experimental results 

Case

s 

Vh 

(L/min

) 

dQm/d

t 

(kW) 

TL

M 

Km 

(kW/m2. 

K) 

T7 = 

50°C 

1.4 
0.489 

20.7

4 

1.1749 

2.0 
0.552 

19.9

5 

1.370 

2.5 
0.634 

20.1

7 

1.5663 

T7 = 

 60 

°C 

1.4 
0.738 

28.8

7 

1.274 

2.0 
0.814 

27.0

4 

1.5015 

2.5 
0.9167 

27.6

6 

1.6515 

T7 =  

70 

°C 

1.4 
0.8912 

33.7

1 

1.3174 

2.0 
1.051 

33.7

7 

1.551 

2.5 
1.2158 

34.5

6 

1.7533 

Source: Created by the authors. 

 

Figure 11, Figure 12 and Figure 13 illustrate the 

temporal evolution of temperatures T1, T3, T4, and 

T6, as well as the volumetric flow rates dV1/dt and 

dV2/dt. The experiment was initiated to stabilize 

the process, following the operating instructions 

provided with the test bench to obtain more 

reliable results. Numerical calculations indicate 

that the flow regime is steady and stable. These 

figures illustrate the temporal evolution of 

temperatures and volumetric deflections for both 

hot and cold fluids at the inlet and outlet of the 

tubes and the heat exchanger shell. The heat 

transfer process begins and occurs progressively 

as the hot water flow rate increases from 1.4 L/min 

to 2.5 L/min. This process is repeated, again 

waiting for system stability, and finally the flow 

rate is increased to 2.5 L/min. This procedure is 

described in the test bench user manual to ensure 

the stability and reliability of the experimental 

data.  

 

 
Fig. 11: Temporal evolution of temperature and 

volumetric flow rate (T7 = 50°C) 

Source: Created by the authors. 

 

 
Fig. 12: Temporal evolution of temperature and 

volumetric flow rate (T7 = 60°C)  

Source: Created by the authors. 

 

 
Fig. 13: Temporal evolution of temperature and 

volumetric flow rate (T7 = 70°C) 

Source: Created by the authors. 

 

4.2  CFD analysis 
Within the framework of the CFD simulations of 

this exchanger, three operating cases are studied, 

representing a total of nine numerical simulations. 

Table 5 groups together the three simulation cases 

and the results obtained during these numerical 

simulations. The results indicate that the total heat 

transfer coefficient increases when the hot water 

flow rate is increased. In Figure 14, Figure 15 and 

Figure 16, the numerical calculations show that 
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when the hot water flow rate increases from 1.4 

L/min to 2.5 L/min, the heat transfer coefficient 

(km) increases by approximately 36.4%, 32.2%, 

and 36.4% for the cases T7 = 50°C, 60°C, and 

70°C, respectively. For the experimentally 

obtained data, the overall heat transfer coefficient 

varies by 33.3%, 29.6%, and 33.1% for the same 

cases, respectively. The operating conditions are 

identical. The discrepancy between the simulation 

predictions and the experimental results is low, 

around 8.5%, which shows that the numerical 

model is well calibrated compared to experiments. 

Therefore, it is possible to analyze all the other 

characteristics of our heat exchanger. Figure 14, 

Figure 15 and Figure 16 illustrate the influence of 

hot fluid volume flow rate in the tube side on the 

average heat transfer coefficient (km). The results 

show that increasing the hot-side flow rate leads to 

higher average heat transfer coefficients. 

Additionally, the impact of the hot fluid’s inlet 

temperature becomes more pronounced at higher 

tube-side flow rates. The percentage error between 

the analytical calculations and the CFD analysis 

ranged from 5.7% to 8.5%, indicating that the 

boundary conditions and model assumptions were 

appropriate for simulating variations in operating 

conditions. 

 

Table 5. Results of the CFD analysis and the 

analytical calculations (Experimental)  

Cases 

 

Vh  

[L/min] 

Heat Transfer Coeff. 

km  [kW/m2. K] 

Exp. CFD Err. 

% 

T7 = 

50 °C 

1.4 1,1749 1,0749 8.511 

2.0 1,3789 1,2789 7,251 

2.5 1,5663 1,4663 6,384 

T7 = 

60 °C 

1.4 1,2739 1,1739 7,849 

2.0 1,5015 1,4015 6,659 

2.5 1,6515 1,5515 6,055 

T7 = 

70 °C 

1.4 1,3174 1,2117 7,590 

2.0 1,5509 1,4509 6,447 

2.5 1,7533 1,6533 5,703 

  Source: Created by the authors. 

 

 
Fig. 14: Heat transfer coefficient, Km (T7 = 50°C) 

Source: Created by the authors. 

 

 
Fig. 15: Heat transfer coefficient, Km (T7 = 60°C) 

Source: Created by the authors. 

 

 
Fig. 16: Heat transfer coefficient, Km (T7 = 70°C) 

Source: Created by the authors. 

 

The thermal efficiency of the hot side is defined 

analogously to the heat exchanger effectiveness, 

that is, as the ratio of the actual temperature drop 

of the hot fluid to the maximum possible 

temperature difference between the hot and cold 

fluids [17], [18].  

The hot-side thermal efficiency is defined as 

follows: 
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41

31

TT

TT
hot




η                                                       (21)

 

 

Similarly, the thermal efficiency of the cold side 

(ηcold) is defined as follows: 

41

46

TT

TT
cold




η                                                     (22)

 

 

The variation in overall heat exchange efficiency 

of the fluid with hot-water flow is shown in Figure 

17. It is clear that the overall heat exchange 

efficiency decreases as the flow rate increases. 

Figure 18 shows the effect of cold-water flow on 

the thermal efficiency of the shell-side fluid (ηcold), 

showing that ηcold increases with higher tube-side 

flow rates. These observations provide an 

opportunity for students to understand the trade-

offs in heat exchanger operation. 

 

 
Fig. 17: Thermal efficiency of hot water  

Source: Created by the authors. 

 

 
Fig. 18: Thermal efficiency of cold water  

Source: Created by the authors. 

 

The influence of the hot water volumetric flow 

rate on the performance of a shell-and-tube heat 

exchanger was investigated by calculating the 

Nusselt numbers (NuTube, NuShell). The CFD 

analysis was validated by comparison with 

analytical calculations, as summarized in Tables 6 

and 7. 

  

Table 6. The CFD analysis and the analytical 

calculations (AC) 

Case

s 

 

Retube 

Nutube 

Exp. CFD Err. % 

T7 = 

50 

°C 

271,89 5,148 4,988 3,114 

383,70 5,798 5,599 3,448 

485,56 6,242 6,011 3,713 

T7 = 

60 

°C 

315,29 5,111 4,610 9,809 

438,74 5,764 5,223 9,389 

558,45 6,205 5,814 6,300 

T7 = 

70 

°C 

343,32 5,091 4,665 8,357 

495,99 5,629 5,168 8,188 

631,30 6,170 5,558 9,922 

Source: Created by the authors. 

 

Table 7. The CFD analysis and the analytical 

calculations (AC) 

Case

s 

Reshell Nushell 

AC CFD Err. 

% 

T7 = 

50 

°C 

1012,32 28,65 28,60 0,17 

1014,74 28,66 28,612 0,17 

1025,78 28,71 28,665 0,17 

T7 = 

60 

°C 

1048,62 28,82 28,806 0,04 

1052,00 28,84 28,824 0,05 

1055,16 28,85 28,84 0,06 

T7 = 

70 

°C 

1055,16 28,88 28,84 0,13 

1073,81 28,946 28,91 0,12 

1084,75 29,000 28,947 0,17 

   Source: Created by the authors. 

 

The Nusselt number, analyzed as a function of the 

volumetric flow rates on the tube side, is shown in 

Figure 19, Figure 20 and Figure 21. These figures 

show the variation of the Nusselt number (Nutube) 

as a function of the Reynolds number calculated in 

the tubes (Retube). By varying the volumetric 

flow rate of the hot water, the flow was observed 

to be laminar. Equation 23 [19] was used for the 

Nusselt number calculations. 

 
1/3 0.14

μ
1.86 Re.Pr

μ

bi

tube

t w

d
Nu

L

   
    

   

                  (23)
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(0.48 < Pr < 16.7 and 0.0044 < /w < 9.75) 
 

The subscript "b" means that this quantity must be 

calculated at the average temperature of the fluid; 

then, the subscript "w" indicates that it denotes the 

value at the temperature of the solid wall. 

 
Fig. 19: The variation of the Nusselt number with 

the Reynolds number for the tube within the heat 

exchanger (Case 1: T7 = 50°C) 

Source: Created by the authors. 

 

 
Fig. 20: The variation in Nusselt number with 

Reynolds number for the tube in the heat 

exchanger (Case 2: T7 = 60°C) 

Source: Created by the authors. 

 

 

Fig. 21: The variation in the Nusselt number with 

respect to the Reynolds number of the tube in the 

heat exchanger (Case 3: T7 = 70°C) 

Source: Created by the authors. 

 

The Nusselt number [20], [21], is analyzed as a 

function of the shell-side volumetric flow rates 

and is illustrated in Figure 22, Figure 23 and 

Figure 24. 

   
0.55 0.33

0.36 Re Prshell shell shellNu                        (24) 

 

 
Fig. 22: Nusselt number versus Reynolds number 

of the shell in the heat exchanger (Case 1) 

Source: Created by the authors. 

 

 
Fig. 23: Nusselt number versus Reynolds number 

of the shell in a heat exchanger (Case 2)  

Source: Created by the authors.  
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Fig. 24: Nusselt number versus Reynolds number 

of the shell in a heat exchanger (Case 3)  

Source: Created by the authors.  

 

The pressure drop in pipes is generally influenced 

by several geometric factors and fluid properties. 

This pressure drop is due to auxiliary friction 

losses. The tube-side pressure drop can be 

calculated using the following Equation 25 [6]. 

The variations in tube-side pressure drop for the 

three operating cases are presented in Figure 25, 

Figure 26 and Figure 27. Analyzing the tube-side 

pressure drop provides students with insights into 

the interplay between flow characteristics, 

geometry, and fluid properties, reinforcing 

fundamental principles of fluid mechanics and 

thermodynamics while emphasizing the balance 

between thermal performance and hydraulic 

constraints in heat exchanger design. 

2..
2 1 ρt

tube p

i

f L
P N V

d

 
   

 
                              (25) 

16 / Retf                                                             (26) 

μ

ρ
Re im

t

DU
                                                         (27) 

where Ptube is the pressure drop on the tube side, 

Ret is the Reynolds number in the tube, and f is the 

friction factor. 

The tube-side pressure drop in the shell-and-tube 

heat exchanger is summarized in Table 8. The 

difference between the two calculations, CFD and 

experimental, was 9.48% for case 1, 21% for case 

2, and 10.5% for case 3. These results show a 

difference between the two approaches. 

 

 

 

Table 8. Tube-side pressure drops: The CFD 

analysis and the analytical calculations (Exp.) 

T7 

Reynolds 

Number  

(Ret) 

Tube-side Pressure Drop 

[Pa] 

Exp. CFD Err. % 

50 

°C 

271,89 10,541 11,541 9,486 

383,70 16,914 17,914 5,912 

485,56 22,777 23,777 4,390 

60 

°C 

315,29 9,423 11,411 21,09 

438,74 15,456 17,423 12,723 

558,45 20,895 22,899 9,60 

70 

°C 

343,32 8,856 10,356 16,93 

495,99 14,275 15,775 10,507 

631,30 19,433 20,933 7,718 

Source: Created by the authors. 

 
Fig. 25: Tube-side pressure drop, (P) (T7 = 

50°C). Source: Created by the authors. 

 

 
Fig. 26: Tube-side pressure drop, (P) (T7 = 

60°C) Source: Created by the authors. 

 

WSEAS TRANSACTIONS on HEAT and MASS TRANSFER 
DOI: 10.37394/232012.2026.21.19 Guessab Ahmed, Ait Amrane Ouardia

E-ISSN: 2224-3461 222 Volume 21, 2026



 
Fig. 27: Tube-side pressure drops (P) (T7 = 

70°C) Source: Created by the authors. 

 

The shell-side pressure drop can be calculated 

using the following equation, with the results 

summarized in Table 9 [20], [21], [22]: 

 
2ρ

4 1
2

S

shell b

E

D V
P f N

D
                                 (28) 

  exp 0.576 0.19ln Resf                           

(29) 
2 2

0 03 π π
4 /

4 8 2

t

E

P d d
D

 
   

 

                        

(30) 

μ

ρ
Re emDU

s                                                     

(31) 

Where: Pshell = pressure drop, ReShell = Reynolds 

number, f = friction factor, Pt = tube pitch.  

 

Table 9. Pressure drops in the shell side: 

comparison of the CFD analysis with the 

analytical calculations (experimental) 

Cases 

Reynolds 

Number 

(Reshell) 

Pressure 

Drop in shell side {Pa] 

Exp. CFD Err. 

% 

T7 = 50 

°C 

1012.31 3.361 3.473 3.33 

1014.74 3.359 3.471 3.33 

1025.78 3.352 3.464 3.34 

T7 = 60 

°C 

1055.37 3.333 3.445 3.36 

1048.64 3.337 3.449 3.35 

1055.16 3.333 3.449 3.36 

T7 = 70 

°C 

1048.46 3.336 3.448 3.35 

1073.81 3.321 3.432 3.37 

1084.75 3.313 3.428 3.8 

Source: Created by the authors. 

 

A flat plane was created along the flow direction 

at the mid-section of the shell-and-tube heat 

exchanger to analyze the temperature distribution. 

Figure 28, Figure 29 and Figure 30 show the 

temperature contours on the longitudinal cross-

section of the heat exchanger for the three case 

studies. The volumetric flow rate of the hot fluid 

has a clear influence on the temperature 

distribution. 

 

 
Vh = 1.4 [L/min] 

 
Vh = 2 [L/min] 

 
Vh = 2.5 [L/min] 

Fig. 28: Temperature distribution (T7 = 50°C) 

Source: Created by the authors.  

 
Vh = 1.4 [L/min] 

 
Vh = 2.0 [L/min] 

 
Vh = 2.5 [L/min] 

 

Fig. 29: Temperature distribution (T7 = 60°C)  

Source: Created by the authors. 
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Vh = 1.4 [L/min] 

 
Vh = 2.0 [L/min] 

 
Vh = 2.5 [L/min] 

 

Fig. 30: Temperature distribution (T7 = 70°C)  

Source: Created by the authors. 

 

Figure 31, Figure 32 and Figure 33 show the 

temperature distribution within the heat 

exchanger. The hot fluid transfers its heat to the 

walls by convection. Then the heat exchanger 

walls give this heat to the cold fluid. The hot zones 

get bigger in the direction the fluid is moving. 

When the fluid is moving at 1.4 L/min, the 

temperature change is substantial. The heat 

exchanger is operating more intensively because 

the fluid is inside for a longer residence time.  At 

Vh = 2.0 L/min, the temperature is the same 

everywhere. The heat exchanger makes the 

temperature of the fluid uniform. The thermal 

gradient decreases slightly compared to the 

previous case, indicating a reduction in the heat 

exchange time. The fluid retains more of its heat 

due to the higher flow velocity. In the case of 

Figure 31 with Vh = 2.5 L/min, the temperature 

contours reveal a more uniform distribution with 

only a limited axial temperature decrease.  

Figure 32 illustrates the evolution and distribution 

of temperature for a volumetric flow rate Vh of 1.4 

L/min. The higher the inlet temperature, the 

greater the thermal intensity. The thermal gradient 

remains significant, with progressive cooling of 

the fluid along the tube. The low flow rate still 

allows efficient heat exchange. In Figure 32 at Vh 

= 2.0 L/min, increasing the flow rate produces a 

more homogeneous thermal distribution along the 

tube. Elevated temperatures remain present over a 

larger section of the exchanger, indicating a 

reduction in heat transfer efficiency due to the 

shorter fluid residence time within the system.  

Figure 32 shows the evolution and distribution of 

the temperature for the case where the volumetric 

flow rate is the maximum for this type of 

exchanger (Vh = 2.5 L/min); in this figure, it is 

clearly visible that the heat distribution is located 

at the center of the exchanger. 

Figure 33 shows how the temperature changes as 

it flows. This figure uses contours to show how hot 

or cold the fluid is. The flow rate of the fluid in 

Figure 33 is still 2.5 L/min. The contours in Figure 

33 clearly illustrate what is happening to the 

temperature of the fluid as it moves. Axial cooling 

remains visible, with relatively significant heat 

transfer resulting from the low flow rate and 

prolonged residence time. For Figure 33 at Vh = 

2.0 L/min, the thermal distribution becomes more 

stable and uniform. Although the temperature 

decreases progressively, hot regions persist over a 

longer distance compared to the lower flow-rate 

case, highlighting the effect of increased flow rate 

in reducing thermal exchange. Finally, Figure 33 

corresponding to Vh=2.5L/min shows temperature 

contours with only minor variations along the tube 

length. 

 

 

 
Vh = 1.4 [L/min] 

 
Vh = 2.0 [L/min] 

 
Vh = 2.5 [L/min] 

Fig. 31: Temperature contour (Case 1: T7 = 50°C) 

Source: Created by the authors. 
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Vh = 1.4 [L/min] 

 
Vh = 2.0 [L/min] 

 
Vh = 2.5 [L/min] 

 

Fig. 32: Temperature contour (Case 2: T7 = 60°C) 

 Source: Created by the authors. 

 

 
Vh = 1.4 [L/min] 

 
Vh = 2.0 [L/min] 

 
Vh = 2.5 [L/min] 

 

Fig. 33: Temperature contour (Case 3: T7 = 70°C) 

Source: Created by the authors. 

 

Figure 34, Figure 35 and Figure 36 illustrate the 

pressure distributions along the longitudinal 

section for the nine experimental cases. In Figure 

34, for the case of Vh = 1.4 (L/min), the pressure 

distribution shows a gradual decrease between the 

inlet and the outlet of the tube. At low flow rates, 

pressure losses remain limited due to the relatively 

low fluid velocity. The pressure variation is fairly 

uniform along the conduit. In Figure 34, for a flow 

rate of 2.0 L/min, a higher flow rate corresponds 

to a greater pressure drop. This is because the 

pressure gradients are more pronounced, 

indicating pressure losses and friction within the 

system. 

In Figure 34, when the flow rate is 2.5 L/min, 

the drop in pressure is the biggest. The figures 

illustrate that the pressure gradually decreases 

from the inlet to the outlet of the exchanger in the 

tubes. The losses in pressure are small, which 

means the flow rate is moderate. For Figure 35, 

when we increase the flow rate to 2.0 L/min, we 

see a drop in pressure. The pressure-affected areas 

shift towards the end of the tube, indicating 

pressure losses. In Figure 35, with a flow rate of 

2.5 L/min, the graph shows that the pressure drops 

along the pipe. This high flow rate increases 

friction, thereby increasing pressure loss. Figure 

36, with a flow rate of 1.4 L/min, shows that the 

pressure drops evenly along the pipe. At this flow 

rate, the fluid is flowing smoothly, which means 

the losses in pressure are moderate.  In Figure 36, 

for a flow rate of 2.0 L/min, the higher flow rate 

causes a pressure drop. Finally, Figure 36, for Vh 

= 2.5 L/min, shows the pressure loss for all cases 

studied. The pressure declines rapidly along the 

tube as a consequence of the higher fluid velocity 

and the increased hydrodynamic resistance within 

the exchanger. 

 

 
Vh = 1.4 [L/min] 

      
Vh = 2.0 [L/min] 

     
Vh = 2.5 [L/min] 

 

Fig. 34: Pressure distribution, Case 1: T7 = 50°C 

Source: Created by the authors. 
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Vh = 1.4 [L/min] 

 
Vh = 2.0 [L/min] 

 
Vh = 2.5 [L/min] 

 

Fig. 35: Pressure distribution, Case 2: T7 = 60°C 

Source: Created by the authors. 

 

 
Vh = 1.4 [L/min] 

 
Vh = 2.0 [L/min] 

 
Vh = 2.5 [L/min] 

 

Fig. 36: Pressure distribution, Case 3: T7 = 70°C 

 Source: Created by the authors. 

 

5. Conclusion 
This study, a practical comparison between 

experimental calculations and numerical 

simulation, used a shell-and-tube heat exchanger 

in a parallel flow configuration. The results 

indicate that increasing the flow rate improves 

heat transfer but also increases pressure losses. 

The good agreement with experimental results 

confirms the reliability of the model for 

performance analysis and optimization. In 

addition, this study presents valuable implications 

in the field of heat transfer for engineers, enabling 

them to conduct experiments on test benches and 

compare the results with those obtained through 

CFD (Computational Fluid Dynamics). This study 

demonstrates that the CFD model, once validated, 

can reliably predict flow behavior, temperature 

distribution, and heat transfer characteristics. 
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