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Abstract: In this study, the thermal performance of a jacketed heat exchanger with a stirrer was
experimentally and numerically investigated under different jacket side water inlet temperature and flow
rate conditions. In the numerical study, a three-dimensional computational fluid dynamics (CFD)model of
the heat exchanger was generated and the analyzes were performed with the ANSYS-Fluent software
package. In addition, a stirrer was added to both the experimental and the numerical study to obtain the
effects of the stirrer on the temperature and velocity values of the water in the tank. It was seen that the
results of the analyzes performed under similar conditions to the experimental study were in good
agreement with the experimental study. It was concluded that the effect of the flow rate decreases with
increasing inlet temperature. When the stirrer was activated and the flow rate was increased from 0.5 to 2.5
/min in 30, 40, and 50°C inlet temperature conditions, the time to reach the target temperature inside the
tank decreased from approximately 1600 to 900, from 2500 to 1350, and from 4900 to 1400, respectively.
In general, it was observed that the effect of the stirrer increased with increasing inlet temperature in all
flow rate conditions.
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Karistiricihi Ceket Tip Is1 Degistiricilerin Isill Davranislarinin Deneysel ve Sayisal Olarak
Incelenmesi

Oz: Bu galismada, karistiricili ceket tip bir 1s1 degistiricisinin 1s1l performansi ceket tarafi su giris sicaklik
ve debi kosullart altinda deneysel ve sayisal olarak incelenmistir. Sayisal ¢alismada, 1s1 degistiricisinin {i¢
boyutlu hesaplamali akigkanlar dinamigi (HAD) modeli olusturulmus ve analizler ANSYS-Fluent paket
programi kullanilarak yapilmistir. Ayrica tank igerisindeki suyun sicaklik ve hizina olan etkisini
inceleyebilmek i¢in hem deneysel hem de sayisal ¢alismada tank icerisine bir karistirict eklenmistir.
Deneysel c¢aligmayla benzer kosullar altinda gergeklestirilen analiz sonuglarinin deneysel c¢alisma
sonuglariyla uyumlu oldugu gorilmiistiir. Artan giris sicakligiyla debi etkisinin azaldigi sonucuna
varilmistir. Karigtirict devredeyken ve debi 0.5°ten 2.5 I/dk’ya ¢ikarildiginda, hedeflenen sicakliga ulagsma
stireleri 30, 40 ve 50°C giris sicaklik kosullarinda sirastyla 1600°den 900’¢, 2500°den 1350°ye ve 4900°den
1400’e azalmistir. Genel olarak tiim debi kosullarinda karistirict etkisinin artan giris sicaklik degeriyle
birlikte arttig1 gézlenmistir.
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1. INTRODUCTION

The heat transfer between two or more fluids is carried out by using the heat exchangers. The
heat exchangers are examined under different groupings according to their different properties
such as process type, flow arrangements, heat transfer mechanisms, etc. (Bhutta et al., 2012;
Kakac et al., 2020; Bayram, 2022a). The jacketed heat exchangers examined in this study are
basically obtained by adding a jacket to the outer surface of a mixing tank. In this added jacket
part, fluids at different temperatures can circulate with desired flow rate values. This type of
jacketed heat exchanger is widely used in heat rejection from internal combustion engines (ICEs)
(Gavali et al., 2007; Kessler et al., 2007; Kruger et al., 2008; Karras et al., 2014). When impellers
are added to these tanks, it is also known that they are used in many different areas such as food,
medicine, cosmetics, petrochemistry, etc. (Lakghomi et al., 2008; Kakac et al., 2020). Basically,
it is aimed that the fluids in these tanks reach the desired properties such as temperature,
homogeneity, etc. in the desired time. In order to control the time to reach the desired condition,
the impellers in the tank play an important role. (Rezend, 1996). The sizing parameters affecting
the thermal performance and processing time of a jacketed heat exchanger with a stirrer can be
listed as dimensions of the tank, the location of the stirrer(s) and the number of the stirrers,
distance between the stirrer edge and the flat bottom of the tank, the geometrical type of baffles,
and the thickness of the wall etc. There are also rating parameters affecting the thermal
performance and processing time of a jacketed heat exchanger with a stirrer and can be listed as
the mass flow rate, the temperature difference between hot and cold fluids separated by wall, the
rotational velocity of the stirrer etc. (Rezend, 1996; Sharafani, 2015; Bayram and Sevilgen,
2017a). When the studies on these parameters are examined, it has been seen that the undesired
vortexes in the tank can be prevented by the baffles added to the inner walls of the tank (Rezend,
1996; Missen et al., 1999). Cui et al. experimentally and numerically investigated the mixing
process for laminar flow in pitched-blade turbine stirred tanks (Cui et al, 2018). They concluded
that the impeller diameter was the parameter that most influenced the mixing time. After the
impeller diameter, the parameters affecting this duration were respectively discharge angle and
blade width. Tong et al. investigated the effects of the heat transfer coefficient, the temperature
value of circulating heating water and the pressure on the dehydriding performance by using a
jacketed and coiled-tube heat exchanger that consisted of phase change material (PCM) (Tong et
al., 2021). Delgado et al. experimentally investigated of heat transfer coefficient and volumetric
energy density in a coiled stirred tank containing a low cost PCM emulsion. They stated that the
overall heat transfer coefficient was calculated as around 3.5-5.5 times higher when the stirring
rate was 290-600 rpm (Delgado et al., 2017). In addition, they noted that even at the lowest stirring
rate, PCM use caused an improvement of almost 100%. Lakghomi et al. numerically investigated
the effects of stirred coil and jacket on the flow behaviors and heat transfer inside the tanks. They
observed that the use of coils resulted in a more uniform temperature distribution and higher heat
transfer coefficient. On the other hand, they also stated that the power required for impellers was
higher than the jacketed case in coiled stirred tanks ( Lakghomi et al., 2008). Major-Godlewska
investigated the parameters affecting the heat transfer in the agitated vessel equipped with a jacket
or coil. As a result, it was concluded that heat transfer depends on the impeller shape and the
properties of the liquid (Major-Godlewska, 2014). Debab et al. conducted a study in a jacketed
vessel equipped with turbine impellers to obtain optimum experimental conditions for a non-
Newtonian fluid. According to the obtained optimization results, they stated that an agitated vessel
equipped with a Flat Blade Disc Turbine (FBDT) of diameter ratio d/D = 0.6 and baffles are the
most advantageous properties for heat transfer (Debab et al., 2011). When the numerical studies
on heat exchangers are examined, a carefully generated CFD model can make accurate predictions
about the thermal performance and flow characteristics of the heat exchanger (Bayram and
Sevilgen, 2018; Sevilgen and Bayram, 2020). Daza et al. generated a CFD model of a jacketed
stirred tank equipped with a six-blade Rushton turbine impeller to obtain a Nusselt number
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correlation due to dependency of the heat transfer coefficient on the impeller and the speed of
rotation. The authors stated that the results of the Nussxelt number correlation were in a good
agreement with the experimental results obtained from a reliable representation of the heat
transfer in the tank (Daza et al., 2019). This type of heat exchangers were also used in Organic
Rankine Cycle (ORC) systems. Zaniewski et al. examined a 10 kWe ORC micro-turbine generator
to provide better heat transfer coefficient, reduce the mean temperature at the shell wall tangential
to the electric generator stator and decrease in fin size and increase in fin density at the finned
wall surface by optimization of the water jacket geometry of the generator (Zaniewski et al.,
2023). In addition, it can be seen from the literature that the jacketed heat exchangers were also
used in metal hydride (MH) reactor systems that was expected to performed good performance
considering possess compact structure, enhanced heat transfer, good gas tightness etc. (Bai et al.,
2020). In this study, the heat exchanger used in the experimental study was modeled in three
dimensions and analyzed under similar conditions to the experimental study. The obtained results
were also compared with the experimental study results.

2. MATERIALS AND METHOD
2.1. Experimental Setup

In the experimental study, GUNT WL110 main unit and GUNT WL 110.04 model jacketed
heat exchanger were used. Water was used as the working fluid in both the tank and the jacket
sides. The outer surface of the water tank was isolated, and it has been accepted as adiabatic as in
similar studies in the literature (Bayram and Sevilgen, 2017b; Bayram, 2022b). Therefore, it was
assumed that the heat transfer only occurred between the two fluids through the wall of the water
tank. On the jacket side, the hot water was circulated at the desired flow rates thanks to the pump
located in the main unit. In addition, thanks to the resistance in the main unit, the temperature
values of the hot water can also be adjusted to desired values. On the tank side, cold water was
charged to the tank, and then at the end of the heating process, the water was discharged manually.
This process was repeated for all cases in experimental studies. The heat exchanger used in the
experiments can be seen in Figure 1.

Figure 1:
The jacket heat exchanger used in the experiments

In the numerical study, the heat exchanger used in the experiments was modeled in three
dimensions, and numerical calculations were performed with transient conditions by using the
ANSYS-Fluent software package. The dimensions of the modeled heat exchanger are presented
in Figure 2.
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Figure 2:
The a. side and b. top views of the heat exchanger

2.2. Numerical Setup

Considering the dimensions of the heat exchanger used in the experimental study, the CAD
model of the jacketed heat exchanger with a three-bladed stirrer was given in Figure 3 (a). The
mesh structure of the model consists of approximately 3.8 million tetrahedron elements and can
be seen in Figure 3 (b). In the generated CFD model, the movement of the stirrer was carried out
using the Single Rotating Reference Frame method and the created reference frame around the
stirrer can also be seen in Figure 3 (b). The purpose of this method is to stabilize a stationary
problem relative to rotating equipment. This method is used to model fluids that start to move
with a constant speed rotating equipment like a stirrer and accelerating in the radial direction
(Cerisola, 2012; ANSYS, 2013).
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Figure 3:
The a. CAD model b. mesh structure views of the heat exchanger

When the rotational speed is constant, it can be transformed the equations of fluid motion to
the rotating frame. And it can be possible by adding two extra acceleration terms in the momentum
equation named Coriolis and centripetal. And also, there must be a relation between the absolute
and relative velocity. The stationary frame velocity of the fluid can be transformed to the rotating
frame one by using the following equation:

U=v—(d-7) 1)

There are two different methods to express the equations of motion. These are the relative
velocity and the absolute velocity formulations (Equations 2-8). The conservation of mass is
calculated by using Equation 2 for both methods.

dp —
E + V.pvr =0 (2)
6 — —— — — — — — = ]
E(pvr) +V. (o) + pQRuwxv, + wxwxr)=—-Vp+V.T,+F 3)
6 — = —>
5 (pE,) +V.(pv H,) =V.(kVT + 7,.7,) + Sj, (4)
p 1
Er=h_5+§(v7?_u12’) ®)
p
Hy =B+ (6)
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The effects of adding the stirrer to the tank side, the temperature, and the flow rate of the
water circulating in the jacket side on the thermal behaviors of the heat exchanger have been
experimentally and numerically investigated. When the stirrer was used in the experiments, its
speed was kept constant at 330 rpm. The inlet temperature value of the hot water on the jacket
side was determined as 30, 40, and 50°C. In addition, experiments were carried out at constant
volumetric flow rates of 0.5, 1.5, and 2.5 I/min at each temperature value. In addition, the initial
temperature value of the water in the tank was kept constant at approximately 11°C in all
experiments. The case list in detail was presented in Table 1.

Table 1. The boundary conditions used in the experimental study

Case No Stirrer [rpm] Vinlet,jacket [I/min] Tinlet, jacket [°C]
1 - 0.5

2 - 15 30
3 - 2.5

4 - 0.5

5 - 15 40
6 - 2.5

7 - 0.5

8 - 15 50
9 - 2.5

10 330 0.5

11 330 15 30
12 330 2.5

13 330 0.5

14 330 15 40
15 330 2.5

16 330 0.5

17 330 15 50
18 330 2.5

A validation study was also carried out to assure the accuracy of the results of the numerical
study. In this validation study, the results of the experimental study performed at 50°C and 2.7
I/min were used. In the generated CFD model, a point named PO was assigned to a position
equivalent to the temperature sensor in the tank (Figure 4). And the values obtained at this point
were used in the validation study.
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Figure 4:
The generated point to determine the temperature values inside the tank

Solver settings preferred in the numerical study were presented in Table 2. As indicated in
the table, the k-omega SST turbulence model was used in the analysis. This turbulence model was
preferred due to the precision and stability of the numerical results in the available literature
(Hellsten and Laine, 1997; Sadino-Riquelme et al., 2002; Dhakal and Walters, 2009; Fernandez
and Neuhez, 2022). In order to examine the temperature and velocity distributions obtained from
these analyses in detail, from the tangent of the lower and upper sections of the volume created
for SRRF (YO and Y4), from the tangent of the lower and upper sections of the stirrer (Y1 and
Y3), and from the middle section of the stirrer (Y2) imaginary surfaces were assigned (Figure 5).

Table 2. Solver settings used in the numerical simulations

Solver type Pressure-based

Time Transient

Equations Combined simulation of flow and energy
Flow type k-omega SST turbulence model
Solution method Coupled

Y4
/‘ v3 \
/i
= f
T~ yo |«
a b.
Figure 5:

The generated surfaces around the stirrer to determine the temperature and velocity
distributions inside the tank
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2.3. Numerical Setup

In the validation process, the results obtained from the analyzes with the results of the
experimental study carried out under similar conditions were compared and can be seen in Figure
6. According to the results of the experimental study, which were carried out at 50°C inlet
temperature, 2.7 I/min flow rate and the stirrer was active boundary conditions, the reaching time
to the target temperature was approximately 1300 seconds. This time value was approximately
1000 seconds in the numerical study. In addition, although temperature differences were observed
between the experimental and numerical study at the beginning of the comparison, it was observed
that the temperature values were in quite agreement after approximately 400 seconds. These
differences in temperature values were thought to be since the outside of the tank was adiabatic
in the numerical study, but the insulation material outside the tank in the experimental study.
Although this insulation material reduced heat losses, it could not completely prevent it. In
addition, there was no heat loss in the numerical study and all heat transfer occurred between the
jacket and tank sides. Consequently, it can be said that the results of the analyses were in good
agreement with the results of the experimental study.

60
55
50

T 45

w40

£ 25

——Experimental
15 .
Numerical
0 200 400 600 800 1000 1200 1400
Time [s]

Figure 6:
The comparison of the results of the experimental and numerical studies

3. RESULTS AND DISCUSSIONS

In Figure 7, the effects of jacket side flow rate are presented in detail. When the results
obtained from the experiments are examined, it was observed that the cases with the lowest flow
rate values reached the target temperature in the longest time in all experiments. In cases where
the stirrer was not active, the reaching time value varied between approximately 2150 and 5250
seconds at 0.5 I/min flow rate condition. This value was determined as approximately 2900
seconds at 40°C jacket side inlet temperature condition. Although the target temperature value
was reached at relatively close time values under the inlet temperature condition of 30 and 40°C,
this time value was considerably longer when the inlet temperature value was 50°C. The highest
and lowest time values for 30, 40, and 50°C inlet temperature conditions were determined as
1700-1600, 2150-2000, and 3000-2600 seconds, respectively. In cases where the stirrer was
active, the reaching time values varied between about 1600 and 4900 seconds at 0.5 I/min flow
rate condition. This value was determined as approximately 2500 seconds at 40°C inlet
temperature condition. Under the 30°C inlet temperature condition, the reaching time value
increased from approximately 1600 to 900 seconds with an increase in flow rate from 0.5 to 2.5
I/min. This value decreased from approximately 2500 to 1350 and from 4900 to 1400 seconds at
40 and 50°C inlet temperature conditions, respectively. Although the differences in the reaching
time values of 1.5 and 2.5 I/min conditions were close to when the stirrer was not active, the
difference values increased with the activation of the stirrer. It was also found that these
differences decreased with increasing inlet temperature conditions.
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The effects of the stirrer on the results of experiments performed under the same conditions
are presented in detail in Figure 8. By activating the stirrer at 30 and 40°C inlet temperature
conditions at the lowest flow rate, the reaching time value to the target temperature decreased by
approximately 500 seconds. The decreasing in this value was determined as approximately 700
seconds at 50°C inlet temperature condition. When the flow rate value was 1.5 I/min, a decrease
of approximately 400 seconds was determined in the reaching time at the lowest temperature
condition. A decrease of approximately 700 seconds was observed in other temperature
conditions. At the highest flow rate, activating the stirrer at 30 and 40°C inlet temperature
conditions resulted in a relatively low reduction in the reaching time to the desired temperature
in the tank. However, although the target temperature was reached for a very long time when the
stirrer was not active at 50°C inlet temperature condition, the reaching time was reduced by about
half when the stirrer was active. In general, the effect of the stirrer increased with increasing inlet
temperature in all flow rate conditions. An improvement in the reaching time was observed under
30 and 40°C inlet temperature conditions. However, when the inlet temperature value was 50°C,
this decrease in the reaching time was observed to be quite high.
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Figure 7:
The comparison of the reaching time values under the same temperature and stirrer conditions
a. 0 rpm/30°C b. 0 rpm/40°C c. 0 rpm/50°C d. 330 rpm/30°C €. 330 rpm/40°C f. 330 rpm/50°C
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Figure 8:
The comparison of the reaching time values under the same temperature and stirrer conditions
a. 0.5 I/min /30°C b. 0.5 I/min /40°C c. 0.5 I/min /50°C d. 1.5 I/min /30°C e. 1.5 I/min /40°C f.
1.5 /min /50°C g. 2.5 I/min /30°C h. 2.5 I/min /40°C i. 2.5 lI/min /50°C

The velocity distributions on defined surfaces in the tank were presented in Figure 9. It was
seen that the velocity distributions on the Y1 and Y3 surfaces located just below and above the
stirrer were quite similar. The highest velocity distribution was observed at Y2 surface which
located at the center of the stirrer. Velocities of about 0.8 m/s were observed in the rear regions
of the stirrer blades. It has also been observed that there was a velocity region of about 0.5 m/s in
a very wide area in the outer parts of the blades. In the YO plane, which was defined at the bottom,
a very low velocity distribution was observed compared to the stirrer region. On the Y4 surface,
which was the top surface, it has been observed that the stirrer had almost no effect on the velocity

distribution. It has also been observed that the velocity values decreased at a high rate as they
moved away from the stirrers on all created surfaces.
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Figure 9:
The velocity distributions at the generated surfaces inside the tank

Considering the temperature distributions obtained in the Y2 plane, which was the plane in
the center of the stirrer (Figure 10), it was seen that there was a relatively high temperature
increase in the outer region of the stirrer. In addition, it has been observed that there was a
relatively higher heat transfer rates in the regions where the baffles were located, thanks to the
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movement of the fluid created by the stirrer. When the temperature distribution in the section
taken in the middle section of the tank was examined, the effect of the stirrer on the temperature
distribution can be seen more clearly (Figure 11). It is seen that the fluid movement caused by the
rotation of the stirrer considerably increased the convection heat transfer. It has been observed
that there was a high rate of heat transfer especially by the jacket side in the lower region of the
stirrer. In addition, it has been determined that the temperature values of the water in the area
where the baffles interact with the rotation of the stirrer increase considerably compared to the
other regions.
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Figure 10:
The temperature distribution at the Y2 surface inside the tank
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Figure 11:
The temperature distribution at the middle section of the tank
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4. CONCLUSIONS

In this study, the thermal behaviors of a jacketed heat exchanger that used in many working
areas such as automotive, food, medicine, cosmetics, petrochemistry etc. were experimentally
investigated for getting the effects of jacket side inlet temperature and flow rate and adding a
stirrer to the tank. We also numerically investigated by using the generated three-dimensional
CFD model of the heat exchanger to obtain the velocity and temperature distributions inside the
tank. According to the performed experiments and numerical analyses, the main results of this
study are described below:

« Inall experiments, the cases with the lowest flow rate value had the longest reaching time
to the target temperature.

* In cases where the stirrer was not active, the reaching time value varied between
approximately 2150 and 5250 seconds at 0.5 I/min flow rate condition.

 In cases where the stirrer was active, when the flow rate value increased from 0.5 to 2.5
I/min in 30, 40, and 50°C inlet temperature conditions, the reaching time values decreased from
approximately 1600 to 900, from 2500 to 1350, and from 4900 to 1400 seconds, respectively.

» By activating the stirrer at 30 and 40°C inlet temperature conditions at the lowest flow
rate, the reaching time value to the target temperature decreased by approximately 500 seconds.
The decreasing in this value was determined as approximately 700 seconds at 50°C inlet
temperature condition.

* At the highest flow rate, although activating the stirrer at 30 and 40°C inlet temperature
conditions resulted in a relatively low reduction in the reaching time to the desired temperature
in the tank, the reaching time was reduced by about half when the inlet temperature value was set
to 50°C.

» According to the results of the analyses, the highest velocity values were observed as 0.8
m/s in the rear region of the blades on the Y2 surface defined in the middle of the stirrer.

» It is seen that the fluid movement caused by the rotation of the stirrer considerably
increased the convection heat transfer. It has been observed that there was a high rate of heat
transfer especially by the jacket side in the lower region of the stirrer.
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