TI"JRK“iYE CUMHURIYETI
ADANA ALPARSLAN TURKES SCIENCE AND TECHNOLOGY
UNIVERSITY

GRADUATE SCHOOL
MECHANICAL ENGINEERING DEPARTMENT

EXPERIMENTAL AND NUMERICAL INVESTIGATION OF THE
EFFECTS OF DIFFERENT PARAMETERS ON A STIRRED HEAT
EXCHANGER EFFECTIVENESS

MAHIR SAHIN

M.Sc.

ADANA 2024




TfJRK_iYE CUMHURIYETI
ADANA ALPARSLAN TURKES SCIENCE AND TECHNOLOGY
UNIVERSITY

GRADUATE SCHOOL
MECHANICAL ENGINEERING DEPARTMENT

EXPERIMENTAL AND NUMERICAL INVESTIGATION OF THE
EFFECTS OF DIFFERENT PARAMETERS ON A STIRRED HEAT
EXCHANGER EFFECTIVENESS

MAHIR SAHIN

M.Sc.

THESIS ADVISOR
ASSOC. PROF. DR. MUSTAFA KILIC

ADANA, 2024



OZET

KARISTIRICILI BiR ISI DEGISTIRICi ETKINLiGiNE FARKLI
PARAMETRELERIN ETKISININ DENEYSEL VE SAYISAL INCELENMESI

Mahir SAHIN
Yiiksek Lisans, Makine MiihendisligiAnabilim Dali
Danisman: Dog¢. Dr. Mustafa KILIC
Agustos 2024, 68 sayfa

Enerji verimliliginin artist hem olumsuz cevresel etkilerin azaltilmasi hem de isletme
maliyetlerinin diisiliriilmesi acisindan 6nemini korumaktadir. Endiistriyel isletmelerdeki 1s1l
yiikler, atik 1silar, enerji tiiketiminde onemli bir paya sahiptir. Bu proseslerin verimli ve
tasarruflu bir sekilde yliriitiilmesinde 1s1 degistiricilerin payr biiyiiktiir. Bu tez ¢alismasinda
karistiricili bir 1s1 degistiricinde mekanik karistiricinin donme hizi, Reynolds sayisi, akiskan
giris sicakliklarinin 1s1 transfer performansina olan etkisi deneysel olarak incelenmistir.
Hesaplamal1 akiskanlar dinamigi yazilimiyla olusturulan sayisal model dogrulandiktan sonra,
karigtirict ¢ark ve kanat geometrisinin 1s1 transfer performansima olan etkisi incelenmistir.
Sayisal ¢calismada ANSYS Fluent 2022 R1 yaziliminda hareketli ag yapisinin modellenmesi
icin Hareketli Referans Sistemi (MRF) ve ¢6ziim igin diisiik Reynolds diizeltmeli SST k-®
tiirbiilans modeli kullanilmistir. Sonug olarak; cark hizinin 0'dan 200 d/dk’ya kadar artirilmasi,
1s1 transfer etkinliginde %55,1 artis, ¢ark ytliksekliginin H=10 mm’den H=40 mm’ye artirilmasi
151 transfer etkinliginde %17,2 artis, ¢ark ¢capinin D=40 mm’den D=100 mm’ye artirilmasi 1s1
transfer etkinliginde %15,9 artis, kanat acisinin 6=0°’dan 6=45°’¢e kadar artirilmasi 1s1 transfer
etkinliginde %14,4 artig, kanat sayisinin n=2"den n=3’e ¢ikarilmasi 1s1 transfer etkinliginde
%12,6 artis ve cark sayisinin S=1’den S=2’ye ¢ikarilmasi ise 1s1 transfer etkinliginde %16,7
art1s sagladig tespit edilmistir. Bu tez calismasindan elde edilen sonuglarla, termal proseslerde
1s1 degistiricisine ait verimliliklerin artirllmasina bagli olarak enerji tasarruflu sistemlerin

gelistirilecegi degerlendirilmistir.

Anahtar Kelimeler: Is1 degistiricisi, mekanik karistirici, kanat geometrisi, 1s1 transferi.



ABSTRACT

EXPERIMENTAL AND NUMERICAL INVESTIGATION OF THE EFFECTS OF
DIFFERENT PARAMETERS ON A STIRRED HEAT EXCHANGER
EFFECTIVENESS

Mahir SAHIN
M.Sc., Department of Mechanical Engineering

Supervisor: Assoc. Prof. Dr. Mustafa KILIC
August 2024, 68 pages

Increasing energy efficiency remains crucial for both reducing adverse environmental impacts
and reducing operational costs. Thermal loads and waste heat in industrial operations account
for a significant portion of energy consumption. Heat exchangers play a major role in running
these processes efficiently and economically. In this thesis, the effects of the mechanical stirrer's
rotational speed, Reynolds number, and fluid inlet temperatures on the heat transfer
performance in a stirred heat exchanger were experimentally investigated. After validating the
numerical model created with computational fluid dynamics software, the impact of the stirrer's
impeller and blade geometry on heat transfer performance was examined. In the numerical
study, the Moving Reference Frame (MRF) for modeling the moving mesh structure and the
low Reynolds corrected SST k-o turbulence model were used for the solution in ANSYS Fluent
2022 R1 software. As a result: increasing the impeller speed from 0 to 200 rpm resulted in a
55.1% increase in heat transfer effectiveness; increasing the impeller height from H=10 mm to
H=40 mm resulted in a 17.2% increase; increasing the impeller diameter from D=40 mm to
D=100 mm resulted in a 15.9% increase in heat transfer effectiveness; increasing the blade
angle from 0=0° to 6=45° resulted in a 14.4% increase in heat transfer effectiveness; increasing
the number of blades from n=2 to n=3 resulted in a 12.6% increase in heat transfer effectiveness;
and increasing the number of impellers from S=1 to S=2 resulted in a 16.7% increase in heat
transfer effectiveness. The results of this thesis suggest that improving the efficiency of heat

exchangers in thermal processes can lead to the development of more energy-efficient systems.

Keywords: Heat exchanger, mechanical stirrer, blade geometry, heat transfer.
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1. INTRODUCTION

The rise in energy consumption has prompted researchers and engineers to explore a variety of
energy sources and develop methods to reduce energy use. In many industrial plants today, the
increasing heat load has drawn the attention of researchers in terms of energy savings. The
effective operation of heat exchangers in thermal processes highlights a critical area of research
that demands attention. Heat exchangers are widely used in the fields of chemistry, metallurgy,
food processing, pharmaceuticals, and many other manufacturing sectors (Hu & Heiselberg,
2018; Zhang et al., 2024). Depending on their diverse applications, heat exchangers come in
various types and specifications. In the literature, the most studied heat exchangers are double
pipe and shell and tube heat exchangers (Hosseini et al., 2014; Mase et al., 2024; Parsa et al.,
2024; Safari et al., 2024). Mechanically stirred-jacketed heat exchangers have been studied less
compared to other types. The need for an external energy source to operate the stirrer element
in stirred heat exchangers has led to their less frequent use, resulting in a limited number of
studies in this area. Improving the design and efficiency of stirred-jacketed heat exchangers is
crucial for energy savings and more effective heat transfer.

1.1. Design Parameters

Key factors for designing agitated tanks and stirred heat exchangers include vertical cylindrical
containers, impellers, wall baffles, inlets, and outlets. Agitated tanks used as heat exchangers
are known in the literature as agitated jacketed heat exchangers (Mahir et al., 2021; Mohan
Anthony Nicholas Emery Tariq Al-Hassan, 1992). Impellers are very significant design
parameters in agitated heat exchangers for improving heat transfer efficiency. There are two
types of methods for improving heat transfer performance: passive methods and active methods.
Integrating an agitator in a heat exchanger is an active way for improving heat transfer

performance.
1.1.1. Different Types of Impellers

In commercial settings, a wide range of impeller types are used, with the best choice depending
on the process requirements and material properties. Impellers are divided into two types:
turbines for fluids with low to medium viscosity and close-clearance impellers for high

viscosity fluids. Turbine impellers are further defined by their flow patterns, which might be



axial or radial. Axial and radial impellers differ in terms of the direction of fluid flow (Paul et
al., 2004a). Radial impellers discharge perpendicular to the axis of rotation, whereas axial
impellers discharge parallel to it. Under particular conditions, both kinds can discharge in the
opposite way. Impellers are also classed according to the mixing flow regime, which is either
laminar or turbulent. Laminar impellers are smaller and try to disperse fluid throughout the tank
using low fluid momentum (Allison et al., 2011). Turbulent impellers are bigger and classed
according to their function: flow, pressure, or shear. Typical impellers for axial flow radial flow

are showed in Figure 1.1.

a) b)

Figure 1.1. Typical impellers for a) axial flow b) radial flow (Rezend, 1996a)

1.1.2. Mixing Tanks

A standard stirred tank is a cylindrical vessel containing a spinning mixer, which is often used
for mixing operations. While cylindrical vessels are most common, square or lateral cylinders
are also used on occasion. The mixer's components include an impeller, drive shaft, gearbox,
and motor output. In bigger tanks, the mixer can be placed near the bottom to minimize shaft
length and improve mechanical stability (Sui et al., 2024). A general example of stirred tank is

presented in Figure 1.2.
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Figure 1.2. A typical stirring tank with base components. (Paul et al., 2004b)

1.1.3. Baffles and Turbulators

Turbulators and wall baffles are frequently used to facilitate efficient mixing by inhibiting solid
body motion and increasing axial blending among the top and bottom of the vessel. Their
presence has a major impact on flow dynamics and, consequently, mixing efficiency (Abolpour
etal., 2021; Alwatban & Aljabr, 2024). Without baffles and turbulators, impeller rotation results
in a two-dimensional flow with swirling motion or solid body rotation. Wall baffles decrease
air entrainment by channeling tangential flows into vertical ones, allowing for smooth top-to-

bottom mixing. However, baffles increase the impeller's drag and power consumption.



Figure 1.3. Geometrical structures of the a) wall baffles and b) V-shaped baffles (Shen et al.,
2021)

a) b)

In mixing tanks, baffles that affect mixing dynamics can be implemented in various
configurations. Shen et al. (2021) investigated the impact of different configurations of wall
baffles and V-shaped baffles at various angles on flow characteristics in a mixing tank. The

tank geometries created are presented in Figure 1.3.
1.2. Heat Transfer Mechanism

Conduction and convection are the primary heat transfer processes in stirred tanks and stirred
heat exchangers. Conduction occurs in heat exchangers through the solid walls as well as the
impeller or stirring element surfaces. The thermal conductivity of these materials contributes
significantly to heat transmission from the heat source to the fluid within the heat exchanger.
In these systems, mechanical stirrers dramatically improve convective heat transfer (Gulumyan
et al., 2017). The impeller's spin causes fluid velocity, resulting in a forced convection
environment. This improves fluid mixing, resulting in consistent temperature distribution and
increased total heat transfer efficiency. The impeller creates turbulent flow inside the fluid. This
turbulence disperses thermal boundary layers that occur near heated or cooled surfaces,
enhancing the heat transfer coefficient. The impeller's better mixing reduces hot and cold
patches, resulting in a more uniform temperature profile throughout the fluid.



1.2.1. Thermal Conductivity and Material Selection

In a jacketed heat exchanger, the system's biggest resistance determines the overall heat transfer
coefficient. Fouling on either the heat transfer fluid or the process fluid side can drastically
reduce heat transfer. For carbon steel containers, the wall conductivity is usually strong, hence
conductive resistance is just a tiny component of overall heat resistance. However, in stainless
steel and glass-lined containers, reduced thermal conductivity can have a considerable impact
on the total heat transfer coefficient (Paul et al., 2004b). The most researched types of materials

for stirred heat exchangers in the literature are presented in Table 1.

Table 1. Different types of materials for stirred heat exchangers

Material Thermal Specific Heat, Cp Density, p [kg/m?]

Conductivity, k [J/kg-K]

[W/m-K]
Carbon steel 52 460 7800
Copper 377 385 9000
Cupro-nickel 90/10 52 444 8700
Cupro-nickel 70/30 35 444 8300
Glass 1.16 835 2500
Hastelloy C276 11 385 8900
Incoloy 825 12 512 8100
Inconel 600 16 444 8300
Monel (400, 404, R405, 411) 26 427 8800
Nickel (200, 201, 220, 225) 66 440 8900
Stainless steel (304, 316, 321, 347) 17 502 7700
Tantalum 54 151 16600
Titanium 20 582 4500

1.2.2. Flow Characteristics

In describing the flow characteristics generated by impellers in a stirred heat exchanger, flow
patterns, pumping, and shear are critical factors. The mixing process is significantly influenced

5



by impeller flow patterns. Axial flow impellers, such as propellers and pitched blade turbines,
produce a single circulation loop throughout the tank, offering a good balance of pumping and
shear (Petera et al., 2016). Radial flow impellers create two circulating loops, one above and
one below the impeller, leading to compartmentalized mixing. The choice of impeller depends
on the required flow patterns and shear rates, with axial flow being effective for liquid blending
and radial flow for gas dispersion. The flow patterns can be modified by impeller diameter,
liquid viscosity, and the use of multiple impellers. Additionally, effective blending in large
tanks can be achieved with side-entering propeller mixers positioned slightly off-center to avoid

surface vortexing and improve blending efficiency.
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Figure 1.4. Flow patterns for different impeller types (Paul et al., 2004b)



The relative motion of liquid layers generates shearing forces linked to flow velocities, resulting
in fluid intermixing, dispersing gas bubbles, and breaking liquid droplets (Nobuo Mitsuishi,
1973). These forces, represented by shear stress, vary with shear rate, impeller blade pressure
drop, turbulence level, and viscosity. Velocity gradients between neighboring material sections
result in shearing and dispersion (Joshi et al., 2011). Time-averaged velocities near the impeller
blade may be used to calculate macroflow velocity gradient and shear rate.

In multiple-impeller systems, impeller clearance from the tank bottom and spacing have a
substantial impact on power, flow patterns, and process outputs. These effects vary depending
on the mixing mechanism and requirements. Down-pumping axial flow impellers at the tank
bottom can produce radial flow patterns, resulting in less pumping and more shear, which may

assist maintain the tank bottom free of solids but lower bulk homogeneity.



2. LITERATURE REWIEW

Mechanically stirred devices are essential in industrial applications because they offer
operational flexibility and versatility. Stirred tanks are widely used in a variety of process
industries, including food, chemicals, petrochemicals, pharmaceuticals, and textiles, where they
serve as reactors, heat exchangers, evaporators, storage containers, and more. These containers
often have jacketed systems designed to circulate liquid or steam, allowing for the controlled
transmission of heat at a certain flow rate and temperature.
Essentially, the purpose is to guarantee that the fluids in these tanks attain the appropriate
qualities, such as temperature and homogeneity, within a set time limit. The impellers in the
tank are critical for determining how long it takes to attain the required conditions. Tank size,
stirrer placement and number, distance between the stirrer and the tank’s bottom, baffle type,
and wall thickness are all factors that influence the thermal efficiency and processing time of a
jacketed heat exchanger with a stirrer (Rezend, 1996b). Thermal efficiency and processing time
are further influenced by mass flow rate, temperature differential across the separating wall for
hot and cold fluids, and stirrer rotating velocity (Sevilgen & BAYRAM, 2018). According to
research, adding baffles around the tank's inner sides can help to reduce undesired vortexes.
Karagoz et al. (2017) used experimental and computational methods to investigate the effects
of gaps between cylindrical blade constructions, blade angles, and Reynolds numbers in
turbulent flow conditions within stirred heat exchangers. Their findings demonstrated that the
Nusselt number and friction factor rose as the effective diameter dropped. Furthermore, it was
determined that adjustments in blade angle did not result in significant changes in the Nusselt
number or friction factor, with the findings being rather constant.
Zhao et al. (2022) have examined the important geometric parameters for a high-energy
efficiency mixer tank through fluid dynamics calculations using Artificial Neural Network
(ANN). In the stirrer tank, cup-shaped blades have been investigated with respect to different
configurations of blades. Analyses using ANN modeling reveal the complex and interdependent
impacts of geometrical factors on energy consumption and flow characteristics.
Fouad et al. (2013) studied impeller rotation speed, cylinder diameter, cylinder spacing within
the array, distance between the array and the tank wall, impeller shape (radial flow turbine and
axial flow turbine) and superimposed axial solution flow in agitated vessels. The study found
that the radial flow turbine had higher rates of mass transfer than the axial flow turbine. The
relevance of these discoveries was highlighted in terms of the design and operation of catalytic
8



stirred tank reactors with built-in heat transfer capabilities. Such reactors are judged appropriate
for diffusion-controlled exothermic processes that need quick cooling to protect heat-sensitive
catalysts and products.

Khan (2024) explored heat diffusion and mixing effects in food processing, using a non-
classical continuity approach to better model liquid food flows. Applying Cosserat continuum
theory, numerical simulations via the finite element method analyzed heat transfer with various
mixer settings. The study found that faster particle rotations increased temperature differences
at tank walls and improved mixing efficiency, while higher Cosserat numbers dispersed
vortices, affecting temperature differences and particle mixing dynamics. Jaehrling & Schultz
(2019) examined the impact of various heat exchanger components and reactor base shapes on
heat transfer and flow characteristics. They used stereo PIV measurements in optically clear
systems to highlight specific advantages and disadvantages of each configuration, emphasizing
their significant effects on heat transfer efficiency and overall flow patterns within mixed
vessels. Srinivas & Venu Vinod (2015) performed an experimental examination of stirred tanks
and helical coils, with an emphasis on forced convection heat transfer. They employed CuO
nanoparticle combinations in water with varying concentrations, mixing rates, and tank
temperatures. The findings describe how these factors affect the heat transfer rate. Di Bari et al.
(2014) investigated the emulsification processes in the margarine production process and
discovered a clear association between crystallization behavior and mechanical shear. The work
enhanced emulsion stability and process optimization in similar industrial applications by
fitting droplet size data to a power law model, which is extensively utilized in the literature for
high-shear mixers. Rasslan et al. (2023) studied the heat and mass transfer parameters of a
serpentine tube heat exchanger mounted on the wall of a square stirred tank reactor using
electrochemical measuring methods. The study looked at the effects of factors such propeller
rotation speed, geometry, pipe diameter, and pipe pitch. The findings revealed that mass and
heat transfer coefficients rose with greater propeller speeds but dropped with bigger cylinder
diameters and pitches. Dhaou et al. (2022) investigated the performance of a solar water tank
(SWT) equipped with a nano-enhanced phase change material (Ne-PCM) and a stirrer.
SWT/Ne-PCM was created and developed in two configurations: spiral and jacketed tube heat
exchangers. These SWTs were combined with nano-enhanced PCM in cylindrical capsules, and
a laboratory-scale experimental setup was built to test their performance impact. The findings



revealed that, as compared to a jacketed tank (without mixing), SWT/Ne-PCM operations (with
stirrer and coil) reduced loading and unloading durations by 12.5% and 23.51%, respectively.

Srinivas & Venu Vinod (2013) examined the energy efficiency of a shaken helical coil heat
exchanger using Al:Os/water nanofluid to standard water as the heating medium. Several
factors, including nanofluid concentration, flow rates, mixing speeds, and shell-side fluid
temperatures, were studied. The results revealed that energy savings were more obvious during
laminar and turbulent flow conditions compared to the transitional regime. The percentage of
energy savings increased with the concentration of Al-Os nanoparticles. Norton & Fryer (2012)
investigated critical factors such as polyglycerol polyricinoleate (PGPR) concentration,
emulsion characteristics, tempering, polymorphic forms, and uses in chocolate. The study
revealed the possibility and advantages of employing cocoa butter emulsions made using this
technology to increase chocolate production efficiency and quality, as well as potentially lower
fat content without sacrificing product quality. Niedbalski et al. (2014) studied the
hydrodynamic behavior of gas-evolving reactive fluxes in chevron plate heat exchangers
(PHEs). Chevron plate heat exchangers were compared to traditional heat exchanger/reactor
designs, and a correlation test was performed Srinivas & Venu Vinod (2016) investigated the
performance of a shaken shell and helical coil heat exchanger using water-based nanofluids
(Al2Os, CuO, and TiO:). The experiment analyzed the impact of various nanofluid
concentrations (Al.0s, CuO, and TiO.), temperatures, mixing speeds, and liquid flow rates on
the coil side. The results revealed that employing nanofluids improved the heat exchanger's
efficacy compared to using merely water. Results indicated a maximum increase of 30.37%
with AlOs/water nanofluid, 32.7% with CuO/water nanofluid, and 26.8% with TiO./water
nanofluid.

Cui et al. (2018) performed experimental and numerical studies on the mixing process in
pitched-blade turbine stirred tanks with laminar flow. Their findings revealed that, among the
characteristics tested, impeller diameter had the greatest impact on mixing time. Following
impeller diameter, the criteria influencing mixing time in descending order were discharge
angle and blade width.

The heat transfer coefficient and volumetric energy density were measured in a coiled stirred
tank filled with a low-cost Phase Change Material (PCM) emulsion. Their findings showed that
when the stirring rate was between 290 and 600 rpm, the total heat transfer coefficient rose by
around 3.5-5.5 times (Delgado et al., 2017).
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Debab et al. (2011) performed experiments in a jacketed tank fitted with turbine impellers to
establish the ideal experimental conditions for a non-Newtonian liquid. Based on the
optimization results, they found that an agitated vessel with a Flat Blade Disc Turbine (FBDT)
with a diameter ratio of 0.6 and baffles had the best heat transmission qualities. A computational
fluid dynamics (CFD) model was created for a jacketed stirred tank equipped with a six-blade
Rushton turbine impeller with the goal of establishing a Nusselt number correlation. This link
was sought since the heat transfer coefficient is dependent on the impeller and its rotating speed
(Daza et al., 2019).

B. Lakghomi (2006) claimed that the Nusselt number correlation results closely matched the
experimental data, indicating a valid depiction of heat transmission within the tank. Numerical
analyses of the effects of stirring coils and jackets were conducted on flow behaviors and heat
transfer within tanks. Observations revealed that using coils resulted in a more equal
temperature distribution and a higher heat transfer coefficient. However, it should be noted that
the power required for impellers was larger in coiled stirred tanks than in jacketed ones.
Soliman et al. (2017) investigated an exothermic liquid-solid diffusion-controlled catalytic
reaction in a stirred reactor tank. The variables evaluated were impeller rotation speed, impeller
shape, solution physical characteristics, and serpentine tube baffle width.

Luo et al. (2021) studied CFD-DEM coupling model to investigate particle fluxes, which
include both momentum exchange and heat convection. To analyze the influence of particles
on temperature distribution in stirred tanks, a comparative study of computed temperature
distributions is performed, considering both liquid-solid flow and single-phase flow. The study
found that radial flow has a significant role in heat transmission in stirred tanks with particle
fluxes. Furthermore, the wide dead zone reduces particle temperature homogeneity and heat
transmission efficiency. Thus, increasing the radial flow and eliminating the dead zone are
critical for improving heat transfer efficiency in stirred tanks with particle fluxes.

Kisuka et al. (2023) performed experimental work used a mechanical stirred tank to combine
grains. This study looked at how different factors affected temperature distributions. It was
discovered that increasing rotation speed, fill ratio, and particle size results in higher
temperature increases. Furthermore, flat blades produced more heat than slanted blades.

After a comprehensive literature review, numerous studies have been found investigating heat
exchangers. However, the number of studies examining jacketed heat exchangers with stirrer is

quite limited. In this thesis, unlike the studies in the literature, the effect of Reynolds number
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based on fluid velocity, impeller rotation speed, and inlet temperature on heat transfer
performance in a stirred jacketed heat exchanger was experimentally investigated.
Subsequently, a numerical model created using computational fluid dynamics software was
validated with experimental data. After validation, the effects of impeller rotation speed,
impeller height in the tank, impeller diameter, impeller blade angle, blade number, and impeller
number on the heat transfer performance of the heat exchanger were examined. The results
obtained from this thesis aim to enable systems using stirrer heat exchangers to operate more

efficiently and establish more cost-effective systems.
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3. MATERIALS AND METHODS

The thesis work was conducted through both experimental and numerical approaches to ensure
comprehensive analysis and validation of results. The experimental investigations were
meticulously carried out in the Heat Transfer and Thermodynamics Laboratory at Adana
Alparslan Tiirkes Science and Technology University. This facility is equipped with
instrumentation and technology to accurately measure and analyze heat transfer phenomena.
Following the completion of the experimental phase, a detailed numerical study was undertaken
using ANSYS 2022 R1 software. This involved creating a precise computational model to
simulate the experimental conditions and validate the experimental findings. The integration of
experimental and numerical methods provided a robust framework for understanding the effects
of various parameters on the performance of the stirred heat exchanger.

3.1. Experimental Setup

The jacketed stirrer heat exchanger, and its shaft and blades of the stirrer are made of stainless
steel AISI 304. The diameter of the tank section is 105 mm, and its length is 145 mm. The
diameter of the jacket section is 135 mm, and its length is 127 mm. The mechanical stirrer is 3-
bladed and enable to operate in the range of 0-330 rpm for rotational motion. Figure 3.1. shows

an image of the heat exchanger.
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Figure 3.1. The jacketed stirred heat exchanger used in the experimental study

The heat exchanger is integrated with the experimental module to enable a comprehensive range
of measurements and observations. This setup allows for the precise monitoring of the inlet and
outlet temperatures of both the hot and cold fluids, providing critical data on the thermal
performance and efficiency of the heat exchange process. Additionally, the rotational speed of
the stirrer is measured to ensure optimal mixing and uniformity of the fluid temperatures. The
system also includes instrumentation to accurately measure the flow rates of the fluids, which
is essential for analyzing the heat transfer rates and determining the overall effectiveness of the
heat exchanger. This setup ensures that all relevant parameters are closely monitored,
facilitating detailed analysis and optimization of the heat exchange process. The experimental
module is presented in Figure 3.2. This module, which includes a hot water tank and a

circulation pump, enables the continuous transfer of hot fluid to the heat exchanger.
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Figure 3.2. The experimental module where the fluid properties are measured

Once the fluid flow reached a steady state, ensuring steady-state conditions, a series of
measurements were meticulously recorded using a data logger (Figure 3.3.). This device was
employed to capture a range of critical parameters, including the inlet and outlet temperatures

of the fluids, the rotational speed of the stirrer, and the flow rates of the fluids.

Figure 3.3. The data logging computer for the experimental study
15



The data logger ensured high precision and accuracy in recording these measurements over
time, allowing for detailed analysis and validation of the heat exchanger's performance. A

schematic diagram explaining the experimental procedure is presented in Figure 3.4.

Data logger

Control unit

Hot fluid
circulation Cold fluid

circulation

Heat exchanger

Figure 3.4. The experimental procedure of the setup

The parameters used in the experimental study are critical for assessing the heat exchanger's

performance. These include the stirrer rotational speed, which affects mixing intensity and heat
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transfer effectiveness, the fluid Reynolds number, and the fluid inlet temperature. By
systematically varying these parameters, the study aims to understand their effects on the heat

transfer performance and optimize the heat exchanger design and operation.
3.2. Mathematical Formulation

The governing equations of the problem, along with the heat transfer equations, are thoroughly
presented and detailed. These equations form the foundation of the numerical analysis and are
crucial for accurately modeling the thermal and fluid dynamics within the heat exchanger. The
governing equations typically include the continuity equation, momentum equations, and
energy equation, which describe the conservation of mass, momentum, and energy,

respectively.
3.2.1. Governing Equations

When examining a small volume or part of fluid in movement two changes are likely to occur:
(1) the fluid element will move and even rotate in space, and (2) it will deform, either through
simple expansion along multiple axes or through angular distortion leading to a change in form
(Paul et al., 2004c). A sequence of conservation or transport equations is used to explain a wide
range of processes, including those involving generalized fluid motion. These equations track
the development of fluid properties over time, including changes produced by convection,
diffusion, and the addition or removal of a preserved or transported component. The problem
was approached and solved under steady-state conditions to ensure a comprehensive analysis.
This involved assuming that the system's variables, such as temperature, pressure, and velocity,
remained constant over time, allowing for a more accurate and stable solution.

The continuity equation states that mass is conserved. To understand its case, examine the fluid
flow with density p through the cylindrical volume element. The continuity equation (Y. Cengel
& Cimbala, 2014);

10(ru,) N 109(ug) N I(u,)
r oOr r d6 0z

0 (3.1)
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The momentum equation states that momentum is conserved in each of the three component
directions. The momentum equations in r, 6, z directions are expressed as (Y. Cengel &
Cimbala, 2014);

In the r-direction:

ou, L Yo ou, ug? N ou,
P\"Yor "7 a0+ " %o

6P+ N 10 ( aur) U 10%u, 2 0duy 0%u, 3.2)
ar T PIr TR oy r2 r2902 71290 @ 9z2 '
In the O-direction:
Jdug UgOug Ugl, 6u9) s
p(ur 5 50t Y252 ) T
10P 10/ dug\ ug 10%uy 20u, Jd%uy
‘?%*Pﬂ”ﬂ[ﬁ(f?)‘r—z 902 T2 90 T oz (3.3)
In the z-direction:
ou, ugou, auz)_ oP 1 6( 6u2> 10%u, 0°%u,
p(ur or + 00 Y2 o7) T az+pg2+ﬂ ror\ or +r2 062 + 072 (3-4)

The energy equation is often a balancing equation that accounts for heat transport rates into and
out of a system, along with any internal heat generation or consumption. The energy equation
is expressed as (Y. A. Cengel & Ghajar, 2020);

0T ugdT oT ¢ 10 0T 1 9%T o°T
g0l _ [ ( )+ l+ ¢ (3.5)
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The SST k-omega low Reynolds correction model uses Reynolds-Averaged Navier-Stokes
(RANS) equations to calculate viscosity and k (turbulence kinetic energy) and omega
(dissipation rate) coefficients. In this model, low Reynolds correction is used to achieve good
results. The SST k-omega model is described as follows (Y. Cengel & Cimbala, 2014):

k equation can be described as follows:

d(pk) 0 ok

EP (uik) = P, — B pkw + ™ (n+ O-k.ut)% (3.6)

® equation can be described as follows:

d(pw) Yp d dw 1 0k dw
®) = 2P, — Bpw? + — —|+2(1-F -

(3.7)

p fluid density, u; velocity component, ¢ dynamic viscosity, u, turbulence viscosity, w
turbulence dissipation rate, F; damping function, z;; Reynolds stress tensor, v Kinematic
viscosity and g = 0.075, f* =0.09,y =5/9, oy = 2, 0, = 2, 0,,, = 1 are constants for the
turbulence model.

i—pPk denotes turbulence kinetic energy production term, Spw? turbulence dissipation rate
t

. d dw . . 1 0k dw . .
destruction term, o, [(u + oy Ut) a_xJ diffusion term, 2(1 — F,)po,» @ 5w, oy Cross-Diffusion
term for low Reynolds region.

Turbulence viscosity ;
pk
=— 3.8
He a) (38)
and turbulence kinetic energy production term;
p, =7, 2 (3.9)
k = Tij axi .
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Low Reynolds correction ensures accurate modeling of turbulence characteristics near the wall,
and damping functions are used in these models. The damping function F; takes values close

to 1 in regions where wall functions are used, and values close to 0 in the resolution regions.

F; = tanh [(min <*£, 5()20v>> ] (3.10)
prwy y*w

3.2.2. Heat Transfer Calculations

The rate of heat transfer between the hot and cold fluids can be expressed using the overall heat
transfer coefficient, which takes into account both the convective heat transfer coefficients of
the fluids and the conductive resistance of the exchanger material. The effectiveness of this heat
transfer process is influenced by several factors, including the temperature difference between
the fluids, the flow rates, and the properties of the fluids.

Reynolds number (Y. A. Cengel & Ghajar, 2020):

uyD
Re = Ov g (3.11)

where; u, inlet velocity of the hot and v kinematic viscosity fluid.
The equations specified below are used in the calculation of the heat transfer rate of the hot and
cold working fluids (Y. A. Cengel & Ghajar, 2020).

Qcold = mccpc (Tc,out - Tc,in) (3- 12a)

Qhot = Thhcph (Th,in - Th,out) (3.12b)
Heat capacities of hot and cold fluids (Y. A. Cengel & Ghajar, 2020);
Ch = mhcph (3 13a)

Ce = MeCpe (3.13b)
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Thus, considering the heat capacities, the heat transfer rates of the cold and hot fluid are (Y. A.
Cengel & Ghajar, 2020);

Qcold = Cc(Tc,out - Tc,in) (3- 1461)
Qnot = Cn(Thin — Thout) (3.14b)

The temperature difference between the two fluids decreases from AT; at the entrance to AT>
at the output. The arithmetic mean temperature, ATam=(AT1+AT2)/2, is often used as a standard
metric for average temperature differentials. The logarithmic mean temperature difference
(ATim) accurately represents the average temperature difference between hot and cold fluids by
tracing the temperature distribution of the fluids along the heat exchanger. It properly depicts

the exponential fall in the local temperature difference (Y. A. Cengel & Ghajar, 2020).

AT, — AT,

Alum = {7 AT /AT,)

(3.15)

where AT: the temperature difference of the hot and cold fluids on the inlet side, whereas the

temperature difference on the outlet side is represented by ATs.

ATy = Th,in — Te,out (3.16a)

AT, = Th,out - Tc,in (3- 16b)

The total heat transfer occurring in the heat exchanger is (Y. A. Cengel & Ghajar, 2020);

Q = UAAT},, (3.17)

where U is the overall heat transfer coefficient, As is the heat exchanger surface area, and ATim

is the Logarithmic Mean Temperature Difference. The heat transfer performance of the heat
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exchanger is calculated by the heat transfer effectiveness of the heat exchanger (¢) (Y. A.

Cengel & Ghajar, 2020);

Qact Actual heat transfer rate

= 3.18
Omax Maximum possible heat transfer rate ( )
where Q. the actual amount of heat transferred from the hot or cold fluid;
Qmax = CminATmax (3.19)
ATax = Th,in - Tc,in (3.20)

Qumax 1S the maximum heat transfer from the heat exchanger, Crmin is the smaller of the two heat

capacity rates, and AT,,,, indicates the highest temperature difference.
3.3. Numerical Study

For the numerical study, ANSY'S 2022 R1 software was utilized due to its advanced capabilities
and reliability in CFD simulations. The three-dimensional geometry was meticulously created
using SpaceClaim, which provides a robust platform for geometric modeling. This geometry
was then imported into Fluent Meshing, where the mesh structure was developed. To ensure
high accuracy and resolution in the simulation, a combination of polyhedral (poly) and
hexahedral (hex) mesh elements was employed. Poly mesh elements were chosen for their
ability to conform to complex geometries, providing greater flexibility and precision in
capturing the intricate details of the flow domain. Hex mesh elements were used to enhance the
computational efficiency and stability of the simulation. The resulting mesh structure was
rigorously tested to ensure it met the quality criteria required for an accurate and reliable
simulation.

An outline view of the numerical model geometry, showcasing the detailed mesh structure and
the overall configuration of the model, is presented in Figure 3.5. This visualization highlights
the careful consideration given to the mesh design and the thorough preparation undertaken for

the numerical analysis.
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Figure 3.5. The 3D geometry and components of the numerical study

3.3.1. Verification of the Numerical Study

To verify the accuracy of the numerical study, it is essential to ensure that the numerical model
achieves independence from both the mesh number and the number of iterations. This involves
conducting a mesh independence study, where the results are checked for consistency across
different mesh densities to ensure that further refinement does not significantly alter the
outcome. Similarly, an iteration independence study is conducted to confirm that the solution
converges and remains stable regardless of the number of iterations performed. Achieving this
independence is crucial for verifying the reliability and robustness of the numerical model,

ensuring that the results are accurate and not influenced by these computational parameters.
3.3.1.1. Mesh Independence Study

It is necessary for the created numerical model to be independent of its own mesh structure in
order to demonstrate the accuracy of the study. In this context, five different mesh structures
representing the numerical model have been created. In the numerical geometry, cells are

concentrated at the solid-liquid interface to better resolve the effects in the thermal boundary
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layer and the hydrodynamic boundary layer. The coarsest mesh structure (Model 1) and the
mesh structure (Model 4) generated for the numerical geometry are presented in Figure 3.6.

Model 1 Model 4

Figure 3.6. The coarsest mesh structure (Model 1) and the mesh structure used in the
computational analysis (Model 4)

The difference in mesh structure between these two models is due to the number of elements.
In the model with a higher number of elements, the program automatically selected hex mesh
elements to achieve skewness and orthogonal quality values. The orthogonal quality values and
skewness values for the models with five different mesh densities are presented in Table 2. This
table provides a detailed comparison of the mesh quality metrics, which are crucial for ensuring
the accuracy and reliability of the numerical simulations. Orthogonal quality is an indicator of
the grid alignment with the flow field, with higher values signifying better alignment and less
numerical error. Skewness measures the deviation of cell shapes from an ideal configuration,
with lower values indicating better cell quality. By analyzing these metrics across different
mesh densities, the table helps in identifying the optimal mesh configuration that balances

computational efficiency and accuracy, ensuring robust and reliable simulation results.
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Table 2. Different mesh structures and skewness values based on the number of cells.

Mesh Cell Average | Maximum | Average orthogonal | Minimum orthogonal
structure | number | skewness | skewness | quality quality

Model 1 | 267491 0.263 0.83 0.794 0.21

Model 2 | 512361 0.141 0.78 0.867 0.27

Model 3 | 803545 0.123 0.68 0.881 0.32

Model 4 | 1279637 | 0.104 0.65 0.903 0.34

Model 5 | 1645901 | 0.102 0.63 0.912 0.35

The increase in the number of meshes has generally led to improved quality values, reflecting
better grid alignment and reduced numerical errors. However, it was observed that beyond a
mesh count of 1,200,000, the improvements in quality values became negligible. This indicates
a point of diminishing returns where further increasing the mesh density does not significantly
enhance the mesh quality. Additionally, a very high mesh count would considerably increase
the computational time and resources required. Therefore, for this study, Model 4, with a mesh
number of 1,279,637, was selected as the most suitable model.

To ensure mesh independence, a thorough test was conducted using the outlet temperature of
the hot fluid in the heat exchanger as the key metric. This test is crucial for verifying that the
simulation results are not significantly affected by the mesh density. By plotting the variation
of the fluid outlet temperature against different mesh counts, the analysis determines if the
solution has reached mesh independence. Figure 3.7. presents this variation, illustrating how
the fluid outlet temperature changes with increasing mesh numbers. The results indicate that
beyond a certain mesh count, the changes in outlet temperature become minimal, confirming
that the chosen mesh density is sufficient for accurate and reliable simulation results without

unnecessary computational expense.
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Figure 3.7. The variation of the hot fluid outlet temperature with respect to mesh number

3.3.1.2. Iteration Dependency Test

To achieve independence from the number of iterations, the solution was refined by setting the
convergence criteria such that the energy residuals approached 10 while the momentum and
turbulence residuals were adjusted to converge towards 1073, This approach ensures that the
numerical solution is stable and accurate, minimizing numerical errors and providing reliable
results. The stringent convergence criteria for energy residuals ensure precise thermal analysis,
while the criteria for momentum and turbulence residuals allow for accurate prediction of flow
and turbulence characteristics within the system. It was observed that after 500 iterations, there
was no significant reduction in error values, indicating convergence. Consequently, to avoid
unnecessarily prolonging the computation time, the numerical analyses were finalized using
500 iterations. This approach balances the need for accuracy with computational efficiency,
ensuring reliable results without excessive use of resources. Figure 3.8. illustrates the

convergence of the continuity, momentum, energy, and turbulence curves.
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Figure 3.8. The convergence of the continuity, momentum, energy, and turbulence curves

Figure 3.9. shows the effect of this solution's convergence on the hot fluid outlet temperature.
This figure demonstrates how the outlet temperature stabilizes as the solution converges, further
validating the accuracy and stability of the numerical analysis.
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Figure 3.9. The convergence of the study depending on the hot fluid outlet temperature

3.3.2. Boundary Conditions

The boundary conditions for this thesis study are defined within a cylindrical coordinate system,
which is suitable for the geometry and flow characteristics of the heat exchanger being
analyzed. In this coordinate system, the velocity components are expressed as U, (radial
direction), Uy (tangential or circumferential direction), and U; (axial direction). For the hot and
cold fluid inlets, radial and axial velocities are zero, with specified radial and tangential
velocities and temperatures. At the outlets, velocity and temperature gradients are zero,
indicating fully developed flow. The tank and stirrer have no-slip conditions with specified
tangential velocities for the stirrer and adiabatic conditions, ensuring accurate simulation of
fluid dynamics and heat transfer. The boundary conditions for the problem are presented in
Table 3.

Table 3. The boundary conditions for the problem

Boundaries U, (M/s) Ue (Mis) U, (mls) T(K) P (Pa) k(m¥s?) (1/s)
Hot fluid inlet U,=0 Uoe= Vin U,=0 T=Thn P=Phn k=Kin O=Win
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3.3.3. Validation of the Numerical Study

In order to validate the numerical model representing the experimental study, five different

turbulence models were initially compared with the experimental results. At a constant

Reynolds number (Renot=6000, Rec0iqc=2600) and constant fluid inlet temperatures (Thot=40°C,

Teoia=17°C), the stirrer rotational velocity was gradually increased from 0 to 300 rpm, and the

numerical model's analysis results were compared with the experimental data. The comparison

revealed that the SST k-omega model with low Reynolds correction best represented the

experimental data with. It was modeled accurately, with a maximum error of 11%, showing

good agreement with the experimental results. The comparison of experimental results with

different turbulence models according to rotational velocity of the stirrer on heat transfer

effectiveness is presented in Figure 3.10.
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Figure 3.10. The comparison of experimental results with different turbulence models

Additionally, after deciding the turbulence model, a comparison of this model with the
experimental study was conducted based on the Reynolds number. The comparison of heat
transfer effectiveness depending on Reynolds number for the experimental study, both with the
stirrer not rotating and rotating at 100 rpm, is presented in Figure 3.11. When the stirrer was
not rotating, and the Reynolds number was increased within the range of 4000 to 10000, the
maximum error observed was 8%. In contrast, when the stirrer was rotating at 100 rpm, the
maximum error identified was 10%. These results indicate that the numerical model maintains

a high level of accuracy under varying flow conditions, with acceptable deviations from the

experimental data.
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Figure 3.11. Heat transfer effectiveness based on Reynolds number
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4. RESULTS AND DISCUSSION

In this section, the study results are examined in two stages. In the first stage, the results of the
experimental work are analyzed. In the second stage, the developed numerical model is
evaluated, and the heat transfer performance is assessed for each parameter determined in the

study, providing an overall evaluation.
4.1. Experimental Results

The effects of Reynolds number, hot fluid inlet temperature, and rotational velocity of
mechanical stirrer on heat transfer effectiveness in a stirred heat exchanger were experimentally
investigated. In the heat exchanger, pure water has been used both as the cold and hot fluid.
The fluid flow has been configured as counter flow. The parameters investigated in the

experimental study presented in Table 4.

Table 4. The parameters studied in the experimental setup

Groups Constant variables Parameters Number of experiments
1 Te,in=17°C Re=4000 3
Thin=40°C Re=6000
Rev=100 rpm Re=8000
Re=10000
2 Tein=17°C Rev=0 rpm 3
Th,in=40°C Rev=100 rpm
Re=6000 Rev=200 rpm
Rev=300 rpm
3 Te,in=17°C Th,in=30°C 3
Re=6000 Th,in=40°C
Rev=100 rpm Thin=50°C
Th,in=55°C

4.1.1. The Effect of Reynolds Number on Heat Transfer Performance

To determine the effect of Reynolds number on heat transfer effectiveness, the results were
investigated under two conditions: one where the mechanical stirrer was stationary and another
where it rotated at 100 rpm. When the inlet temperature of the hot fluid Thin=40°C and cold
fluid T¢,in=17 was constant and rotational velocity of the stirrer was 0 rpm, the Reynolds number
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(Re) was increased gradually in the range of 4000-10000. When Re number was increased in
the range of 4000-6000 there was a 3.1% increase in heat transfer effectiveness; when Re
number was increased in the range of 6000-8000, there was a 2.1% increase; and when Re
number was increased in the range of 8000-10000, 0.4% increase was observed. Overall, 5.6%
increase in heat transfer effectiveness was observed when the Reynolds number was increased

in the range of 4000-10000. The effect of Reynolds number on heat transfer effectiveness for
0, 100, 200 and 300 rpm are presented in Figure 4.1.
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Figure 4.1. The effect of Reynolds number on heat transfer effectiveness

For the same boundary conditions, the effect of the Reynolds number on heat transfer
performance was investigated while the mechanical stirrer speed was set to 100 rpm. When Re
number was increased in the range of 4000-6000 there was a 2.8% increase in heat transfer
effectiveness; when Re number was increased in the range of 6000-8000, there was a 1.8%
increase; and when Re number was increased in the range of 8000-10000, 0.1% increase was
observed. Overall, 4.7% increase in heat transfer effectiveness was observed when the Reynolds
number was increased in the range of 4000-10000.
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4.1.2. The Effect of Rotational Velocity of the Stirrer on Heat Transfer Performance

In order to evaluate the effect of the mechanical stirrer's rotational velocity on heat transfer
performance, the velocity was gradually increased in steps within the range of rpm=0-300 while
the hot fluid inlet temperature was kept constant at 40°C and the hot fluid Reynolds number
was maintained constant at Re=6000. When the rotational velocity was increased from 0 to 100
rpm, 42.7% increase in heat transfer effectiveness was observed. This effect was 5.4% in the
range of 100-200 rpm and 0.9% in the range of 200-300 rpm. A total increase of 49% in heat
transfer effectiveness was observed when the stirrer speed was increased in the range of Rev=0-
300 rpm. The effect of rotational velocity of the stirrer on heat transfer effectiveness for
different inlet temperatures is presented in Figure 4.2.

100 ;
S —
_____ D
0]
(]
c
-g 5 , 5 5 ; é é
§ 40 4 i
[
LIJ N N
; : : : ——— T =95°C
204 N —— - Tnm=50°C . |
........ O Th_m:40°C
. . : : —— T,=30°C
0 i i i i i i i

0 50 100 150 200 250 300 350

Rotational velocity (rpm)

Figure 4.2. The effect of rotational velocity of the stirrer

4.1.3. The Effect of Inlet Temperature on Heat Transfer Performance

To investigate the effect of the hot fluid inlet temperature on heat transfer performance, the inlet
temperature of the hot fluid was gradually increased within the range of 30-55°C for different

rotation velocities at a Reynolds number of Re=6000. For the velocity of 100 rpm, increasing
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the temperature in the range of 30-40°C has led to increase of 2.6%; in the range of 40-50°C
has led to increase of 2.1% and in the range of 50-55°C has led to increase of 0.3% in heat
transfer effectiveness. In the heat exchanger, a total increase of 5% in heat transfer effectiveness
was observed when the hot fluid inlet temperature was increased in the range of 30-55°C. The

effect of the increasing inlet temperature of the hot fluid on heat transfer effectiveness is
presented in Figure 4.3.
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Figure 4.3. The effect of the increasing inlet temperature of the hot fluid

4.2. Numerical Results

For the numerical study, ANSYS 2022 R1 was used for its advanced CFD capabilities. The 3D
geometry was created in SpaceClaim and meshed in Fluent Meshing with polyhedral and
hexahedral elements to ensure high accuracy and resolution. The mesh structure was rigorously
tested to meet quality criteria for reliable simulation. The SST k- turbulence model with low
Re correction was found to model the study most accurately.

To accurately model the rotational motion of the mechanical stirrer and the resulting fluid

dynamics, a moving reference frame (MRF) was defined. This approach allows for the
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simulation of the stirrer's rotational movement and its impact on the surrounding fluid within
the computational domain, providing a more precise representation of the flow characteristics
and interactions between the stirrer and the fluid (Patil et al., 2021). The MRF technique ensures
that the rotational effects are captured effectively, facilitating a detailed analysis of the system's
performance under different operational conditions. The problem was solved in a steady-state
condition. The results obtained for each parameter in the numerical study were evaluated. In
the generated numerical model, the flow properties for the cold fluid were set to T¢,in=17°C and
Re = 2600; for the hot fluid, the flow properties were set to Th,in=40°C and Re = 6000. The

parameters for the numerical study are presented in Table 5.

Table 5. The parameters studied in the numerical study

Groups Constant variables Parameters Description
1 D=40 mm Rev=0 rpm Rotational velocity
H=10 mm Rev=10 rpm of mechanical
0=30° Rev=25 rpm stirrer
n=3 Rev=50 rpm
S=1 Rev=100 rpm
Rev=200 rpm
Rev=300 rpm
Rev=400 rpm
2 Rev=100 rpm H=10 mm Height of impeller
D=40 mm H=40 mm hub  from  the
0=30° H=70 mm bottom of the tank
n=3 H=100 mm
S=1
3 Rev=100 rpm D=40 mm Outer diameter of
H=10 mm D=60 mm the impeller
0=30° D=80 mm
n=3 D=100 mm
S=1
4 Rev=100 rpm 0=0° Angle to normal of
D=40 mm 0=15° the impeller blade
H=10 mm 0=30°
n=3 0=45°
S=1
5 Rev=100 rpm n=2 Number of impeller
D=40 mm n=3 blades which are
H=10 mm n=5 around centerline
0=30° n=7
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S=1

6 Rev=100 rpm S=1 Number of stirrers
D=40 mm S=2 equally spaced
H=10 mm S=3
0=30°
n=3

In this table, D represents the outer diameter of the impeller including the blades, H represents
the distance of the impeller from the bottom of the tank, 6 represents the angle that the blade
makes with the vertical y-axis, n represents the number of blades, and S represents the number

of stirrers or impellers.
4.2.1. The Effect of Rotational Speed on Heat Transfer Performance

The effect of rotational speed on heat transfer effectiveness was investigated for different
rotational speed with constant impeller diameter of D=40 mm, height of impeller H=10 mm,
impeller blade angle 6=30°, number of impeller blade n=3 and number of stirrer S=1. When the
rotational speed of the impeller was increased in the range of 0-10 rpm, 25% increase in heat
transfer effectiveness was determined. The heat transfer effectiveness increased by 12.7% in
the range of 10-25 rpm, by 4.7% in the range of 25-50 rpm, by 7.1% in the range of 50-100
rpm, by 5.6% in the range of 100-200 rpm. When the rotational speed of the mechanical stirrer
was increased above 200 rpm, there was no improvement in heat transfer performance, and a
0.2% decrease was observed in the range of 200-300 rpm. When the rotational speed was
increased in the range of 300-400 rpm, no significant difference in heat transfer performance
was determined. The effect of increasing rotational speed on heat transfer effectiveness is

presented in Figure 4.4.
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Figure 4.4. The effect of increasing rotational speed on heat transfer effectiveness

Overall, a total increase of 55.1% in heat transfer effectiveness was detected within the
rotational velocity range of 0-200 rpm. The heat transfer performance in the heat exchanger
shows a significant improvement when the impeller is rotating compared to when it is
stationary. Although an increase in heat transfer performance is observed as the rotational speed
increases, there is no significant change beyond 200 rpm. Temperature contours taken from an

XZ plane passing through the center of the impeller for the range of Rev=0-400 are presented
in Figure 4.5.,4.6.,4.7., and 4.8.
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Figure 4.5. Temperature contours for Rev=0 rpm and Rev=10 rpm
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Figure 4.6. Temperature contours for Rev=25 rpm and Rev=50 rpm
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Figure 4.7. Temperature contours for Rev=100 rpm and Rev=200 rpm
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Figure 4.8. Temperature contours for Rev=300 rpm and Rev=400 rpm

Temperature contours taken from an XY plane created in the center of the impeller for the range
of Rev=0-400 are presented in Figure 4.9., 4.10., 4.11., and 4.12.
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Figure 4.9. Temperature contours for Rev=0 rpm and Rev=10 rpm
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Figure 4.10. Temperature contours for Rev=25 rpm and Rev=50 rpm
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Figure 4.11. Temperature contours for Rev=100 rpm and Rev=200 rpm

Rev=300 rpm Rev=400 rpm

Figure 4.12. Temperature contours for Rev=300 rpm and Rev=400 rpm

Velocity vectors from the numerical analysis results are presented in Figure 4.13., 4.14., 4.15.
and 4.16.
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Figure 4.13. Velocity vectors for Rev=0 rpm and Rev=10 rpm

Rev=25 rpm Rev=50 rpm

Figure 4.14. Velocity vectors for Rev=25 rpm and Rev=50 rpm
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Figure 4.15. Velocity vectors for Rev=100 rpm and Rev=200 rpm

Rev=300 rpm Rev=400 rpm

Figure 4.16. Velocity vectors for Rev=300 rpm and Rev=400 rpm

4.2.2. The Effect of Height of the Impeller on Heat Transfer Performance

The effect of height of the impeller on heat transfer effectiveness was investigated for four
different heights as H = 10, 40, 70, 100 mm. While all other variables remained constant, the
40 mm height from the bottom demonstrated 17.2% greater heat transfer performance than the
height H=10 mm. Increasing the height of the mechanical stirrer from H =40 mm to H = 70
mm caused a 0.94% decrease in heat transfer effectiveness. Increasing the height of the

mechanical stirrer from H = 70 mm to H = 100 mm caused a 2.8% decrease in heat transfer
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effectiveness. The effect of the impeller's height from the bottom of the heat exchanger on heat
transfer effectiveness is presented in Figure 4.17.
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Figure 4.17. The effect of the impeller's height

The effect of the impeller’s height for H = 10 mm and H = 40 mm on heat transfer performance

is illustrated by the temperature contours presented in Figure 4.18.
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Figure 4.18. Temperature contours for H = 10 mm and H = 40 mm

It can be observed that when the impeller height is increased from 10 mm to 40 mm, the fluid
mixing improves and the temperature distribution becomes more homogeneous, resulting in

higher heat transfer performance.

H=70 mm H=100 mm

Figure 4.19. Temperature contours for H=70 mm and H = 100 mm

It was observed in Figure 4.19. that when the impeller height was increased to 70 mm and 100

mm, there was no significant difference in the results. However, as the impeller height
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increased, a decrease in heat transfer effectiveness was detected. Velocity vectors in the XY

plane created at the center of the impeller for four different impeller heights are presented in
Figure 4.20 and 4.21.

_ e { :
H=10 mm "—.:Q“—:mo(m) H=40 mm I.
0.02 0.060 2

Figure 4.20. Velocity vectors for H =10 mm and H = 40 mm

H=70 mm H=100 mm

Figure 4.21. Velocity vectors for H =70 mm and H = 100 mm

When examining the velocity vectors, it can be observed that for H = 40 mm, vortex formations
increase, and high-velocity regions become more distinct in the upper part of the flow field.
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4.2.3. The Effect of Diameter of the Impeller on Heat Transfer Performance

The effect of outer diameter of the impeller (D = 40, 60 80, 100 mm) on heat transfer
performance was investigated, while angular velocity of 100 rpm, height of the impeller H =
10 mm, angle 6 = 30°, number of blade n = 3 and number of stirrer S = 1 are constants.
Increasing the diameter from 40 to 60 mm has led to increase in heat transfer effectiveness by
11.8%, from 60 to 80 mm has led to increase by 0.4%, from 80 to 100 mm has led to increase
by 3.75%. As the impeller diameter increased, the improvement in heat transfer performance
continued. Increase in diameter from 40 to 100 resulted in an overall increase of 15.9% in heat
transfer effectiveness. The effect of the impeller diameter on heat transfer effectiveness is
illustrated in the graph in Figure 4.22.
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Figure 4.22. The effect of the impeller diameter on heat transfer effectiveness

While an increase in effectiveness is observed as the impeller diameter increases from 40 mm
to 60 mm, no increase in effectiveness is detected between 60 mm and 80 mm. Up to this point,
an optimum has been reached due to the mixing effect caused by fluid dynamics. However,

from 80 mm onwards, as the impeller diameter approaches the tank wall, an increase in heat
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transfer effectiveness is observed due to the decrease in thermal boundary layer thickness
associated with the increase in hydrodynamic boundary layer thickness in the boundary layer

region. The temperature contours are shown in the XZ plane with a sectional view taken through

the center of the impeller, as shown in Figures 4.23 and 4.24.
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Figure 4.23. Temperature contours for D =40 mm and D = 60 mm

D=80 mm D=100 mm

Figure 4.24. Temperature contours for D = 80 mm and D = 100 mm

Larger diameter impellers can provide a more homogeneous temperature distribution and
higher heat transfer effectiveness. However, designing without exceeding the optimal diameter
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at a certain point is important for energy efficiency. The velocity vectors corresponding to these

results are presented in Figure 4.25. and 4.26.
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Figure 4.25. Velocity vectors for D = 40 mm and D = 60 mm

D=80 mm D=100 mm

Figure 4.26. Velocity vectors for D = 80 mm and D = 100 mm

As the impeller diameter increases, the velocity vectors and vortex structures become more
distinct, and the high-velocity regions expand. This results in better mixing and higher heat
transfer effectiveness.
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4.2.4. The Effect of Blade Angle on Heat Transfer Performance

In order to examine the effect of the impeller blade angle (0) on heat transfer performance, the
angle between the blade and the vertical y-axis was incrementally (6 = 0°, 15°, 30°, 45°)
increased. The parameters kept constant as angular velocity Rev = 100 rpm, impeller diameter
D=40 mm, height of the impeller H = 10 mm, number of blade n = 3 and number of stirrer S=1.
It was found that changing the angle from 0° to 15° resulted in a 11.8% increase in heat transfer
effectiveness, changing it from 15° to 30° resulted in a 0.5% increase, and changing it from 30°
to 45° resulted in a 2.1% increase in heat transfer effectiveness. Increasing the blade angle from
0° to 45° resulted in a total increase of 14.4% in heat transfer effectiveness. The effect of blade
angle on heat transfer effectiveness is presented in Figure 4.27.
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Figure 4.27. The effect of blade angle on heat transfer effectiveness

Increasing the blade angle generally improves temperature uniformity and mixing, especially
from 6 = 0° to 6 = 15°. However, from 6 = 15° to 6 = 30°, the effectiveness remains nearly
constant, suggesting an optimal mixing point. Further increasing the angle to 6 = 45° results in
a slight improvement in temperature distribution. The temperature contours in the XY plane for
four different cases are presented in Figure 4.28., and 4.29.
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Figure 4.28. The temperature contours for 6=0° and 6=15°

0=30° 0=145°

Figure 4.29. The temperature contours for 6=30° and 6=45°

As the blade angle increases from 0° to 15°, the velocity vectors show an increase in turbulence
and flow circulation, leading to better mixing. Between 15° and 30°, there is no significant
change in the velocity vectors, indicating that the flow has reached an optimal mixing condition.

At 45°, the turbulence and circulation slightly increase again, enhancing the mixing effect and
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heat transfer performance. The velocity vectors for four cases are presented in Figure 4.30. and
4.31.

Figure 4.30. The velocity vectors for 6=0° and 6=15°

Figure 4.31. The velocity vectors for 6=30° and 6=45°
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4.2 5. The Effect of Number of Blades on Heat Transfer Performance

In order to investigate the effect of the number of impeller blades on heat transfer performance
in the heat exchanger, the heat transfer effectiveness was examined separately for impellers
with different blade numbers. Increasing the number of blades from 2 to 3 resulted in a 12.6%
increase in heat transfer effectiveness. Increasing the number of blades from 3 to 5 resulted in
a 0.4% decrease and increasing the number from 5 to 7 resulted in a 1.6% decrease in heat
transfer effectiveness. When the number of blades is increased beyond this optimal point, the
benefits gained from additional mixing and turbulence are outweighed by the drawbacks.
Specifically, additional blades can create more flow resistance, which hinders fluid movement
and reduces overall efficiency. The increased resistance can disrupt the flow patterns and reduce
the impeller's ability to effectively mix the fluid, leading to a decline in heat transfer

effectiveness. The effect of blade number on heat transfer effectiveness is presented in Figure
4.32.
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Figure 4.32. The effect of blade number on heat transfer effectiveness
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When examining the temperature contours, it is evident that the impeller with 3 blades provides
the most uniform temperature distribution. The temperature spread is more even throughout the
tank, indicating improved mixing and higher heat transfer effectiveness. The temperature

contours are given in Figure 4.33. for different four case.
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Figure 4.33. The temperature contours forn=2,n=3,n=5,andn=7

The variation in velocity vectors resulting from an increase in the number of blades is

comprehensively illustrated in Figure 4.34. As the number of blades increases, the flow
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characteristics within the stirred heat exchanger change, affecting both the magnitude and
direction of the velocity vectors. This figure provides a detailed depiction of these changes,
highlighting how additional blades influence the mixing efficiency and flow dynamics within
the system.
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Figure 4.34. The velocity vectors forn=2,n=3,n=5,andn=7

4.2.6. The Effect of Number of Stirrer on Heat Transfer Performance

To examine the effect of the number of mechanical stirrers on heat transfer performance, the
number of stirrers was variedto S =1, S =2, and S = 3, spaced evenly along the y-axis within

the heat exchanger. With other geometric parameters kept constant, the heat transfer
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effectiveness of the model with two stirrers was found to be 16.7% higher compared to the
model with one stirrer. No significant difference in heat transfer performance was observed
between the models with two and three stirrers. This implies that the ideal number of stirrers
for optimizing heat transfer effectiveness is two, beyond which additional stirrers give no

further advantages. The effect of the number of stirrers on heat transfer performance is
presented in Figure 4.35.
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Figure 4.35. The effect of the number of stirrers on heat transfer performance

The addition of a second stirrer significantly improves the uniformity of the temperature
distribution, indicating better mixing and higher heat transfer effectiveness compared to a single
stirrer configuration. The temperature contours for the configurations with the lowest and
highest heat transfer performance, S=1 and S=2, are shown in Figure 4.36.
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Figure 4.36. The temperature contours forS=1and S =2

The velocity vectors show a more complex and turbulent flow pattern. The presence of two
stirrers creates multiple vortices and enhances the circulation throughout the tank. The velocity

vectors for the single stirrer and two stirrer cases are shown in Figure 4.37.

S=1 S=2

Figure 4.37. The velocity vectors forS=1and S =2
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In summary, this study provides a thorough evaluation of the impact of various design and
operational parameters on the heat transfer performance of stirred heat exchangers. The
experimental and numerical investigations demonstrate that each parameter plays a crucial role
in influencing the system's thermal efficiency. Specifically, increasing the impeller diameter
enhances the heat transfer rate by promoting better fluid mixing and reducing thermal boundary
layer resistance. The number of blades directly affects the turbulence intensity, with more
blades generally increasing the turbulence and, consequently, the heat transfer rate, up to an
optimal point beyond which further additions may lead to diminishing returns due to increased
flow resistance. The blade angle significantly influences the direction and magnitude of fluid
flow, where optimal angles improve the mixing efficiency and heat transfer by maximizing
shear forces and turbulence. Higher impeller speeds lead to increased Reynolds numbers, which
enhance convective heat transfer by promoting greater turbulence and mixing within the tank.
The number of stirrers also plays a significant role; while adding a second stirrer enhances
mixing and heat transfer efficiency, the addition of a third stirrer does not show a significant
improvement, indicating an optimal number for achieving efficient energy transfer. Lastly,
varying the Reynolds number, which is a function of flow velocity and characteristic
dimensions, was found to have a substantial effect on the overall heat transfer effectiveness,
with higher Reynolds numbers generally corresponding to improved heat transfer performance.
These findings emphasize the need of optimizing these parameters in stirred heat exchangers to
achieve optimum thermal efficiency and uniform temperature distribution, as well as offering

significant information for future thermal engineering design and operation methods.
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5. CONCLUSIONS

In this thesis study, the effect of the mechanical stirrer's rotational speed, the inlet temperatures

of the hot fluid, and the Reynolds number, which is dependent on the fluid velocity, on the heat

transfer performance in a stirred heat exchanger was experimentally studied. The numerical

model generated in the computational fluid dynamics program of ANSYS 2022 R1 was

validated with the experimental model. In the developed numerical model, the rotational speed

of the stirrer, the diameter of the impeller, the height of the impeller from the bottom of the heat

exchanger, the angle of the blades to vertical y-axis, the number of blades and the number of

stirrers were studied. The obtained results from experimental and numerical studies are

presented below.

Experimental study results that;

1.

3.

Increasing the Reynolds number from Re=4000 to 10000, with the mechanical stirrer in
the heat exchanger remaining stationary, resulted in a total increase of 5.6% in heat
transfer effectiveness, demonstrating the influence of the Reynolds number on heat

transfer performance.

When the mechanical stirrer in the heat exchanger rotates at a speed of Rev=100 rpm, a
total increase of 4.7% in heat transfer effectiveness was observed when the Reynolds

number was increased between Re=4000-10000.

When the Reynolds number, dependent on the fluid velocity, is kept constant at
Re=6000, a total increase of 49% in heat transfer effectiveness was observed when the
stirrer speed was increased in the range of Rev=0-300 rpm to measure the effect of the

stirrer speed.

To determine the effect of hot fluid inlet temperature on heat transfer performance,
increasing the hot fluid inlet temperature in the heat exchanger between 30-55°C

resulted in a 5% increase in heat transfer effectiveness.

Numerical study results that;

1.

In the heat exchanger, as the rotational speed of the stirrer was increased from 0 to 400

rpm, a total increase of 55.1% in heat transfer effectiveness was observed when the
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speed was increased from 0 to 200 rpm. No significant change was recorded beyond
200 rpm.

Increasing the impeller height from H=10 mm to H=40 mm resulted in a 17.2% increase
in heat transfer effectiveness. However, raising the height to H=70 mm led to a 0.9%
decrease, and further increasing the height to H=100 mm caused a 2.8% decrease in heat
transfer effectiveness.

Increasing the impeller diameter from D=40 mm to D=60 mm resulted in an 11.8%
increase in heat transfer effectiveness. When the diameter was increased to D=80 mm,
a 0.4% increase was observed, and a further increase to D=100 mm resulted in a 3.75%
increase. The overall increase in diameter from 40 mm to 100 mm led to a total increase
of 15.9% in heat transfer effectiveness. While an increase in effectiveness is noted as
the impeller diameter increases from 40 mm to 60 mm, no increase in effectiveness is
detected between 60 mm and 80 mm. This suggests that an optimum has been reached
due to the mixing effect caused by fluid dynamics. However, from 80 mm onwards, as
the impeller diameter approaches the tank wall, an increase in heat transfer effectiveness
is observed due to the reduction in thermal boundary layer thickness associated with the

increase in hydrodynamic boundary layer thickness in the boundary layer region.

. Altering the angle from 0° to 15° led to an 11.8% increase in heat transfer effectiveness.
Increasing the angle from 15° to 30° resulted in a 0.5% increase, and from 30° to 45°
resulted in a 2.1% increase in heat transfer effectiveness. Increasing the blade angle
generally enhances temperature uniformity and mixing, especially from 6 = 0° to 6 =
15°. However, between 6 = 15° and 6 = 30°, the effectiveness remains nearly constant,
suggesting an optimal mixing point. Further increasing the angle to 6 = 45° results in a

slight improvement in temperature distribution.

Increasing the number of blades from 2 to 3 resulted in a 12.6% increase in heat transfer
effectiveness. However, increasing the number of blades from 3 to 5 led to a 0.4%
decrease, and from 5 to 7 caused a 1.6% decrease in heat transfer effectiveness. Beyond
the optimal number of blades, the advantages of additional mixing and turbulence are
offset by drawbacks. Specifically, more blades can create higher flow resistance, which

impedes fluid movement and reduces overall efficiency. This increased resistance can
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disrupt flow patterns and diminish the impeller's ability to mix the fluid effectively,

resulting in a decline in heat transfer effectiveness.

. The heat transfer effectiveness of the model with two stirrers was 16.7% higher than
that of the model with one stirrer. No significant difference in heat transfer performance
was observed between the models with two and three stirrers. This indicates that the
optimal number of stirrers for maximizing heat transfer effectiveness is two, as

additional stirrers beyond this point do not provide further benefits.

. The findings of this thesis study are likely to be useful in systems utilizing stirred heat
exchangers by identifying critical design parameters. These insights can help to create
designs that function optimally, resulting in the construction of systems that are more

affordable, energy efficient, and capable of providing more effective heat transfer.

In future studies in this field, the use of nanofluids as the working fluid in heat
exchangers, the addition of turbulators to enhance flow dynamics and vortex formation,
and the development of various blade structures to reduce the thermal boundary layer

on the tank walls are expected to make significant contributions to the literature.
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6. RECOMMENDATIONS

Heat exchangers occupy a significant place in the literature, and with advancing technology,
there has been parallel development aimed at improving the heat transfer performance of heat
exchangers. Stirred heat exchangers, compared to passive methods, are much less represented
in the literature, indicating a gap in this field. Active methods used to enhance efficiency are
crucial for achieving more effective heat transfer in small spaces. Future studies in this area are
recommended to explore the use of nanofluids to reduce the thermal boundary layer thickness
and increase the velocity boundary layer thickness on the heat transfer surface, the use of
protruding geometric structures on surfaces, and the effects of magnetic fields on fluids

containing ferromagnetic nanoparticles.
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