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Abstract: Global energy agencies and commissions report a sharp increase in energy demand
based on commercial, industrial, and residential activities. At this point, we need energy-
efficient and high-performance systems to maintain a sustainable environment. More than 30%
of the generated electricity has been consumed by HVAC-R units, and heat exchangers are the
main components affecting the overall performance. This study combines experimental
measurements, numerical investigations, and ANN-aided optimization studies to determine the
optimal operating conditions of an industrial shell and tube heat exchanger system. The
cold/hot stream temperature level is varied between 10 °C and 50 °C during the experiments
and numerical investigations. Furthermore, the flow rates are altered in a range of 50-500 L/h
to investigate the thermal and hydraulic performance under laminar and turbulent regime
conditions. The experimental and numerical results indicate that U-tube bundles dominantly
affect the total pumping power; therefore, the energy consumption experienced at the cold side
is about ten times greater the one at the hot side. Once the required data sets are gathered via
the experiments and numerical investigations, ANN-aided stochastic optimization algorithms
detected the C10H50 scenario as the optimal operating case when the cold and hot stream flow
rates are at 100 L/h and 500 L/h, respectively.

Keywords: shell-and-tube heat exchanger; thermal performance; energy consumption;
stochastic optimization; artificial neural network

1. Introduction

The United Nations Climate Change Conference (COP27) gathered countries to
come up with solutions on how to eliminate the carbon footprint resulting from
industrial processes, transportation, and human activities [1]. Electrification has been
detected as a dominant factor in the carbon footprint, as the share of renewable energy
sources in the global electricity generation is only about 28.7% [2]. At this point,
heating, ventilation, air-conditioning, and refrigeration (HVAC-R) systems used in
residential buildings and industrial applications are responsible for a large amount of
carbon emission, as more than 30% of the generated electricity has been consumed by
the building HVAC-R units [3-5].

Energy consumption of HVAC-R and any sort of heat recovery systems can be
reduced via more efficient heat exchanger systems [6,7]. In HYAC-R heat exchanger
systems, two or more fluids interact in liquid-liquid [8-10], liquid-gas [11,12] or gas-
gas [13-15] phases to exchange heat through the heat transfer surfaces. Heat
exchangers may be classified according to the geometry, fluid phase, contact type,
flow arrangement, or number of fluids, and they shall be properly selected according
to the application needs. Note that thermophysical properties of the selected heat
exchange materials, type and volume of the operating fluids, flow rates of the cold and
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hot streams, and heat transfer surface affect the thermal performance and energy
consumption of the investigated heat exchanger systems [16,17]. In counterflow heat
exchanger arrangements, a more uniform temperature difference exists throughout the
heat transfer path; therefore, these systems are always more efficient than the parallel
flow [18-20]. Cross-flow systems are an alternative to counter-flow, and this
arrangement is commonly preferred in heat recovery ventilation applications, fan coils,
and shell-and-tube heat exchangers [21,22].

Shell and tube heat exchangers are dominantly preferred in power plants, energy,
and petrochemical industries due to their superior robustness and large heat transfer
surface area [23]. Furthermore, these systems allow operating at high pressures while
exchanging heat in an efficient way. Ozden and Tari [24] numerically investigated the
effects of shell diameter, baffle spacing, and baffle cut on shell-side thermal
performance. They compared the thermal outputs of Spalart—Allmaras, standard k-,
and realizable k-¢ turbulence models, and the results indicated that realizable k-¢ fit
best to the analytical results obtained via the logarithmic mean temperature difference
method. Wang et al. [25] focused on a multiple shell-pass shell-and-tube heat
exchanger combined with continuous helical baffles. The numerical findings showed
that the pressure drop of the proposed combined system is about 13% lower than the
segmental baffled shell and tube heat exchanger. Likewise, various shell and tube
baffle designs were compared by Arani and Moradi from thermal performance and
pressure loss points of view [26]. The numerical results indicate that the disk baffle
shell and tube heat exchanger with longitudinal triangular ribbed tube has higher
performance among the other combinations. On the other hand, Gao et al. [27]
experimentally examined the thermal and hydraulic performance of shell-and-tube
heat exchangers with discontinuous helical baffles. The baffle helix angle was varied
between 8<and 40< and it is concluded that the total pressure drop decreases with
helix angle increment. Furthermore, the highest thermal performance was observed at
a 40< baffle helix angle. Furthermore, many researchers performed optimization
studies on shell and tube heat exchanger systems to obtain optimal design or best
operating point under determined system constraints [28-30].

This study mainly focuses on the thermal performance and energy consumption
of an industrial shell and tube heat exchanger system. In spite of the fact that numerous
numerical studies have been performed by researchers, the combination of the
experimental measurements, numerical investigations, and ANN-aided stochastic
optimization is a novel technique to obtain optimal operating conditions for shell and
tube heat exchanger systems. First, experimental investigations have been conducted
under laminar and turbulent regime conditions to determine the heat transfer rate and
pressure drop experienced within the shell side and U-tube bundles. Next, the
proposed numerical model is validated via the collected experimental data just after a
comprehensive mesh independency study. Nonlinear stochastic optimization
algorithms of Differential Evolution (DE), Nelder-Mead (NM), Random Search (RS),
and Simulated Annealing (SA) are utilized during the ANN-aided optimization
processes to obtain the best operating point satisfying enhanced thermal performance
and lower energy consumption.
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2. Method and models

2.1. Experimental investigations

Experiments of an industrial shell and tube heat exchanger were conducted within
a thermally controlled laboratory maintained at 20 °C. The temperature uncertainty of
the thermostatic control system is about +0.4 °C. Figure 1 shows the geometrical
details and conceptual projection of the investigated heat exchanger system. Hot fluid
enters the shell from an 18 mm diameter inlet, and the distance between the identical
shell inlet and outlet centerlines is 140 mm. The shell diameter is 114.3 mm (45"), and
it contains four segmental baffles to provide enhanced heat transfer between the tubes
and shell sides.
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Figure 1. Geometrical details of the investigated shell and tube heat exchanger.

The tube side has 16 U-turn tubes having an identical diameter of 9.52 mm (3/8").
The tube inlets are located on the bottom half of the right cap, while the outlets are on
the top to ensure cross-counter flow (Figure 1). Note that the diameters of the cold
stream inlet and outlet are 8 mm, and a stainless-steel separator plate provides sealing
between these sections. Table 1 presents the main technical specifications of the
investigated shell and tube heat exchanger system. Copper tubes are preferred for
providing higher heat transfer performance, while stainless steel shells have been
chosen for robustness.

Table 1. Technical specifications of the investigated shell and tube heat exchanger.

Section Material type Limit pressure Temperature range Diameter Length Number of tubes/baffles
Tubes Copper 12 bar —10/+90 °C 3/8" 250 mm 16 U-type
Shell side Stainless steel 25 bar —10/+90 °C 45" 310mm 4 segmental

Experimental investigations for observing the thermal and hydraulic performance
of the shell and tube heat exchanger system are conducted at various temperature
levels and mass flow rates. The experimental setup configuration and main
electrical/thermal components used during the experiments are presented in Figure 2.
As documented in the previous study [31], cold stream temperature level is precisely
controlled via a refrigerated-heating circulator (Labo, C400-H23 model). Thermal
capacities of the circulator are 0.4 kW in cooling and 2 kW in heating operations,
respectively. Note that the cold stream outlet fed the hydraulic bench (TQ Instruments,
H1D model) to maintain the circulator temperature level at a certain operating point.
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On the other hand, hot water is supplied by an additional closed loop having two 2.5
kW electric heaters. The closed hot water system contains a centrifugal pump (Halm,
U130 model) having a three-level flow switch and an expansion tank (Cruwa, CRW
2S model).

i Equipment List
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‘ :@ Electric heaters i
----- V- [, :@ Datalogger and PT100
i probes

:@ Centrifugal pump
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Figure 2. Experimental setup configuration and main components/devices.

Temperature levels of the cold and hot streams are collected via PT100 probes
and data loggers (IMC, Cs-7008 model, and Delta Electronics, DOP-AS35THTD
model). The probes are calibrated with the help of a precise thermal bath to avoid
measurement discrepancies and errors. The measured temperature levels are
monitored on the digital display to check whether the operations reach a steady-state
regime. Once the temperature variations are less than 1%, the outlet temperatures of
the cold and hot streams are reported. Note that the pipelines are made of thermally
low conductive thermoplastics to eliminate the thermal losses as much as possible.
Furthermore, the inlet-outlet lines of the shell and tube heat exchanger system are
wrapped with polyurethane foam for thermal insulation. The cold stream temperature
at the inlet varies between 10 °C and 30 °C, while the hot water inlet has been changed
in a range of 20 °C to 50 °C.

Mass flow rate is another critical parameter affecting the thermal performance
and pumping power of the investigated heat exchanger system. In this study, the
volumetric flow rate of the cold and hot water streams varies between 50 L/h and 500
L/h to observe the heat transfer rates and pressure drop under laminar and turbulent
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regime conditions. Pressure levels at the inlet and outlet of the cold and hot water lines
are measured by the manometers (Pakkens, SH 0532 model). Furthermore, a digital
multimeter system (EPM-06, RMS model) measuring the phase angle (cos ¢) and
minimum-maximum values is utilized to report the power consumption of the heaters
and pump.

2.2. Uncertainty analysis

In the experimental investigations, determination of the uncertainties within the
experimental setup is crucial, as the measurement devices and components have an
accuracy margin [31,32]. In this study, an uncertainty analysis was performed to
determine the percentage of measurement error margin for each experimental
component. The user manuals and manufacturer guides are examined in detail to
obtain the accuracy range of the measurement systems. In addition, the measurement
performance of the PT100 probes, one of the most critical components in the
experiments, is determined via a precise thermal bath to eliminate possible
discrepancies in the temperature data. Table 2 shows the critical specifications and
uncertainty ranges of the measurement systems used in the experimental investigations.
The findings indicate that both the data logger and the refrigerated circulator systems
have a measurement accuracy with less than a 0.5% error margin. The uncertainty
percentage of the manometers, PT100 temperature probes, and digital multimeter is in
a range of 1%-2%.

Table 2. Uncertainty analysis of the experimental measurements.

Equipment Specifications Uncertainty

—40 °C to 100 °C temperature range
) ) 0.4 kW cooling, 2 kW heating capacity
Refrigerated circulator +0.03 °C
8 L fluid reservoir

PID controller and digital display

—50 °C to 300 °C temperature range
PT100 probes +1.75%
100 Q resistance at 0 °C

2-120 A current measurement
Multimeter 10-300 V voltage range 1% =+1 digit

Phase angle (cos ¢) monitoring

8 measurement channels in parallel
Datalogger Up to 100 kHz sampling rate +0.4%

IMC Studio software for data-processing

120 °C maximum fluid temperature
Manometers 4 bar maximum pressure +1.6%

Complies with EN 837-3 standard

In addition to the individual error margins, the joint uncertainty levels are
determined for the integrated measurement systems, such as PT100 temperature
probes and data logger. The maximum level is calculated as less than 2.34% for each
investigated flow/thermal scenario. Furthermore, inequality between the cold and hot
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stream heat transfer rates is considered, and it is calculated as less than 1.27%. Note
that the experiments have been re-conducted three times under the identical boundary
and initial conditions to avoid possible measurement errors.

2.3. Validation and numerical investigations

Once the experiments are completed for all thermal and hydraulic scenarios, an
identical numerical model of the investigated shell and tube heat exchanger system is
created. The numerical model has the same dimensions as the examined heat
exchanger system, and initial/boundary conditions are defined in conformity with the
experiments to ensure the identical physical phenomena.

The outer surfaces of the numerical model are set under natural convection
conditions with an ambient temperature of 20 °C as the laboratory temperature was
kept at this level during the experiments. U-turn tubes, four segmental baffles, and
separator sections are placed in the shell in appropriate positions. Likewise, inlet/outlet
regions of the cold and hot water streams are modeled according to the geometrical
details of the investigated shell and tube heat exchanger system. The volumetric flow
rate is varied in a range of 50-500 L/h to examine the thermal and hydraulic
performance under both laminar and turbulent flow regime conditions. The cold
stream inlet temperature has varied between 10 °C and 30 °C, while the hot water inlet
has been altered in a range of 20 °C to 50 °C. ANSYS Fluent software is utilized for
the modelling and simulations. Figure 3 presents the computational domain and main
components of the investigated numerical model.
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Figure 3. Three-dimensional computational domain.

Here, the energy equation was coupled with fluid flow physics under both laminar
and turbulent flow regimes. The temperature field in the shell and tube heat exchanger
system and the coolant velocity fields were determined by solving the conservation
equations of mass, momentum, and energy in a steady-state regime. Under laminar
flow conditions, the governing equation set is given as follows [33,34]:
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where V corresponds to the velocity vector, D/Dt stands for the material derivative,
and the subscript f is for fluid. p is the density, P is the pressure, u is the dynamic
viscosity, g is the gravitational acceleration, « is the thermal diffusivity, and T denotes
the temperature. The Reynolds-averaged Navier-Stokes (RANS) model has been
utilized to move the turbulence flow regime investigations. The RANS equations
given below are derived by taking a time average of the Navier-Stokes equations
[34,35].
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where u, v, w, and T are the average velocity components in each direction and mean
temperature, respectively. After the validation study (Table 3), the k-¢ turbulence
model was chosen as the viscous turbulence model due to high consistency with the
experimental results. Main equations of the k-¢ turbulence model are as follows
[35,36]:
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where k, € and u, are the turbulence kinetic energy term, eddy dissipation rate, and
eddy viscosity, respectively. g, and o, correspond to the turbulent Prandtl numbers
for k and €. S is the source term, while the Cur G4 and C, are the model constants,
which are C, = 0.09,C; = 1.44,C, = 1.92 [36]. Note that the initial and boundary
conditions applied in the numerical model are identical to the experimental
investigation. The numerical solutions are based on the SIMPLE algorithm. The mesh
size was varied between 1.6 % 10° and 6.8 x 10° for the entire three-dimensional
domain to achieve an independent mesh structure. The criteria chosen were outlet
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temperature values of the cold and hot streams. Figure 4 shows the mesh
independency study results based on various thermal scenarios. Cold and hot streams
are abbreviated by C and H, while the number indicates the temperature level in
degrees Celsius. According to the cold and hot outlet temperature variations, the mesh
structure having about 4.98 x 10° mesh elements was selected to reduce the
computational burden while ensuring mesh independency.

Table 3. Validation study temperature results (°C) for various turbulence models.

Experimental results  Standard k-¢ Realizable k-¢ Standard k-w SST k-w Min. Discrepancy

100 L/h flow rate at the cold and hot streams

C10-H20 14.81 14.88 1471 14.69 14.96 0.47%
C10-H30 19.36 19.51 19.53 18.95 19.57 0.62%
C10-H40 24.08 23.93 23.87 23.84 23.84 0.79%
C10-H50 28.69 28.17 28.11 28.29 28.22 1.39%
150 L/h flow rate at the cold and hot streams
C10-H20 14.69 14.83 14.88 14.85 1451 0.95%
C10-H30 19.42 19.11 19.06 19.74 19.08 1.49%
C10-H40 24.13 24.39 23.97 24.41 24.38 0.61%
C10-H50 30.12 29.24 29.08 29.04 29.11 2.92%
200 L/h flow rate at the cold and hot streams
C10-H20 14.94 14.78 14.77 15.85 15.12 1.12%
C10-H30 19.41 19.68 19.34 20.03 19.94 1.39%
C10-H40 24.19 24.06 24.42 23.87 24.48 0.54%
C10-H50 28.32 28.63 29.11 28.17 29.29 1.08%
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Figure 4. Mesh independency study results for cold temperature of 10 °C (C10)
versus minimum (H10) and maximum (H50) hot stream temperature levels.

Validation of the proposed numerical model was examined under various
turbulence model alternatives to obtain an improved consistency between the
numerical and experimental results. In the validation study, cold stream temperature
was determined as 10 °C (C10), while the hot water temperature level within the shell
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was altered between 20 °C (H20) and 50 °C (H50), and variations on the hot stream
outlet were investigated via standard k-, realizable k-¢, standard k-w, and SST k-w
turbulence models. The change in the viscosity and specific heat capacity was also
considered (Figure 5) to calculate accurate Reynolds numbers and heat transfer rates
at different flow rate scenarios.
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Dynamic viscosity !
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Temperature (°C)
Figure 5. Variations in the thermophysical properties with respect to temperature
level.

Reynolds numbers at the cold stream U-tube inlets vary between 105.7 and
1725.8 for a flow rate range of 50-500 L/h under 10-30 °C temperature levels.
Therefore, the cold stream is assumed to be in a laminar flow regime for all
investigated scenarios (Re < Rec). On the other hand, the hot stream Re number range
is between 978.7 and 17,746.7 when the inlet temperature level changes from 20 °C
to 50 °C. The range indicates both laminar and turbulent flow regimes, yet it is obvious
that the baffles in the shell domain cause vortices and mixture effects even in the low
Re numbers. At this point, both the inviscid model and turbulence physics were
applied for Re < 2300, and it was detected that the investigated turbulence models
successfully cover the laminar flow regime conditions when Re < Rec. Thus, the
turbulent flow regime conditions were set in the hot stream for each investigated
scenario. Reynolds number calculations with variable thermophysical properties were
conducted via the following equation [33,34]:

_pPYDy _VDp

R
e p 3

(10)

Table 3 presents the validation study results obtained via the experiments and
numerical investigations. The results indicate that the discrepancy in hot stream outlet
temperature varies between 0.47% and 2.92%, and the standard k-¢ turbulence model
provides proximate temperature levels in almost all scenarios. Furthermore, the
pressure drop experienced by the U-tubes during the experiments is compared with
the numerical data to improve the impact of the validation study. At a 50 L/h flow rate,
the mean pressure drop during the experiments was measured at about 55.2 Pa, and it
reached up to 682.8 Pa when the flow rate was 200 L/h. The numerical pressure drop
levels are consistent with the experimental ones, and the values are 54.2 Pa and 694.4
Pa for the 50 L/h and 200 L/h flow rates, respectively. Note that the discrepancy
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between the experimental and numerical pressure drop results varies between 3.65%
and 9.18% (Table 4).

Table 4. Experimental and numerical pressure losses experienced at the cold and hot streams.

AP¢ exp (Pa) APc¢, num (Pa) APh, exp (Pa) APh, num (Pa) Maximum discrepancy
50 L/h 55.2 54.2 6.7 6.2 7.46%
100 L/h 187.4 185.5 18.8 20.7 9.18%
200 L/h 682.8 694.4 73.9 71.2 3.65%
300 L/h 15745 1510.6 149.9 156.2 4.20%
400 L/h 2697.7 2681.2 275.8 265.6 3.69%
500 L/h 4303.3 4128.3 435.1 419.2 4.06%

2.4. ANN-aided multi-objective optimization via stochastic methods

In this work, nonlinear stochastic optimization algorithms of Differential
Evolution (DE), Nelder-Mead (NM), Random Search (RS), and Simulated Annealing
(SA) are utilized for the aim of a stochastic optimization process [37—-39]. The best
operating point providing enhanced overall performance is investigated via artificial
neural network (ANN)-based data training and stochastic optimization methods. A
nonlinear regression code has been developed in Wolfram Mathematica [40], and it is
coupled with the stochastic optimization algorithms to determine the optimal operating
point of the investigated shell-and-tube heat exchanger system. Figure 6 shows the
main steps and procedures for the optimization investigations.

Determination of design
variables and system
constraints

Y

Objective function via
nonlinear regression

l Optimization via
Propose a new function stochastic algorithms

R>95%
adj-R>95%

Data scattering
i

Stability
control

ANN-aided
training and
testing

No scattering

Figure 6. Flowchart of the ANN-aided optimization process.

In an optimization study, we need design variables, system constraints, and
objective function(s) to capture the best possible solution. Cold/hot stream temperature
levels and flow rates are the independent variables of this investigation, while the total
volume of fluid, main dimensions and geometrical forms, and the total number of U-
tubes within the shell and tube heat exchanger system are the design constraints. On
the other hand, the proposed objective function represents the overall performance of

10
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the system, which is the ratio of the thermal and hydraulic performances. At this point,
various nonlinear regression models (such as logarithmic, polynomial, trigonometric,
and rational forms) were tried in 1st, 2nd, and 3rd orders to check the best fit and
statistical stability of the proposed objective function. Note that the 2nd-order rational
model is detected as being in better agreement with the collected thermal and hydraulic
performance data.

In the proposed nonlinear regression model, the R-square (R?) and adjusted- R?
values are over 96.3%, yet this is not sufficient to check the accuracy of the model.
Once the objective function was determined, the ANN approach was utilized for the
aim of checking the accuracy of the predictions. In this approach, 20% of data is
considered as testing data, and this portion is randomly extracted from the whole data
set [38]. On the other hand, the remaining data (80% of the total data set) is used for
training purposes to minimize the discrepancies between the exact data points and the
model outputs. In the ANN-aided optimization approach, the objective function is
obtained via training data, and testing data is used for controlling the performance of
the model in avoiding scattering points. This process is crucial for the optimization
studies, as many researchers claim to have determined a local optimum without being
aware of the scattering points. Once the model satisfies both the statistical (R? and
adjusted-R?) criteria and stability (ANN approach) control parameters, stochastic
optimization algorithms of DE, NM, RS, and SA are coupled via a written code to get
an optimal operating point providing the best overall performance.

3. Results and discussion

3.1. Thermal results

The shell and tube heat exchanger system has been investigated under various
cold/hot stream temperature scenarios and flow rate conditions to observe the trend of
thermal and hydraulic performance from experimental and numerical points of view.
The Reynolds number experienced at the inlet of the U-tubes changes between 105.7
and 1725.6; therefore, the flow regime of the cold stream is laminar at each thermal
and hydraulic scenario (50-500 L/h). On the other hand, hot stream calculations
indicate that the 50 L/h flow rate case is the sole scenario of the laminar regime with
a Re number range of 978.7 to 1774.8. Except for the 50 L/h flow rate, the hot stream
Re number at the shell inlet varies between 1957.4 and 17,746.7. That is the reason
for using a validated turbulence model at the hot water stream.

Figure 7 presents the heat transfer maps of the investigated thermal and hydraulic
scenarios. The heat transfer rates of the cold and hot streams are calculated via:

11
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Figure 7. Amount of transferred heat when the flow rate is at (a) 50 L/h; (b) 100 L/h; (c) 200 L/h; (d) 300 L/h; (e) 400

L/h; (f) 500 L/h.

Qc = mccp,c(Tc,out - Tc,in) (11)

Qn = 1nCon(Thin — Thout) (12)

where Q denotes the heat transfer rate, 1 is the mass flowrate, and C, is the specific
heat at constant pressure. Note that the subscripts of ¢ and h refer to cold and hot
streams. The conservation of energy principle is applied to the shell and tube system
to double-check the amount of heat transfer. In the experiments, the laboratory
temperature level remained constant at 20 °C via a thermal control unit. In the
numerical calculation, natural convection conditions are applied to the proposed
validated shell and tube heat exchanger model to mimic the experimental conditions
at the outer surfaces of the system. The convective heat transfer coefficient is
determined from Nu = 0.59Ra}/4 in natural convection when the Rayleigh number
based on the wall height remains below 10° [34,41]. The heat transfer coefficient
range based on natural convection physics is calculated to be between 10.42 W/m?K
and 13.71 W/m?K for the investigated thermal scenarios. Convective heat transfer
from the heat exchanger shell to the environment is calculated as follows:

12
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Qconv = h A; (Ts,ave - TOO) (13)

where h is the convection heat transfer coefficient, A is the surface area, and Ty 4y,
and T,, are the mean surface temperature and free stream temperature, respectively.

Figure 8 shows the temperature maps of the shell and U-tubes at 10 °C cold
stream-20 °C hot stream (C10H20) scenario. The results of the 50-200 L/h flow rate
range indicate that the cold stream outlet temperature is always higher than the hot
stream one, as the hot inlet directly affects the cold stream outlet section. Temperature
level at the cold water outlet varies between 16.74 °C and 16.07 °C under 50 L/h, 100
L/h, and 200 L/h flow rates. The heat transfer rates measured at these volumetric flow
rates are 387.4 W, 692.6 W, and 1466.8 W, respectively. Note that thermal dissipation
on the steel shell is lower compared to the U-tube system as the tubes are made of
copper.

4 Thour = 14.87°C

€]

O O 0,0 OO 0,000 0
OTRTLTOTRTETET AT 0T

Figure 8. Temperature maps of the shell and U-tubes at 10 °C cold stream-20 °C hot
stream (C10H20) scenario for (a) 50 L/h; (b) 100 L/h; (c) 200 L/h flow rates.

Likewise, the temperature maps of the identical thermal scenario (C10H20) are
presented in Figure 9 for high flow rates changing in a range of 300-500 L/h. Thermal
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maps of the 300 L/h and 400 L/h scenarios are more uniform compared to the
maximum case of 500 L/h. Note that the heat transfer rates experienced at these flow
rates are 2114.3 W, 2620.9 W, and 3361.1 W, respectively. The thermal results given
in Figures 8 and 9 uncover that the outlet temperatures of the cold and hot streams
slightly change with the flow rates, yet the heat transfer rates are dominantly affected
by the rate of streams.

+Thoue = 14.78°C

DO .0 . .0 .0.9..0_0.0_6
ST CHCROSOIOS

Figure 9. Temperature maps of the C10H20 scenario under (d) 300 L/h; (e) 400 L/h;
(f) 500 L/h cold/hot stream flow rates.

The C10H20 scenario corresponds to the lowest temperature levels and minimum
temperature difference case within the investigated thermal scenarios. All the thermal
possibilities within a range of 10-30 °C cold stream temperature and 20-50 °C hot
stream temperature are examined in detail for each 10 °C temperature difference. At
this point, we reached the maximum temperature difference at 10 °C cold and 50 °C
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hot water temperature levels (C10H50). Note that the proposed numerical model was
validated by the experimental data of C10H20, C10H30, C10H40, and C10H50
scenarios at various flow rates to improve the accuracy. The experimental results
obtained via the temperature and pressure measurements on the cold and hot streams
are documented in the Appendix for each investigated thermal and hydraulic scenario.

4 Thoue = 28.41°C

o 4 Thout = 28.63°C

O 0,0 .0 O O 9,0

o0 2% 9% 5% % 8% 0% 67 8°

Figure 10. Temperature maps of the shell and U-tubes at 10 °C cold stream-50 °C
hot stream (C10H50) scenario for (a) 50 L/h; (b) 100 L/h; (c) 200 L/h flow rates.

Figure 10 presents the temperature maps of the shell domain and U-tubes for the
10 °C cold stream-50 °C hot stream (C10H50) scenario. The thermal results of 50-200
L/h volume flow rates show that the trends observed at the cold and hot stream outlets
are identical with C10H20 cases, i.e., the average outlet temperature level just after
the U-tubes is always greater than the hot stream outlet temperature. The physical
reason behind this phenomenon can be explained as hot fluid at the shell entrance
sweeps the U-tube outlet section and transfers heat directly in an efficient way.
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Therefore, even if the cold stream temperature is in a linear thermal tendency in most
of the U-tube part, the temperature levels rise rapidly when the cold stream is getting
closer to the U-tube outlet region. Furthermore, the segmental baffles within the shell
structure contribute to conveying more heat from the hot fluid by circulating the hot
stream. The findings indicate that the outlet temperature of the cold stream varies in a
range of 36.53 °C and 37.97 °C under 50 L/h, 100 L/h, and 200 L/h flow rates.
Moreover, heat transfer rates of the C10H50 scenarios at these flow rates are in a range
of 1541.8 W to 6239.2 W. Note that the hot stream outlet temperature level slightly
changes with the flow rates, which is a similar phenomenon observed at the CL0H20
investigations.

4 Thout = 29.08°C

1 Tpin =50°C
v

N N R B O I~ TR R TR
o700 2% 0 5% 5% % % 0% 6%

Figure 11. 10 °C cold stream-50 °C hot stream (C10H50) scenario under 300 L/h,
400 L/h, and 500 L/h cold/hot stream flow rates.

Figure 11 shows the C1LOH50 temperature maps under 300 L/h, 400 L/h, and 500
L/h cold/hot stream flow rates. The average temperature at the cold stream outlet is
reported as 34.99 °C for the 300 L/h volumetric flow rate. The temperature level
increases to 37.24 °C and 37.61 °C when the flow rates are 400 L/h and 500 L/h. In
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parallel with the flow rate increase, the thermal distribution gets more homogenous in
the 500 L/h scenario. The heat transfer rates measured at these flow rates rise to 8714.4
W, 12,664.7 W, and 16,097.2 W, respectively. However, enhancement of the thermal
performance comes with additional pressure drop and pumping power; therefore, the
total energy consumption should be considered in the evaluation of the overall
performance. Note that all temperature maps covering the thermal and hydraulic
scenarios are logged and presented in the Appendix. The overall results were evaluated
in the stochastic optimization section.

3.2. Pressure drop and total energy consumption

In parallel with the thermal investigations, the pressure drop experienced at the
shell and tube heat exchanger system was observed for various thermal and hydraulic
scenarios. Pressure differences between the inlet and outlet of the cold and hot streams
are monitored during the experiments by the precise manometers. Furthermore, total
pressure drop obtained via the numerical models has been observed at distinct
temperature and flow rate levels to improve the impact of the investigations. Note that
the total pressure drop at identical flow rates slightly changes with the temperature
levels due to the variations in thermophysical properties such as density and viscosity.
On the other hand, variations in the cold and hot stream flow rates dominate the
pressure losses experienced within the shell and tube heat exchanger systems.

Table 4 presents the experimental and numerical pressure drop of the cold and
hot streams for the flow rate range of 50-500 L/h. The results show that numerical
pressure drop levels are in conformity with the experimental ones. The discrepancy
among the experimental measurements and numerical data varies between 3.65% and
9.18%. The hydraulic trend indicates the majority of the experimental measurements
at greater pressure drop. The physical reason for this phenomenon can be explained
with fouling possibilities on the cold and hot streamlines. Next, the pumping power
required to push the cold and hot water streams is calculated as follows [34,41]:

W=AP xV (14)

where W and V are the abbreviations of pumping power and volume flow rates,
respectively. Figure 12 presents the energy consumption levels of the cold and hot
fluid streams for the flow rates altering between 50 L/h and 500 L/h. The results given
in Figure 12a,b show that the energy consumption experienced at the U-tubes is
always greater (about 10 times) than the hot stream ones at identical flow rates. The
maximum level of energy consumption reaches up to 2064.2 Wh when the flow rate
of the cold water stream is 500 L/h.
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Figure 12. Energy consumption of the cold and hot streams in the flow rate range of
(a) 50-200 L/h; (b) 300-500 L/h.

3.3. ANN-aided stochastic optimization results

In the current work, experimental and numerical results are utilized to obtain an
optimal operating point satisfying an enhanced overall performance. Stochastic
optimization refers to the process of finding the optimal value of a function when one
or more of its input parameters are governed by probabilistic or random behavior. The
stochastic optimization algorithms of Differential Evolution (DE), Nelder-Mead (NM),
Random Search (RS), and Simulated Annealing (SA) are coupled with the ANN
approach to avoid local scattering and provide model robustness. All four algorithms
do not require gradient or derivative information, making them well-suited for
optimizing non-differentiable functions. Furthermore, they use iterative approaches
inspired by natural or intuitive processes. Overall performance (7) corresponds to the
ratio of dimensionless thermal performance and dimensionless pumping power, which
can be calculated as follows:

0

Qmax

5 (W, (15)
. W,

W, +—n
cmax Wh,max )

Wolfram Mathematica [40] is utilized to develop a code by combining regression,
an ANN approach, and stochastic optimization algorithms. As discussed in section 2.3,
various nonlinear regression models (such as logarithmic, polynomial, trigonometric,
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and rational forms) were tried in 1st, 2nd, and 3rd orders to check the best fit and
statistical stability of the proposed objective function. Note that the 2nd-order rational
model satisfied the statistical evaluations (> 96.3%), stability checks, and ANN-aided
scattering controls. The proposed objective function (®) is given as follows:

gt Xy + aXp + a3x3 + agXXpt. . +Hag3XE + X
by + byxy + byxy + byxg + byxiXp+... +by3x3 + byux?

(16)

Here, x; and x, represent the cold and hot stream inlet temperature levels (°C),
respectively. The cold and hot volume flow rates are denoted by x; and x,, and
coefficients of the objective function are symbolized via a and b. Table 5 presents the
coefficients of the 2nd-order rational model.

Table 5. Coefficients of the optimization study objective function.

0 1 2 3 4 13 14
a 371285 1663.54 -1786.33  —4.2912 -4.2921 ... —0.0108  —0.0109
b -319.17 —45.599 —66.513 —-61.967 —61.962 ... 0.1636 0.1569

The experimental and numerical results uncover that the maximum heat transfer
occurs at a 500 L/h flow rate when the cold stream inlet temperature is at 10 °C and
hot fluid enters at 50 °C, yet it also comes with additional pressure losses
corresponding to an elevated energy consumption. At this point, the overall
performance concept considers both thermal performance and energy consumption
under laminar and turbulent flow regime conditions; therefore, the physical
phenomenon is nonlinear. In the optimization process, the Nelder-Mead algorithm
provided the optimal operating point at about 105 s, while the total duration reached
up to 143 s via the Random Search algorithm. The overall performance results varied
between 0.195 and 6.878, and all stochastic optimization algorithms detected the same
point as optimal. The best operating point with a 6.878 overall performance value is
achieved at the C10H50 thermal scenario when the cold and hot stream flow rates are
100 L/h and 500 L/h, respectively. As the U-tubes dominantly affect the total energy
consumption experienced within the shell and tube heat exchanger system,
maximization of the cold stream flow rate doesn’t contribute to the overall
performance after 100 L/h. Note that the worst case with 0.195 overall performance
was obtained in the C30H40 scenario with 500 L/h identical flow rate at the cold and
hot streams. The present methodology and main findings are in line with shell and tube
heat exchanger literature. After evaluating many turbulence models from thermal and
hydraulic perspectives, the k-¢ turbulence model was selected due to excellent matches,
as emphasized by Ozden and Tari [24]. Furthermore, the objective function strategy
and statistical controls are similar to shell and tube heat exchanger optimization studies
in the literature [28,29].

4. Conclusion

This study provides a novel methodology to integrate the experimental
measurements, numerical findings, and ANN-aided stochastic optimization
algorithms for an industrial shell and tube heat exchanger system. Thermal and
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Nomenclature

A

Re

Dy,

<

hydraulic performance of the investigated system have been examined under various
temperature and flow rate conditions. Furthermore, the optimal operating point was
obtained via coupling the nonlinear regression models, statistical checks, ANN-aided
stability control, and stochastic optimization algorithms. The highlights of the current
study are given as follows:

Experimental measurements and numerical findings are in good agreement from
the heat transfer rate and pressure drop points of view. The discrepancy among
the experimental measurements and numerical data varies between 0.033% and
9.18%.

Cold stream (U-tubes) flow rate dominantly affects the overall energy
consumption within the investigated shell and tube system. The pressure drop
experienced at the hot stream is about 1/10 of the cold one at an identical level.
Variations in the cold and hot stream inlet temperature levels have a negligible
impact on the overall energy consumption. Mean pressure drop values are
documented in Table 4 for a flow rate range of 50-500 L/h.

Although the case satisfying improved heat transfer rate is predictable, the energy
consumption shall also be considered as it directly affects the operational cost.
The overall performance couples the heat transfer rate and pumping power, and
it varies between 0.195 and 6.878 for the investigated shell and tube system.
The C10H50 scenario with 100 L/h cold stream and 500 L/h hot stream flow
conditions was detected as the optimal operating point via the stochastic
optimization algorithms (7 ~ 6.878).

Conflict of interest: The author declares no conflict of interest.

heat transfer surface area [m?]
specific heat capacity [J kg™t K]
turbulent flow coefficients
hydraulic diameter [m]

gravitational acceleration [m s72]

turbulent Kinetic energy [m? s
mass flow rate [kg/s]

pressure [Pa]

heat generation [W]

Reynolds number
source term

temperature [K]

turbulent temperature fluctuation [ms™]

average velocity [ms™]
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u mean velocity in x-direction [ms™]
u turbulent fluctuation in x-direction [ms™]
4 velocity vector
v velocity in y-direction [ms™]
L2 mean velocity in y-direction [ms™]
v turbulent fluctuation in y-direction [ms™]
14 volumetric flow rate [m3s]
w pumping power [W]
w velocity in z-direction [ms]
w mean velocity in z-direction [ms™]
w turbulent fluctuation in z-direction [ms™]
Greek letters
a thermal diffusivity [m?s™]
€ eddy dissipation rate [m?s~3]
P density [kg m™]
@ diameter [m]
(0] objective function
n dynamic viscosity [Pa s]
it eddy viscosity [m?s7]
0 kinematic viscosity [m?s]
Ok turbulent Prandtl number for k
O¢ turbulent Prandtl number for ¢
Ocp turbulent Prandtl number based on specific heat at constant pressure
Abbreviations
ANN Artificial Neural Network
COP Climate Change Conference
DE Differential Evolution algorithm
HVAC-R heating, ventilation, air conditioning and refrigeration
NM Nelder-Mead algorithm
RS Random Search algorithm
SA Simulated Annealing
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Subscripts

ave average value

c cold stream

conv convection

f fluid medium

h hot steam

i ith component of the vector field
in inlet

j jth component of the vector field
out outlet

S heat transfer surface
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Appendix
Table Al. Experimental results of the investigated thermal and hydraulic scenarios.
Cold inlet (°C) Cold outlet (°C) Hot inlet (°C) Hot outlet (°C)  Cold stream AP (Pa) Hot stream AP (Pa)
50 L/h flow rate at the cold and hot streams
C10-H20 10.02 16.68 20.06 14.93 55 6
C10-H30 10.04 2441 30.11 20.08 54 6
C10-H40 10.07 29.83 39.90 24.81 57 5
C10-H50 9.98 36.49 50.08 28.73 55 7
C20-H30 20.03 26.71 30.17 24.62 55 5
C20-H40 20.13 34.77 40.07 29.85 56 6
C20-H50 20.02 40.08 49.93 34.39 54 6
C30-H40 29.95 36.39 40.19 34.71 56 6
C30-H50 30.23 44.92 50.13 39.13 55 6
100 L/h flow rate at the cold and hot streams
C10-H20 10.03 15.91 20.14 14.81 185 18
C10-H30 9.96 22.93 30.17 19.36 187 18
C10-H40 9.98 31.35 39.97 24.08 185 19
C10-H50 10.03 37.62 50.02 28.69 191 20
C20-H30 20.14 25.97 30.09 24.92 184 18
C20-H40 20.09 32.90 39.94 29.28 188 18
C20-H50 19.86 39.31 50.03 34.45 186 20
C30-H40 30.16 36.13 40.18 34.83 190 20
C30-H50 30.08 42.84 50.05 39.36 191 18
200 L/h flow rate at the cold and hot streams
C10-H20 9.99 15.83 20.05 14.94 685 74
C10-H30 10.05 23.60 30.13 1941 680 72
C10-H40 10.08 30.29 39.91 24.19 685 72
C10-H50 10.02 36.45 50.16 28.32 685 74
C20-H30 20.11 25.87 30.03 24.46 690 74
C20-H40 20.08 33.69 40.15 29.17 680 76
C20-H50 19.93 39.81 50.13 33.98 675 74
C30-H40 30.04 36.67 40.09 34.66 685 75
C30-H50 30.08 43.02 50.14 38.91 680 74
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Table Al. (Continued).

Cold inlet (°C) Cold outlet (°C) Hot inlet (°C) Hot outlet (°C) Cold stream AP (Pa) Hot stream AP (Pa)

300 L/h flow rate at the cold and hot streams

C10-H20 10.07 15.87 20.13 14.66 1580 145
C10-H30 10.12 21.35 30.01 19.27 1560 148
C10-H40 10.09 26.49 40.09 2431 1490 152
C10-H50 10.16 34.54 49.97 28.86 1590 146
C20-H30 19.97 26.17 30.02 24.65 1600 156
C20-H40 20.03 31.94 40.20 29.73 1550 150
C20-H50 20.10 38.83 50.11 33.88 1600 152
C30-H40 30.05 35.77 40.05 34.42 1580 152
C30-H50 29.98 40.68 49.93 39.46 1620 148

400 L/h flow rate at the cold and hot streams

C10-H20 9.91 15.37 20.16 14.68 2610 283
C10-H30 10.05 24.95 29.91 19.73 2580 280
C10-H40 10.13 29.86 40.04 24.33 2720 272
C10-H50 10.12 36.66 50.19 29.05 2740 285
C20-H30 20.17 26.01 30.08 24.41 2700 270
C20-H40 20.15 32.70 40.11 29.92 2750 270
C20-H50 20.09 41.98 50.03 33.88 2690 272
C30-H40 29.96 35.75 40.20 34.79 2750 278
C30-H50 30.08 41.94 50.25 39.43 2740 270

500 L/h flow rate at the cold and hot streams

C10-H20 10.05 15.65 20.14 13.96 4310 435
C10-H30 10.13 21.58 30.07 20.04 4340 428
C10-H40 9.88 25.31 40.02 24.73 4290 433
C10-H50 10.06 36.90 50.21 30.11 4360 441
C20-H30 20.01 25.44 29.85 25.02 4280 438
C20-H40 20.00 30.26 40.17 29.79 4310 435
C20-H50 20.12 37.29 50.07 35.03 4260 438
C30-H40 29.98 35.55 40.19 34.94 4290 430
C30-H50 30.09 41.60 50.22 40.08 4290 438
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