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ABSTRACT
The constant need for heat exchangers that are easy to manufacture and maintain, and that have a standardized and
already known manufacturing technology, has led to the fact that shell and tube heat exchangers are one of the most
common devices used in the process industry. In this paper, the analytical and numerical models of the basic shell
and heat exchanger have presented with dimensions of 3750 x 1000 mm and a nominal heat capacity of 410 kW.
Using the flow simulation, the influence of different numbers and arrangement of baffles and the changing the position of the inlet and outlet of warmer fluid are considered. The temperatures of the fluids on the inlet and outlet are
taken into account as the main parameters for heat exchanger performance. From obtained results, it can be concluded that with the increase in the number of baffles, the performance of the heat exchanger is increased. The position of the inlet and outlet of the warmer fluid greatly influence the heat exchanger performance.
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1. INTRODUCTION
Heat exchangers are devices in which heat is exchanged between warmer and colder fluids without a fluids mixture
[1,2]. There are several groups and subgroups within the division of heat exchangers. The primary division of the heat
exchanger is according to the purpose, temperature operating mode of the appliance, and functional-technical solutions. According to the purpose, heat exchangers can be used in industrial processes as heaters and coolers, evaporators and crystallizers, evaporators and condensers, and chemical and biochemical reactors, while the division according to the operating temperature is divided into a low temperature, medium temperature, high temperature,
and cryogenic heat exchangers. The most common division of heat exchangers is according to the method of heat
transfer from one fluid to another, and this classification was made according to functional-technological solutions.
According to the method of heat transfer, we distinguish: regenerative exchangers, recuperative exchangers, exchangers with indirect heat carriers, and contact heat exchangers. Geometric characteristics affect the change in heat
flux, primarily by changing the velocity and current flow of the fluid, which makes the geometric characteristics an
important parameter when choosing a model of the shell and tube heat exchanger. Experimental examination of
different design studies of the heat exchangers requires a lot of time, therefore simulation studies are usually used
for the analysis of the influence of parameters on the heat exchanger performance [3]. Bicer et al [4] analyzed the
influence of the different baffle designs to reduce the pressure drop and increase the efficiency of the heat exchanger.
In their paper, the Taguchi method was used to determine the optimal design of baffles solution. The proposed de© Faculty of Mechanical and Civil Engineering in Kraljevo. All rights reserved
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sign leads to a 7.3% increase in the heat transfer rate and a 7.6% pressure drop. Safarian at all [3] considered the
influence of the elliptical tube cross-sections on the pressure drop and heat transfer coefficient of the heat exchanger.
Abd et al [5] investigate the influence of the shell diameter and tube length on the heat transfer coefficient and pressure drop. Heat transfer coefficient and pressure drop will decrease with increasing the space between the baffles.
Increasing the shell diameter, the pressure drop will decrease while an increase in the tube length leads to enhancing
the heat transfer coefficient and pressure drop. Labbadlia et al [6] have shown that tube arrangements in the shell
and tube heat exchanger have a significant influence on the efficiency. They were investigating four different tube
arrangements and show that is possible to achieve better flow distribution as well as better pressure distribution
uniformity. Innovative steps in the industry contribute to obtaining better optimization solutions when designing the
construction of heat exchangers. The main priority when designing the construction of the heat exchanger is the
tendency towards the smallest possible dimension of the device and the highest possible efficiency of the exchanger.
Good geometric characteristics achieve more intensive heat exchange between fluids without increasing the size and
weight of the device, which affects the manufacturing cost of the heat exchanger.
The paper presents an analysis of three variant solutions for optimizing the construction of a shell and tube heat
exchanger by changing the arrangement and number of baffles and changing the position of the warmer fluid inlet
and outlet. Before the simulation and analysis of the basic model of the exchanger, the geometrical characteristics,
mass flows of the fluid, inlet and outlet temperatures of fluid 1 (warmer fluid-water) and fluid 2 (colder fluid-water)
were determined. The length of the active part of the appliance is 3750 mm, the diameter of the appliance is 1000
mm, the number of pipes in the pipe register is 81 and they are arranged to correspond to the circular arrangement,
as shown in Figure 1. Based on the input parameters, the rated power of the basic model of the heat exchanger is 410
kW. During the simulation of the operation of the shell and tube heat exchanger, uneven fluid flow and low outlet
temperature of the colder fluid were observed. In the continuation of the paper, three optimization geometric solutions are presented, which aim to achieve a more uniform fluid flow and as high an output temperature of the colder
fluid as possible. The basic geometric characteristics and input parameters of the fluid are the same in all optimization
solutions. [7], [8].
2. SHELL AND TUBE HEAT EXCHANGER
Shell and tube heat exchangers are a type of recuperative heat exchangers and have a wide representation in the
process industry [1,8,9]. They have been used for more than 14 decades, while in the last few decades they have
appeared as standardized and standardized constructions. One of the most well-known standardized constructions
is, according to the TEMA standard, within the framework of the American Tubular Exchanger Manufacturers Association (TEMA). The shell and tube heat exchanger can be of robust construction, the surface of the heat exchanger can
be up to 5000 m2, while the length of the heat exchanger can reach up to 12 m. The maximum temperature difference
between the pipe register and the shell is from 20 ˚C to 600 ˚C. Due to their high rigidity, they are suitable for operation
at high pressures and in a vacuum. Shell and tube heat exchangers have two basic parts, one of which is the inner
part which consists of a pipe register, and the outer part which consists of the shell, the front and the rear head. During
construction and construction solutions, it is possible that the inner and outer parts can be separated. The front head
on the shell and tube heat exchanger is always fixed, while the rear head can be positioned so that it is fixed or floating. The liquid that is introduced into the apparatus can achieve its flow along the pipe or at the same time along and
transversely on the pipe if baffles are placed. Baffles on the shell and tube heat exchanger theoretically represent
external elements but are often placed in the pipe register. The connection of the pipe to the pipe plate in a shell and
tube heat exchanger is usually achieved by welding. The fluid flowing through the pipes has an inlet and outlet connection on the heads, while the fluid flowing around the pipe has its connections on the exchanger shell itself, Fig. 1.

Figure 1: The basic construction of the shell and tube heat exchanger
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Several important rules determine the distribution of fluid in a shell and tube heat exchanger. Fluids of higher pressure in most cases flow through a pipe. Small pipe diameters and nominal wall thickness withstand high pressures
more easily and give a lower construction cost. Also, the fluid with a higher coefficient of contamination should be
placed in the pipe register because the pipes are easier to clean by mechanical methods. Since water is used in the
simulation for both fluids in the tubular exchanger, the main reason for adopting this fluid position is flow analysis,
i.e. fluid with the lower flow is more adequately placed in the tubular register because it enables greater heat transfer
from the register tube (increase in flow rate). [7]
3. MODELING AND CALCULATION
When creating a model of the exchanger, it is necessary to perform calculations of the amount of heat exchanged
between two fluids, taking into account the following parameters: mass flow, inlet temperatures of both fluids, and
outlet temperature of one of the fluids. The energy balance of a heat exchanger is determined from the equation:

 1 ⋅ c p1 ⋅ ( t1 in − t1 out ) = m
 2 ⋅ c p2 ⋅ ( t2 out − t2 in ) = k ⋅ Aexch ⋅ Δtm
Q=m

(1)

 1 - mass flow rate of the fluid 1, c p ,1 -specific heat capacity of the fluid 1, t1 in - inlet temperature of the
where are: m
 2 -mass flow rate of the fluid 2, c p 2 - specific heat capacity of the fluid
fluid 1, t1out - outlet temperature of the fluid 1, m
2, t2 in - inlet temperature of the fluid 2, t2out - outlet temperature of the fluid 2.
The mean logarithmic temperature difference is determined from equation (2) for a heat exchanger with counterflow,
taking into account correction factor ε taken from [9, 10,11]:

Δt mlog = ε ⋅

( t1 in − t2 out ) − ( t1 out − t2 in )
 t −t

ln  1 in 2 out 
 t1 out − t2 in 

(2)

Based on the known geometry of the shell and tube heat exchanger on the basis of the known inlet and outlet temperature
of both fluids obtained from (1), the heat transfer coefficient is calculated:

k=

1
 1
 A2
1
+ Rf 2
 + Rf 1  + Rwall +
α
α
A
 1
 1
2

(3)

where: αi-heat transfer coefficients, Ai-heat transfer areas, Rf 1 - fouling resistances, Rwall -thermal resistance of the separating wall. [12]
The heat resistance coefficients due to contamination were adopted from [11]:
Rf1 = 0,2 ⋅ 10 −3

m2 K
m2 K
and Rf 2 = 0,1⋅ 10 −3
W
W

(4)

Convective heat transfer coefficient is obtained by the formula:

αi =

Nui ⋅ λi
d e ,i

(5)

where are: λi – the coefficient of the conduction, de,i – the equivalent diameter, Nui – Nusselt number [8].
Dimensionless numbers, required for determination of the heat transfer coefficient, were calculated from (6) and (7).
1

Nui = 0,21⋅ Rei0,6 ⋅ Pri 3
Re i =

w i ⋅ d e ,i ⋅ ρ i

μi

(6)

(7)

where are: wi – the fluid velocity, ρi – the fluid density, μi – the coefficient of dynamic viscosity of the fluids, Rei −
Reynolds number, Pri − Prandtl number, where is i = 1 - for fluid 1, i = 2 – for fluid 2.
Based on previous, the outlet temperature of the fluids and heat transfer coefficient were determined for the given
input parameters. The specific heat capacities of both fluids were adopted based on the mean temperatures from [9,
10, 11].
FMCE Kraljevo
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Table 1: Parameters of the basic design of shell and tube heat exchanger obtained by analytical calculations

m 1 [kg/s]

t1 in [℃]

t1 out [℃]

c p1 [kJ/kg℃]

tm [℃]

1,67

180

123

4,3075

94,11

m 2 [kg/s]

t2 in [℃]

t2 out [℃]

c p 2 [kJ/kg℃]

k [W/m2K]

2,9

40

73.8

4,1833

118,89

4. MODEL VALIDATION

Validation of the numerical model was performed by comparison of the results obtained from analytical calculations
and results from flow simulations for the basic construction of the shell and tube heat exchanger. The mass flow of
the fluids, the inlet temperatures of the both fluids are the same in analytical and flow analysis. The outlet temperature
of the colder fluid was the parameter that was used for model validation. The temperature obtained from analytical
model was 73.8 ℃, while the temperature from flow simulation was 70.57 ℃. Regarding that difference between the
temperatures on the outlet of the colder fluid is 4.4% the simulation model is able to predict the temperature exchange in the heat exchanger.
5. FLOW ANALYSIS USING SOLIDWORKS FLOW SIMULATION

Using the known input parameters and geometrical characteristics of the exchanger, a simulation of fluid flow in the
shell and tube heat exchanger, which is the basic model of the exchanger and on which the analysis will be performed.
Fluid flow simulation of the basic model of the heat exchanger has shown uneven fluid flow during operation, which
was the main reason for further analysis of the heat exchanger efficiency. For all proposed designs of the heater exchanger, the following parameters were taken into account: the system is adiabatically isolated, fluid flow is countercurrent, fluids entering the apparatus have a fully developed flow, heat exchanger is made of steel, number of inlets
and outlets for warmer and the colder fluid is the same in all variant solutions. Fluid flow simulation in the basic model
of the heat exchanger and the shown temperature fields indicate an uneven fluid flow in the tubular register of the
exchanger. The cause of uneven fluid flow is the inadequate position of the inlet and outlet openings of the warmer
fluid, as well as the layout and number of baffles within the pipe register, as shown in Fig. 2.

Figure 2: Temperature field for the basic model of shell and tube heat exchanger obtained by simulation

Figure 3: Temperature field for the model with the change of position of warmer fluid inlet and outlet
obtained by simulation
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In order to increase the effectiveness of the heat exchanger, i.e., in order to transfer as much heat between the two
fluids as possible, it is necessary to optimize the geometric characteristics of the heat exchanger. Fluid inlets and
outlets have a connection located on the exchanger heads. Changing the position of the inlet and outlet of the
warmer fluid allows a more adequate and entry of fluid into the pipe register with higher velocity. Analysis of fluid
flow simulation when changing the position of the inlet and outlet of the warmer shows that in addition to more
adequate inlet and outlet of fluid from the pipe register, it is necessary to change the geometric structures related to
the layout and number of baffles. The disadvantage of a variant solution in optimizations that involves changing the
position of the inlet and outlet of the warmer fluid without additional optimization solutions is insufficient long retention of the warmer fluid through the pipe register and uneven flow that reduces heat exchange between the two
fluids, as shown in Figure 3.

Figure 4: Temperature field for the model with changed number and layout of baffles obtained by simulation
In order to achieve the most even flow of fluid in the pipe register, the number and arrangement of baffles were
optimized. In addition to the existing number baffles, optimization was performed and the number of baffles in the
pipe register was increased. The variant solution includes the installation of a total of 8 baffles with equal lengths and
distances, as shown in Figure 4. The increase in the number of baffles resulted in a more uniform fluid flow in the
cervical register and a greater heat exchange between the warmer and colder fluids. By simulating the fluid flow when
applying this variant of the solution, the results were obtained which show that by increasing the number of baffles,
a higher outlet temperature of the colder fluid and thus a larger temperature difference is obtained.

Figure 5: Temperature field for the model with changed the number and layout of baffles and position of warmer
fluid inlet and outlet obtained by simulation
Despite the optimization solution that includes changing the layout and number of baffles, analyzes of fluid flow
simulation and temperature fields show that the flow of warmer fluid in the pipe register can still be improved. For
greater heat exchange, it is necessary to apply optimization solutions which, in addition to changing the layout and
number of l baffles, also include changing the position of the warmer fluid inlet and outlet, as shown in Figure 5. The
optimization solution, which includes a change in the layout and number of baffles, as well as a change in the position
of the warmer fluid inlet and outlet, achieves a uniform fluid flow and a more adequate entry of the warmer fluid into
the pipe register.
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6. RESULTS AND ANALYSIS

The following table shows the values of fluid inlet and outlet temperatures in the simulation of the operation of shell
and tube heat exchanger in which three optimization geometry solutions were made. Based on the simulation and
analysis of fluid flow, it is concluded that the most adequate optimization solution is the one in which the largest
temperature difference is obtained. In all optimization solutions, the values of the mass flows of colder and warmer
fluids did not change, as did the inlet temperatures of the fluid. Therefore, by increasing the number of baffles and
changing the position of the warmer inlet and outlet, the most uniform flow in the pipe register is achieved, that is,
this variant solution achieves the greatest heat exchange between the colder and warmer fluid.
Table 2: Inlet and outlet temperatures depending of type construction obtained by simulation
Fluid

Fluid 1 - water (warmer)

Fluid 2 - water (colder)

Temperature

t1in [℃]

t1out [℃]

t2in [℃]

t2out [℃]

Basic design

180

120,30

40

70,57

Basic design with changing the
position of the warmer fluid inlet
and outlet

180

126,40

40

67,67

Basic design with eight baffles

180

123,47

40

71,38

Basic design with eight baffles
and changed the position of the
warmer fluid inlet and outlet

180

115,76

40

74,31

Bearing in mind the same values of the inlet temperature of the colder and warmer fluid in all variant cases, we conclude that the amount of heat exchanged in the exchanger depends on the temperature differences. The table shows
the values of the inlet and outlet temperatures of the hotter and colder fluid in all variant solutions. The outlet temperatures of the colder and warmer fluid depend on the application of the optimization solution of the geometric
characteristics.
Effectiveness ε is a measure of thermal performance of a heat exchanger. It is defined for a given heat exchanger of
any flow arrangement as a ratio of the actual heat transfer rate from the hot fluid to the cold fluid to the maximum
possible heat transfer rate qmax thermodynamically permitted:

ε=

q

(8)

qmax

where: q -total or local heat transfer rate in the exchanger, qmax - thermodynamically maximum possible heat transfer
rate in a counterflow heat exchanger.

An overall energy balance for the two fluid streams is [13]:

q = C h ⋅ ( t1,in − t1out ) = Cc ⋅ ( t2,out − t2 in )

(9)

qmax = C p1 ⋅ ( t1,in − t2 in ) = C p1 ⋅ Δtmax

(10)

where: C h = m1 ⋅ c p1 - hot fluid capacity rate, and C c = m2 ⋅ c p 2 - cold fluid capacity rate.
Table 3: Effectiveness of the analyzed designs of the heat exchanger
Effectiveness [%]

58

Basic design

Basic design with changing the position of the
fluid inlet and outlet

Basic design with eight
baffles

36.82

33.26

37.76

Basic design with eight
baffles and changing the
position of the fluid inlet
and outlet
41.39
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7. CONCLUSION

The paper presents the analysis of geometric characteristics in the operation of shell and tube heat exchanger with
two floating heads. Fluid flow simulation of the basic model of the heat exchanger with the required input parameters
was performed. Based on the obtained results, the design of the exchanger was improved in order to achieve higher
heat exchange between the two fluids. Simulations were performed in the software package "Solidworks" for three
variant solutions. Higher heat exchange between the two fluids was achieved by the adjusting the number of the
baffles and changing the position of the wormer fluid inlet and outlet, which gave a more uniform fluid flow in the
exchanger. The nominal heat flux of the heat exchanger before the improvement was 410 kW. By applying the proposed design, for the same input parameters, the nominal heat flux of the heat exchanger has increased and reach
465 kW, which represents an increase of heat exchange between fluids for more than 13%.
The effectiveness of the proposed design solution has been calculated and increase of the 4.57 % achieved in the case
of the heat exchanger with eight baffles and revised position of the warmer fluid inlet and outlet.
Proposed design solution would include the installation baffles and change of the position of the inlet and outlet of
the warmer fluid, which will not have effect on the manufacturing costs of the heat exchanger. The proposed design
has retained the dimensions of the basic heat exchanger, also the arrangements of the tube register have no changes
as well as tubes length.
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