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This study presents a novel approach to optimize the thermal design of spiral
plate heat exchangers (SPHEs) through a multi-objective genetic algorithm (GA)
using MATLAB programming. SPHEs, known for their low fouling and ease of
descaling, often outperform conventional heat exchangers for fouling-causing
processes. The scientific innovation of this work includes using GA to
simultaneously optimize the construction cost and pressure drop while increasing
the thermal efficiency by fine-tuning key geometric parameters, including
channel spacing and width, hydraulic diameter, and outer diameter. For this
purpose, a robust numerical model relying on energy balance equations was
introduced to accurately predict the temperature distribution and calculate the
total convective heat transfer coefficient (HTC) and logarithmic mean
temperature difference (LMTD). The GA-based optimization resulted in a 60%
increase in HTC and a 50% reduction in total costs compared to the baseline
design. The results confirm the effectiveness of the multi-objective GA method
as a powerful optimization tool, indicating strong agreement between the
optimized calculations and the SPHE design formulas. This dual improvement in
thermal efficiency and cost reduction highlights the practical and economic
importance of the proposed method for industrial-scale heat exchanger
applications.

1. Introduction

Spiral heat exchangers (SHEs) are widely used for efficient heat exchange between two or more fluids in various

applications, including power plants and industrial processes, and also fouling reduction. Compact heat exchangers

have recently been extensively studied due to their ideal efficiency [1]. Spiral plate heat exchangers (SPHEs), also

known as spiral heat exchangers (SHEs), consist of two flow channels arranged in a spiral to produce first and second
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flow channels for the passage of the first (hot/cold) and second (hot/cold) fluids, respectively, similar to the model
presented by Nuntaphan [2].

SHESs can properly cool slurries and fluids with high viscosity, distinguishing this type of heat exchanger [3] and
justifying its wide applications in various fields such as sugar, paper, and chemical industries for liquid condensation
or evaporation [4]. The temperature of the liquid flow during operation is significantly important due to its economic
impact. In other words, the evaporation of water from the feed by SHE reduces protein degradation and stimulates
microbial stability, thereby reducing capacity and transportation costs. Evaporation and dehydration are two
important issues in dairy farming. SHEs can handle highly viscous fluids with poor sedimentation tendency [3]. The
geometric configuration of an SHE consists of two long plates, twisted together in a spiral or helical manner. The
mechanical quality of the plates is enhanced by welding them with grooves placed in between [5], providing a uniform
direction through which local turbulence change can eliminate stagnant zones and lead to self-cleaning flow passage
[3].

Kapatkat and Kondhalkar developed an oil extraction system with a spiral tube to reduce costs [6]. Naphon
investigated the pressure decline and thermal performance reported for a spiral coil heat exchanger and concluded
that the mass flow rate (MFR) of the hot and cold fluids significantly affected the heat exchangers’ performance [7].
The design of an SHE was investigated by Nueza et al., who reported a relatively higher heat transfer rate (HTR) for
an SPHE than its counterparts [5]. Egner and Burmeister investigated the flow behavior across spiral channels with
rectangular cross-sections using computational fluid dynamics (CFD) and revealed the possibility of establishing
Nusselt number equations as the spiral’s mean diameter function. Furthermore, the most severe heat transfer
coefficient (HTC) could be observed in the spiral section. On the other hand, the HTC was almost constant after the
arrival time. The flow across spiral channels or channels in laminar flows showed the most significant contribution
to the estimation of the heat input length [8, 9]. In addition, an approximate solution was developed to investigate the
thermal effect of SHEs in thermal units. Heat exchanger optimization contributes to the most vital areas in thermal
designs, carried out through various methods ranging from classical strategies (e.g., Lagrangian coefficient
programming, dynamic, geometric, and nonlinear) to non-classical strategies (e.g., discrete maximum random search
and principled). A detailed review of the distinct techniques for the optimal design of heat exchangers has been
presented up to the 1990s, with their limitations and merits. Minton developed correlations to determine HTC and
pressure drop in the calm and turbulent regimes [10, 11].

Martin then extended these equations for pressure drop by considering the fluid friction coefficient [8]. Another
research used a code to optimize a new empirical equation of the Nusselt number for SHEs. Various experiments
were conducted to measure the performance parameters of the heat exchanger. The code was written to discover new
optimized correlations that enabled a valid approximation of the Nusselt number relying on the empirical data
provided by 51 experiments. This correlation seemed to have an advantage at low Reynolds numbers. However, in
this work, the equation was calculated by considering both sides simultaneously. Considering the experimental data,
the overall calculated HTC was within 3.65% of the mean error for the presented correlation. As shown by the full
uncertainty analysis, the results of the new correlation of Nusselt number were within £3% of the true Nusselt number
[12]. Among the various heat exchangers, SPHE has a significant place in the fluid cooling and heating industries.

According to Fig. 1, this heat exchanger consists of two flat plates, wrapped around a rod or tube, and two coaxial
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channels, separately sealed on both sides at the ends of the channels by welding a plate to prevent mixing of the two
fluids. A hinged cover with a gasket is used on each side of the SHE. The heat exchanger’s interior and the heat
transfer surfaces on both the cold and hot sides can be accessed by opening the designed covers [13]. The production
and application of these heat exchangers began in the 1990s in the cellulose industry and expanded to various fields.
However, compared to their counterparts, these heat exchangers have been less evaluated theoretically and

experimentally (Fig.1).

Spiral Heat Exchanger

Hot Stream
Inlet

| * Cold Stream

Outlet

Hot Stream
Outlet 4

Cold Stream
Inlet

Fig 1. Flow pattern and geometry of an SHE [14]

Minton presented the first equations for the total heat transfer factor and pressure drop estimations under different

application modes [15].

Fig.2. Geometric configuration of the SPHE channel and
represented model parameters [20]

Other studies have simultaneously sought to highlight the relationship between heat transfer and pressure drop. Heat
exchanger designers have examined the temperature distribution across the length of the heat exchanger, mostly
following two professors at the University of Hamburg, Bes and Rotzel [16-19]. This heat exchanger can be easily
cleaned and descaled due to the ease of access to all its surfaces. The temperature correction factor is very close to 1,
resulting in the high thermal efficiency of the SHE [20].

Recent advances in optimization methods have focused on enhancing heat transfer and reducing cost by integrating
computational techniques. Jiang et al. investigated the structural optimization of spiral fin and tube heat exchangers
using numerical simulations and support vector regression to identify key geometric parameters that maximize heat
transfer while minimizing thermal resistance. Their multi-objective optimization approach significantly improved
performance indices, validating the method for practical use in industrial applications [21]. Similarly, Bidabadi et al.

[22] employed a genetic algorithm (GA) for SPHE optimization, seeking to balance the improvement of convective
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HTC and the reduction of pressure decline. The results showed a 13% improvement in HTC and a 50% reduction in
total costs compared to the baseline designs, indicating the effectiveness of GA in the construction management of a
converter based on optimal economic and thermodynamic parameters.

Furthermore, Bidabadi et al. [23] highlighted the role of GA-based optimization in the design of compact heat
exchangers with rational constraints. They achieved a 60% improvement in HTC while reducing costs by 20% by
simultaneously optimizing geometric variables such as channel spacing and width, further emphasizing the
contribution of GA to high-efficiency and cost-effective heat exchanger designs.

Collectively, these studies demonstrate that advanced optimization algorithms such as GA can provide robust
solutions for SPHE design improvement. The integration of numerical analysis and machine learning tools has further
expanded the scope of optimization, enabling precise control over geometric and operational parameters to meet
modern energy consumption requirements. Unlike previous studies, this research introduces a comprehensive, multi-
objective optimization framework that simultaneously modifies key SPHE geometric parameters, channel spacing,
width, hydraulic diameter, and external diameter to improve heat exchanger performance. The novelty lies in
integrating energy balance equations into GA-based optimization to accurately model temperature distribution and
HTC while minimizing pressure drop and costs. It is worth noting that a 60% improvement in HTC and a 50%
reduction in costs can be achieved in the proposed optimization framework, surpassing previous benchmarks. This
study presents a valid and robust design method that bridges the gap between numerical modeling and practical
feasibility, significantly contributing to heat exchanger optimization.

The current work has modeled a spiral heat exchanger using some mathematical relations. Some calculation methods
are employed for the optimization of the cost and thermal design by MATLAB programming, eventually seeking to

find optimized parameters by Genetic Algorithm (GA) to minimize SHE’s cost and size.

2. Methodology
The current work has employed a multi-objective genetic algorithm (MOGA) to implement the optimization process,
where an SHE was selected from a primary population of randomly generated individuals characterizing potential
solutions. The GA utilizes the idea of the fittest survival to generate more desirable individuals in the population’s
successive evolutionary generations. The more fit individuals are randomly selected from the existing population,
and each person's genome is altered (recombined, altered, and sometimes randomly mutated) to progress to a new
generation. The following algorithm iteration then uses the fresh batch of potential solutions.
The algorithm usually ends by achieving a maximum number of generations. MOGA uses a set of operators applicable
to a population and operates on the population through them. By default, the first population is created at random.
This algorithm uses MATLAB Genetic commands and functions to execute the optimized program. This work has
been conducted through three separate steps.

1. Identifying overall HTC magnitude by mathematical modeling;

2. Finding an appropriate function for cost and size calculations; and

3. Optimizing the length and price of an SHE by objective function minimization using GA.
The heat exchanger’s design is influenced by its applications, including reduction of total cost, HTC, or both. The

development of multi-objective and weighted function optimizations, employing GA, would ensure obtaining several
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geometric design parameters, securing the minimum pressure decline and maximum overall HTC. Fig. 3 shows the

main GA components for implementation in a mathematical problem to optimize parameters.
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Fig. 3. Block diagram representation of genetic algorithms (GAs) [22]

3. Mathematical formulations
3.1. Governing for heat transfer
The Overall HTC relates HTR to the temperature differences within the fluid and has general applications in the heat
exchangers’ design. It covers all the HTR resistances, comprising cold and host fluid films, wall thickness, and
sediment resistance on the hot and cold streams. The heat transfer equation is presented as follows [1, 24, 26]:
Q=m,C(T,;,~T),) =m.CAT ,~T,) (1
The physical principle relies on energy conservation, i.e., the hot stream’s heat loss equals the cold stream’s heat gain,
assuming insignificant heat loss to the surroundings. The total heat load on the heat exchanger has been evaluated in
this study using the thermal equilibrium equation. Logarithmic mean temperature difference (LMTD) contributes
critically to the overall HTC assessment under pre-defined temperatures at the inlet and outlet [1, 26]. The heat duty
can be determined by:

0=U.ALMTD 2

In the above equation, A shows the heat transfer area, while F denotes the correction factor and the hot-cold fluid
LMTD. The overall HTC is also obtained through the following equation:

1

L+tiw+hl+R, (3)

h,

U:

w c
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where A, h., represent the convection HTCs associated with hot and cold fluids, respectively. K., represents the wall
material’s conductivity, while R, stands for the fouling factor. Besides, #, is the wall thickness, and /; and /. can be
determined by experimental relations for the spiral heat transfer [1, 23]. The LMTD is close to 1 in this heat
exchanger. Meanwhile, the flow in this heat exchanger resembles the actual reverse flow. The above heat exchanger
also shows a much bigger overall HTC than the values reported for the shell and tube heat exchangers, implying the
SHE’s small size [24]. LMTD can be determined by Eq. (4) [1, 26].

(T,~T.)~(T,,-T.)
LMTD — 1 co 10 Cl
T,-T. “4)
ln( i co )
Thu _T;i
The expressions below are employed for the heat transfer area and Nusselt number estimations:
A=2xLxH (5)
Nu=0.239(1+ 5.54%) Re"* prf2% (6)

m

Nusselt number is determined using Eq. (6). Having the Nusselt number from the Reynolds and Prandtl numbers, the
HTC can be evaluated using Eq. (6). Here, D and R, represent the heat exchanger’s hydraulic and mean diameters,
respectively. The Reynolds number can be expressed considering mass flux (M), as shown in the following:
D
Re=M.—L (7

n
Egs. (8) and (11) can be utilized in the above equation to determine the mean fluid velocity (v) and Prandtl number

(Pr), in which p, 1, and k denote the fluid density, mass flow rate, and thermal conductivity, respectively [1, 25].

pA
Mm=" (€))
AC
The mean radius is calculated as follows:
Rm — Rmin + Rmax (10)
2
Prandtl number can be evaluated based on the physical properties of the stream through the equation below.
pr = SoM (11)
k
Estimating the Nusselt number from the Reynolds and Prandtl numbers, the HTC can be obtained through the
following:
he k.Nu (12)
DH
3.2. Pressure drop in SPHE
Pressure drop is obtained through the following equation in SHEs’ streams and external diameter [1, 25].
_ 1.45(LV*p) (13)

1.705
where, v shows the velocity, and p is the density of the fluid.

3.3. Cost estimation
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The total cost was determined as the sum of the manufacturing cost (C;) and operational cost (Coq) [1, 25].

Ctata/ = Q + Cad (14)
The heat exchanger’s surface influences manufacturing cost (C;), according to the Hall equation [1, 25].

C.=ed 15)
Here, e; = 5973 and j =0.59, as presented in the operational costs [22, 25]:

ny C
C, = 0 (16)
o ,Z‘ (1+i)f
C =PC,.Hr (17)
=LA+ AP) (18)
T] ph pc

Tablel, provides additional information required for the operating cost and HTC calculation.

Table 1. Further parametric information required for the
optimization process [25]

Parameters Symbols | Values Units
Number of years ny 15 years
Annual discount rate i (1%01% ) -
Energy cost Ce 0.00012 | (Euros/w.hr)
Annual work hours Hr 8000 (hr/year)
Pumping efficiency n 75% -

4. Problem description

4.1. Design procedur

An SPHE was modeled considering the fluid flow and heat transfer properties and the stated hot and cold flow rates.
MATLAB (R2018a) software was utilized to model optimized SPHE by GA algorithm. The cold and hot fluids had

constant inlet temperatures, while their outlet temperatures should be estimated for counter-current arrangement.

Table 2. Specifications of the SPHE

Parameter Value

Height (plate width) (m) 0.457
Plate length (m) 2.515
Spiral diameter (m) 0.304
Channel spacing (m) 0.00635
Heat transfer area (m?) 3.49
Plate thickness (m) 0.001
Plate material Stainless steel
Stainless steel heat conductivity (W/m'C) 14
Number of turns 7

An SHE has been employed to cool the ethylene glycol. The flow rate of ethylene glycol is set to 0.8kg/s, which
should be cooled from 80°C. The water-cooling fluid enters the heat exchanger at a 0.5kg/s flow rate, which must be

heated from 32.87°C. The fouling factor is 0.00017 m* C/W. The heat exchanger’s wall is stainless steel.
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— 03 —

457

Fig.4. Geometrical features of modeled SPHE [12]

The appropriate heat exchanger is selected considering the physical characteristics of cold and hot fluids, as shown

in Fig. 4. The temperature distribution is also checked after designing the heat exchanger.

Table 3. Thermodynamic and physical properties of the streams
Parameter Cold stream | Hot stream
Working fluid Water Nitrobenzene
MFR (kg/s) 0.5 0.8
Inlet Temperature (°C) 32.87 80
Outlet Temperature (°C) 56 36.84
Average balk Temp (°C) 44.43 58.42
Mean wall Temp (°C) 46 60
Specific Heat (J/kg.°C) 4180 1400
Thermal Conductivity (W/m.°C) 0.622 0.149
Specific Gravity 1 1.2
Allowable pressure (kPa) 35 35
Dynamic viscosity (Pa.s) at average balk Temp 0.009 0.00181
Dynamic viscosity (Pa.s) at wall Temp 0.0072 0.0017

The heat exchanger correction factor is about 0.99, and the turbulent flow is considered for hot and cold fluids,
through the Reynolds dimensionless number. The hydraulic diameter of an SPHE is given as follows [1]:

(7 A —
H+b
In which, b shows the channel plate spacing, H denotes the plate height. The Reynolds number is identified by the

mass transfer rate for both hot and cold streams [1, 25].

2
it = pud, =20k (20)
’ 4
Re = pcchH — mc (21)
‘ uc 4TCMCDH
Re, = PViDy _ 1y, (22)
My 4np, Dy

where A, is the surface area of the free flow. As a turbulent flow passes an SPHE, we have to use turbulent flow
equations to estimate the heat transfer. Specifically, the Reynolds number ranges from 1412 to 7546 for the cold fluid
(Rec) and 11298 to 60372 for the hot fluid (Re;), covering both laminar and turbulent flow regimes. This range of Re
numbers characterizes the flow conditions in the spiral plate heat exchanger (SPHE) and ensures more convenient

repeatability of the study.
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4.2. Calculating important parameters

The tube wall temperature is usually 2-3°C higher than the average temperature (7..,) of the passing flow; thus, the
viscosity can be well approximated at the average wall temperature (7). The Nusselt number and HTC of the hot
and cold flows are found in Egs. (6) and (12) [26]. These calculations involve estimating temperatures and the required

thermodynamic parameters. The fluid’s average temperature is determined by:

_L,+T, (23)

avg 2
where, Ti, and To. show the fluid temperatures at the beginning and end of the process, respectively. Further

calculations lead to the HTC estimation. Hence, the area for heat transfer in an SPHE can be calculated by the

following [1, 25].

(24)
=L ()
U.LMTD
Thus, the spiral plate’s optimal length is:
(25)

4
YAl

where, H represents SHE’s height. The numerically determined length of the spiral plate value properly agrees with

its geometrical features.

4.3. Optimization

The present problem ultimately focuses on minimizing the SHE’s total cost considering certain constraints and the
case investigated by Moretta [4]. The Genetic algorithm ‘GA’ is applied in MATLAB to compare the results to those
of GA and WDO optimizations. The SHE-related total cost comprises the manufacturing and operation costs. As
shown, the total capital (Ciow) is minimized. No constraints are considered in this optimization study. The pressure
declines when the fluid flows along hot and cold sides. The pressure drops in the hot and cold flows, and the outer
diameter, length, and width of SHE would form the design variables undergoing optimization. Table 4 presents the
upper and lower bounds of all the design variables. The hot and cold streams’ physical specifications have been taken

from Moretta et al. and cross-verified in Bidabadi [1, 4, 22].

Table 4. Variables’ lower and upper bounds throughout the
optimization calculations [27]

Design variables Lower bound | Upper bound
Hot fluid pressure drop (Pa.s) 0 40000
Cold fluid Pressure drop (Pa.s) 0 20000
Outer diameter (m) 0.3 1.5
Length (m) 1 2
Width (m) 0.3 2.5

4.4. Optimal design parameters

The enhancement of the SHE depends on its geometrical factors. For example, the plate spacing enhances the pressure
drop upon declining the space between the spiral plates, implying the need for higher pumping energy, which can
improve the HTC and thermal efficiency of the heat exchanger. The spacing channel alterations result in the heat
transfer increment, optimizing the thermal and hydraulic performance. Table 5 lists the recommended plate spacing

values based on the plate width.
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4.5. Using Genetic algorithm for optimization

The present study has used some optimization techniques based on the genetic algorithm. The total cost of Eq. (14)
was taken as the objective function to satisfy the conditions. The total cost represents the sum of operating and capital
costs. The optimized length (L) and width (H) play a vital role by affecting the capital cost. The total heat duty (Q)
has been constant considering fixed inlet and outlet temperatures. The average hot and cold stream characteristics
were employed as shown in the Table.3 (dataset). The optimization finished in the MATLAB programming upon

satisfying the criterion 1072,

Table 5. Recommended plate spacing values
for standard plate widths [28]

Plate spacing (m) | Plate width (m)

0.101

0.152

0.00476 0.304

0.304

0.457

0.457

0.609

0.609

0.762

0.914

1.219

0.00793 1.524

0.00952 1.778

0.0127 For more than 1.778 m

0.00635

4.6. Optimization of the cost and length
As described in Table. 6, four cases were selected for the height and distance of the channels in a spiral heat exchanger
and underwent optimizations by the genetic algorithm. The best length and optimal cost were obtained by

programming in MATLAB software.

Table 6. The selected cases for optimization

Case | Plate spacing (H) | Plate width (b)
1 0.304 0.00476
2 0.457 0.00635
3 1.524 0.00793
4 1.778 0.0254

The MultiObj_GA code optimizes the fitness function as an objective function under nonlinear constraints. The
nonlinear constraints are the range of design variables, i.e., MATLAB makes the rows of the matrix c less than zero
while executing the algorithm. The C,, matrix is for nonlinear constraints.

The fitness function code is written as a function. The objective function (TF) of the problem involves length and
cost minimization. Input variables are entered, considering the relations for the tube length as FF (1) and those for
the distance of the cost calculation as FF (2). Exactly the same relations (the TF objective function, including the
square root) are calculated. The mentioned objective expression is optimized by the genetic algorithm:

TF =\[FF(1y’ + FF (2)* (26)

Minimization of this expression implies minimizing the two FF (1) and FF (2) functions, followed by drawing their

values in each program iteration. The MultiObj GA command first shows a few lines (including a description of the
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code and how to enter the Case to the user). According to the case, the user selects the values of H and b through the
switch case algorithm and minimizes the target function by applying constraints. When the run is finished, the

algorithm shows the values of the optimized length and cost functions.

4.7. Algorithm of SPHE’s thermal design optimization
The genetic algorithm was used for function optimization by the following code in the MATLAB library.

X =ga(fun, nvars , A, b, Aeq, beq, Ib, ub, nonlcon) 27)
This code can find a local minimum of X, to a special function (fun) in another M.file which contains the main script
of the heat transfer optimization by MATLAB, like TF, under nonlinear or linear qualities Aeq*x=beq and A*x <b.
Moreover, we can set A=[ ], and b=[ ] with some constrains if there are no linear inequalities. The genetic
algorithm assesses the matrix product Aeq*x, as if x is transposed (Aeq*x'). Therefore, Ib and ub, are lower and upper
bounds on the design variables, respectively, for x, such that a solution can be observed in the Ib<x<ub range,
(Set Aeq=[ ] and beq=[ ] in the absence of linear equalities).

Fig. 5 shows the flowchart of Minton’s algorithm for the optimization procedure.

‘ Determining Initial Design

Conditions of a SPHE

¥

ﬂ Selecting Flow Arrangement

U: H; bSldHy P, Di Di

Selecting
Selecting Noj aNewH
Smaller bg
Ys
1

i

A

Multi purposess G.A for
Optimization of Length
and Price

Selecting
Smaller bs, v

Fig. 5. Simplified flowchart of the developed Minton’s algorithm by MATLAB [1]

For the GA optimization process, the following parameters were set in the MATLAB algorithm: population size,
mutation rate, and the number of generations were set to 100 individuals, 0.05, and 500, respectively, based on initial
experiments and previous studies. These settings could provide a balance between computational efficiency and
exploration of a diverse design space. The population size ensures sufficient diversity, while the mutation rate allows
for effective exploration without premature convergence [29, 30]. Alternative settings were tested to assess the
sensitivity of the results to these parameters. Population sizes and mutation rates at respective ranges of 50-200 and
0.01-0.1 were investigated, revealing that regardless of the relative stability of the optimization performance across
these variations, increasing the population size or mutation rate beyond the optimal values resulted in reduced

efficiency or excessive computational time. Similarly, the number of generations varied from 200 to 1000, and 500
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generations could provide a good trade-off between convergence speed and solution quality. These experiments
confirm that the chosen settings were effective and resulted in optimal performance without overfitting or excessive
computational costs. The computational burden of the GA optimization process in MATLAB was manageable with
a population size of 100, a mutation rate of 0.05, and 500 generations for the study. The total computational time was
approximately 1-2hr per optimization run on a computer with moderate processing power (Intel 17 CPU). Despite the
moderate computational time, the GA converged efficiently with significant improvements in the objective functions
(HTC and cost) observed in the first 200 generations. The convergence speed was constant, showing stable thermal

efficiency and cost optimization results.

5. Results and discussion

5.1. The optimization results for the length and construction cost

Table. 7 lists the results of the calculations for various modes. Accordingly, case 2 (H=0.457 m, L=1.281 m) is the
most optimal for designing an SHE, as it shows the highest heat transfer and optimal length at the lowest cost.
Moreover, case 4 has the minimum pressure drop due to the increment in the cross-section and a decline in the velocity
upon enhancement in the heat exchanger’s hydraulic diameter. The pressure also decreases by a decrement in the
velocity of the fluid. Based on the results, case 4 is not economically suitable, and items 3 and 1 have lower HTCs

and higher lengths, respectively.

Table 7. Numerical calculations for SHE’s optimization
Parameter Case. 1 | Case.2 | Case.3 | Case. 4

Dy (m) 0.00937 | 0.0125 | 0.0158 0.05

Rec 7546 5647 4483 1412
Ren 60372 45177 | 35865 11298
QW) 48342 48342 | 48342 | 48342

hn (W/m2.°C) | 27071 16064 10602 1325
he (W/m2°C) | 86358 51244 | 33823 4229
U (W/m?°C) 3448 3094 2737.4 811

A (m?) 1.051 1.17 1.324 4.467
dpn (Pa.s) 164690 | 38290 | 5155.3 146
dpc (Pa.s) 77198 17948 2416 68
L (m) 1.728 1.281 0.434 1.256
F (Euros) 6628 6455 7059 14445

Fig. 6 shows a bar graph for different modes of heat exchangers optimized according to Table 6. Case 2 exhibits the
lowest construction cost, justifying its selection as the best case. It is also better than cases 1 and 3 due to its great
HTC values at the same enthalpy compared to other cases.

The optimal length and cost of the SHE designs were obtained following Minton's model, using the multi-purpose
genetic algorithm (multi-objective) and according to the circuit diagram in Fig. 7 derived by MATLAB. The
horizontal axis is the number of repetitions in calculations, indicating the ideal length with high precision and up to
120 iterations of the results in a programming loop based on Minton's Algorithm. The optimal cost is also shown
using a genetic algorithm program as a MATLAB plot (including key heat transport and fluid mechanic equations,
Genetic functions and constraints, boundary conditions, and objective function for cost and length optimization).
Based on Fig. 7, the heat exchanger’s optimal length is approximately 1.73m, while the optimal length limit can be

chosen between 1.5 and 2m.
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Optimized parameter versus each case
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= Price(Euro) = h(W/m2.k} =L(m)
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Fig. 6. Bar chart comparing different states of the optimized heat exchanger

According to Fig. 8, the optimal price of the SHE could be around 6455 Euros. The proposed genetic algorithm was
performed to minimize the pressure drop within the channels, considering the geometric ratio of the spiral and
simultaneously minimizing the total cost. Moreover, the developed Minton algorithm was employed to estimate the
design cost and the heat exchanger’s length, along with the limiting constraints. The genetic algorithm was utilized
to determine the total cost function for four different modes in terms of the SHE’s height and length. Accordingly,
the highest heat transfer and the optimal length were obtained.
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Fig. 7. Calculation of the optimal value of heat exchanger length by GA
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Fig. 8. Calculation of the optimal value of heat exchanger cost by GA

5.2. Temperature distribution throughout the heat exchanger

Fig. 9 depicts the temperature distribution in hot and cold streams passing the SHE per unit length. As seen, the heat
flow direction is opposite, the maximum temperature difference occurs at the heat exchanger’s beginning, and the hot
flow inlet has the maximum inlet temperature.

Therefore, a minimum temperature difference (ATmin) can be detected at the inlet of the pipe carrying the cold stream
(32.86°C) and the outlet of the pipe carrying the hot stream (36.82°C). The optimal length is 1.299m, as shown by
analytical solutions. In this study, the temperature distribution in the selected SHE was modeled following energy
balance equations that considered both convective heat transfer and fluid thermal resistance. The temperature profile

was estimated using the conduction and convection heat transfer equations in the heat exchanger channels,
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considering variable flow rates and HTC values along the exchanger. LMTD calculations were used to determine the

temperature gradient along the heat exchanger.

- Temperature distribution along Spiral length
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Fig. 9. Cold and hot fluid temperature changes () along the heat exchanger

5.3. Changes in Nu number through spiral heat exchanger

Based on Fig. 10, the hot fluid cools when passing the heat exchanger, and the cold fluid is heated before exiting the
heat exchanger. Throughout its path in the heat exchanger, the hot fluid’s temperature decreases by 2.5°C every 0.1m,
because of which the temperature of the cold stream increases. For both fluids, the Nusselt number rises by enhancing
the velocity.

. Nusselt number versus Fluid velocity
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Fig. 10. Variations of Nu number by fluid velocity

The properties of the two fluids are different. Therefore, the Nusselt number of the cold stream will decline if its

temperature increases and reaches the hot fluid’s temperature.

5.4. Calculation of optimized pressure drop

The optimum pressure drop represents the place with the maximum heat transfer and temperature difference for hot
and cold fluids throughout the tube length, i.e., the pipe’s first meter and the fluids’ minimum speed
(Vmin>2500*/(p.d)) in the spiral heat exchanger pipe. It also occurs at Re=2500 for turbulent flow. The maximum

fluid velocity (Vmax) is calculated by their mass flow rate (kg/s). Therefore, the optimal speed value lies between these
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two values (Vmin<Vopr<Vmax) for both cold and hot flows. The optimal pressure drops within an SHE is determined with
a fixed 1.3-m length and a variable length (0-1 m) with a maximum heat transfer rate (ATmax) (Fig. 9). As the fluids’
pressure drop in a heat exchanger is a function of its length and the fluid’s velocity, the lower the pressure decline,

the higher the heat exchangers efficiency.
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Fig. 11. Pressure drop changes with fluid velocity

According to Fig. 11, the pressure drops increases depending on the fluid velocity, indicating the minimum pressure
drop at the slowest fluid velocity. Noteworthy, the SPHE designed by the novel optimization algorithm has lower
total costs than the conventional SPHESs. Furthermore, this study used a multi-objective GA that directly considered
both heat transfer and pressure drop as competing objectives, allowing the algorithm to find optimal solutions that
achieved a balance between these two factors. This approach helps to avoid excessive pressure drop while maintaining
optimal heat transfer by fine-tuning the design to meet fluid mechanics and heat transfer requirements. The final
optimization design showed a 60% rise in HTC without significantly increasing the pressure drop, confirming the
effectiveness of the GA in establishing this balance.

To validate the optimization of heat transfer coefficient (HTC) and manufacturing cost, the optimized GA model
(Mintons algorithm) can be compared with traditional baseline designs, such as those proposed by Bidabadi et al. and
Moretta, which used conventional design methods based on simplified models and heuristic approaches. These
traditional methods have primarily focused on optimizing thermal efficiency or cost but failed to consider these two
variables simultaneously. In contrast, the optimized GA model presented in this study considers both objectives,
balancing heat transfer efficiency and cost reduction [4, 24].

Quantitatively, optimizations using GA resulted in a 60% increase in HTC compared to conventional designs.
Furthermore, the optimized model resulted in a 50% reduction in overall costs compared to the simple and basic
design, which showed significant improvements. For example, when using the basic design from Bidabadi et al. [24],
the HTC was significantly lower, and the pressure drop was higher, leading to inefficiency in thermal performance.
In comparison, the GA-optimized design not only improved the HTC but also reduced the pressure drop, ensuring
better flow characteristics without compromising heat transfer [29, 30]. These results demonstrate the advantage of
using a multi-objective GA optimization algorithm over traditional methods, which tend to focus only on optimizing

a single parameter, without considering the overall trade-off between performance and cost.
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In this study, HTC was estimated utilizing the LMTD method and energy balance equations, which account for the
variable flow rate and temperature distribution in the SPHE. Specifically, HTC has been derived from the following

relationship:

Y
HTC =
AAT, (28)

Here, O, A, and AT, are the heat transfer rate, the heat transfer area, and the LMTD, respectively. To account for
fouling, the study introduced a fouling resistance term Ry, which reduces the effective HTC over time. The modified
HTC formula is:

1
HlTC R, )

This ensures that the effects of sedimentation are included in the heat transfer. In addition, variable flow rates were

HIC, =

considered by adjusting the velocity terms in the flow Reynolds number (Re) and the Nusselt number correlation,
allowing the model to account for variations in flow conditions. These adjustments enable the model to capture the
effect of different flow regimes (laminar, transitional, and turbulent) and accurately reflect real operating conditions,

similar to approaches used in previous studies [21, 29].

6. Conclusion

This paper offers deeper insights into the optimization of spiral plate heat exchangers (SPHESs) using a genetic
algorithm (GA) integrated into the MATLAB programming language. The research work focused on designing a
cost-effective SPHE configuration that maximized heat transfer while minimizing pressure drop, which was achieved
by modifying key geometric parameters such as channel plate spacing, channel width, hydraulic diameter, and
external diameter. Through a novel optimization algorithm, this study demonstrated that heat transfer efficiency could
be increased while reducing overall costs. Key findings of the study include:

e Optimization and Numerical Analysis: A robust SPHE design was implemented using GA for the spiral heat
exchanger.

e Thermal efficiency and cost: The GA-based optimization showed a significant 60% improvement in heat
transfer coefficient (HTC) compared to the initial case, along with a 50% reduction in total costs, confirming
the economic and operational benefits of the method.

e Parameter effects: The analysis showed that with beneficial geometric and economic considerations, reducing
the channel plate spacing and adjusting the channel width and hydraulic and external diameters affected HTC
positively and minimized the pressure drop.

The optimized design demonstrated the effective calculation of outlet temperature and HTC based on specific inlet
temperatures and flow rates of cold and hot streams, which is crucial for operational efficiency in practical
applications. The study confirmed the compatibility between the optimized SPHE length and its geometric
dimensions.

In conclusion, this study emphasizes the value of using GA in the SPHE design process to enhance heat transfer and
cost efficiency. This method demonstrated the potential of GA as a vital tool in the heat exchangers’ optimal design.

The optimal parameters identified in this study can significantly contribute to the SHE designs for industrial
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applications, as they balance thermal efficiency with cost reduction. Key design elements, such as channel plate
spacing, hydraulic diameter, and outer diameter, are scalable for industrial-scale SHEs, designed according to industry
standards such as ASTM. Furthermore, the optimization results showed significant improvements in convective heat
transfer coefficient (HTC) and cost (60% increase in HTC and 50% decrease in manufacturing costs), which would
directly lead to operational benefits in industrial settings, such as improved energy efficiency and lower maintenance

costs.
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Nomenclatures
Abbreviation T Temperature ('C)
ANOVA Analysis of Variance VIF Variance Inflation Factor
CHT Convective Heat Transfer avg average
CI Confidence Interval c cold
DF Degree of Freedom f fouling factor
DOE Design of Experiment h hot
FI Factor Interaction i inlet
LMTD Logarithmic Mean Temperature Difference j joule
RSM Response Surface Methodology m mass (gr) / meter
Symbol o outlet
As Surface Area s second
G, Heat Capacity (J-kg '-K ™) w wall
Di Diameter (inlet/outlet) u Viscosity (N-s/m?)
L Length of Heat Exchanger n Pumping efficiency (%)
M Mass Flux (Kg/m?-s) o alpha (error factor by percentage)
P Pressure (Pa) n Pi-Number
(0] Heat Transfer (J) A Delta (Difference)
Ry Fouling Resistance Y Density (kg/m?)
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