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1 | INTRODUCTION
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Abstract

The condensation heat exchanger has a critical role in the microwave reduction pro-
cess to separate and capture valuable by-products after the microwave reactor. This
study aims to perform a computational fluid dynamics (CFD) simulation of a condenser
to assess the heat transfer performance of the heat exchanger comprehensively. The
type of heat exchanger used for this study is based upon an existing industrial-scale
condenser taken from a conventional thermal pyrolysis end of tires (ELT) reprocessing
plant and repurposed for integration into a 1500 kg/h ELT microwave reduction pro-
cess. The condenser is a shell-and-multiple-tube heat exchanger in which the syngas
passes through the tubes while cold water from a cooling tower is placed inside the
shell. After the simulation, the effects of inlet temperatures and mass flow rates of the
gas and water are investigated. The results show that the heat transfer rate is 58 kW
for theinlet air velocity of 0.25 m/s and increases due to the convective heat transfer by
32% and 55% when the air velocity rises to 0.5 and 1 m/s, respectively, for the inlet gas
and water temperatures of 80 and 15°C, respectively. Additionally, because the outlet
air temperature and the inlet water temperature are strongly correlated with convec-
tive heat transfer, the outlet air temperature is equivalent to 17.2, 22.3, and 29.5°C

when the inlet water temperature is 15, 20, and 25°C, respectively.
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The microwave reduction process is relatively new. Conventional

thermal heating usually employs an external heating source to transfer

Microwave processing utilizes electromagnetic waves of frequencies
between 300 MHz and 300 GHz which generate heat in a material
(Budarin et al., 2015; Thostenson & Chou, 1999; Zhou et al., 2022).
The applications of microwave technology are vast, from small kitchen
ovens to industrial processes (Das et al., 2009; Lam & Chase, 2012).

heat to material through a surface. In contrast, microwave heating con-
stitutes a unique way of heating where the heating effect arises from
the interaction of the electromagnetic wave with the dipoles within the
material being heated (Lawag & Ali, 2022; Liu et al., 2019; Motasemi
& Afzal, 2013). By such heating mechanisms, heat is generated within
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the material rather than from an external source, thereby giving a
more efficient heating process compared to conventional surface
heating concerning even distribution of heat and easier control over
the heating (Al Mamun et al., 2015; Metaxas, 1991). In addition, high
temperatures and heating rates can be obtained through microwave
heating (Ludlow-Palafox & Chase, 2001) demonstrating remarkably
high conversion efficiency of electrical energy into heat (80%- 85%)
(Green et al., 2019; Osepchuk, 2002). Besides, there are numerous
works in this regard related to the cooling and air conditioning systems
(Algahtani et al., 2023; Hussain et al., 2022; Zawawi et al., 2022).

There are different studies in
the literature on the
application of microwave
technology to the
decomposition of different
types of wastes such as
plastic, tires, and so forth

There are different studies in the literature on the application
of microwave technology to the decomposition of different types
of wastes such as plastic, tires, and so forth. Mawioo et al. (2017)
employed microwave technology for sludge sanitization and drying.
They developed a pilot-scale prototype as a reactor for sludge treat-
ment examining different types of sludges, that is, centrifuged waste-
activated sludge (C-WAS), non-centrifuged waste-activated sludge
(WAS), fecal sludge (FS), and septic tank sludge (SS). They measured the
temperature changes, bacteria inactivation and sludge weight/volume
reduction during the sludge treatment. They showed successful treat-
ment of sludges using a microwave reactor by achieving complete
bacterial inactivation and a sludge weight/volume reduction of almost
60%. Al Mamun et al. (2015) studied the pyrolysis of Scrap tires using
microwave technology as an efficient and environmental valorization
alternative to combustion- incineration of the waste tire. They claimed
that microwave technology can dispose the waste tires completely
with no pollution and also can produce alternative fuel. After tire
decomposition, the following fractions were obtained including Char
residue (48 wt.%), pyro-oil (38 wt.%), and a gas fraction (14 wt.%). The
derived pyro-oil is a complex mixture of organic compounds contain-
ing various aromatics and can be used as an alternative fuel. Bing et al.
(2021) studied microwave pyrolysis of waste tires and showed this
method as an efficient and energy-saving way to recycle waste tires.
It was demonstrated that a microwave pyrolysis is a novel approach
for waste tire recycling since the waste tires contain a high amount
of metal oxides additives and carbon black, which can quickly absorb
microwave radiation and convert it into heat. They claimed that the
total decomposition process of tires by microwave is around 20 min.
Moreover, microwave power has a certain effect on the gas product
composition which is transferred to a condensation heat exchanger to

release heat, condensed, and collected. Thus, the proper design of the
condensation heat exchanger has animportant role in the performance
of microwave pyrolysis. Mohekar (2018) computationally designed and
modeled the main microwave reactor which converts microwave (MW)
energy into ausable form of heat energy including the combined effects
of electromagnetic wave propagation, heat transfer, and fluid flow.
They presented a 2D Multiphysics model using COMSOL software
that simulates the interaction between microwaves, heat transfer, and
fluid flow during the operation of the microwave. Salema et al. (2017)
studied micro vape pyrolysis of corn stalk biomass briquettes which
resulted in the production of 19.6% bio-oil, 41.1% biochar, and 54.0%
gas at the highest levels. There are other studies in the literature show-
ing the wide applications of microwave technology on waste pyrolysis
(Chaetal., 2004; Ge et al., 2021; Nukasani et al., 2017).

There are limited studies on
the design and performance of
condensers in the microwave
reduction process of different
waste which has a significant
role in the output liquid and
gases from the reactor

There are limited studies on the design and performance of
condensers in the microwave reduction process of different waste
which has a significant role in the output liquid and gases from the
reactor. The vapor after the microwave reactor is passed to the
condenser which is separated into the liquid phase and gas phase
after condensation (Vastyl et al., 2022). For various waste materials,
the condensation temperature is different (Cornell & Wieman, 2002).
Typical pyrolysis temperature is in the range of 500—700°C while it
is different for various materials (Salema et al., 2017). For waste tire
decomposition, the temperature of the material after the pyrolysis
has been reported between 200 and 600°C while it is between 100
and 150°C for briquettes or less for different materials (Salema et al.,
2017). Soni and Salvi (2020) performed a computational fluid dynamic
(CFD) simulation on a shell and multiple tubes heat exchanger for
condensation of bio-oil vapor from fast pyrolysis of biomass. In the
heat exchanger, the water as the cold fluid was passed through the
tubes and the bio-oil vapor was passed through the shell. They studied
the performance of the heat exchanger using baffle plates inside the
shell to increase the residence time and path of travel of the gas and
this improved the heat transfer rate between the cold and hot fluids.
Wang et al. (2021) performed an experimental study on a 4-staged
condenser for the pyrolysis of biomass vapors. They evaluated the inlet
temperature of the gas to the condenser on the condenser efficiency.
Wang et al. (2020) studied experimentally the simultaneous effects
of condensing temperature and residence time during Walnut shell
pyrolysis on the separation and enrichment of bio-oil components.
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The relationship between condensing temperature and residence
time is effective on the output components of the pyrolysis process.
Abdullah et al. (2021) investigated the performance of a triple Tube
Heat Exchanger as a liquid collecting system on bio-oil Production
during pyrolysis. The gas at the inlet of the heat exchanger was set at
the temperatures in the range of 150-250°C. Water as the coolant
fluid at ambient temperature was used to absorb the heat from the
gas. They reported that the heat exchanger can absorb the maximum
heat of 35.77 W from the vapor. Salvi ei al. (2021) studied the design
of a shell-and-tube condenser for bio-oil recovery from fast pyrolysis
of wheat straw biomass and then performed experimental studies on
the improved design. The heat exchanger studied had split shell and
segmental baffles to divide the shell into various zones and condensate
collection points. They demonstrated that increasing the gas flow rate

beyond 40 L/min resulted in to decrease in the production of bio-oil.

The objective of this study
was to investigate the
performance and CFD
simulation of the existing
shell-and-multiple tube
condensing heat exchanger on
the cooling of the vapor from
the microwave reactor

The objective of this study was to investigate the performance and
CFD simulation of the existing shell-and-multiple tube condensing heat
exchanger on the cooling of the vapor from the microwave reactor. This
paper aims to evaluate the cooling performance of the system by per-
forming a sensitivity analysis on the effective parameters of the system
to find out the capacity of the cooling tower. In other words, the analy-
sis performed in this study will be then employed to design the cooling
system in the real application. The existing microwave system is used
for the waste tire reduction process; however, this study focused on
the performance study and sensitivity analysis of the heat exchanger
for general applications. Different inlet temperatures and flow rates
for both the vapor and water as the hot and cold fluids are exam-
ined numerically. It should be noted that the heat exchanger studied
in this paper has been rarely discussed in the literature. The paper pro-
vides guidelines for the better design of condensers for the microwave

reduction process.

2 | SYSTEM DESCRIPTION

The microwave system shown in Exhibit 1 is designed to reprocess
waste tires via depolymerization to recover their original materials,

that is, oil, carbon, and steel in addition to the generation of a syn gas.

This microwave system was manufactured on a 1/2 scale in the United
Kingdom. The gas from the microwave reactor can be used to generate
sufficient electricity to power the system making it energy neutral. The
system, generally, includes the microwave reactor, conveying system,
and condenser. The output of the microwave reactor is transferred into
a separation tank to separate liquid, solid, and vapor. The vapor goes
to the condenser to be condensed into the liquid. The remaining gas is
transferred to the flare stack to be burnt. As mentioned, the reactor can
be also utilized for other applications such as plastic waste, electronic
waste, and so forth with different condensing temperatures.

Exhibit 2a displays the picture of the condenser which is a shell-
and-multiple tube heat exchanger used to cool the syn gas. The cooling
tower is responsible to provide the required cooling capacity of the gas.
The details of the heat exchanger can be shown in Exhibit 2b includ-
ing the heat exchanger at the inlet and outlet sides. The lower two
flanges are used for access to the oil and liquidated gas from the heat
exchanger. The diameters of the pipes are also presented in the photos.
The pipes are extended across the shell for six rounds, one inlet tube
and one outlet tube. In the middle flanges, there are two holes for the
sweep pipes with a diameter of 6 in. The diameters for the inlet and

outlet pipes are 8 and 4 in., respectively.

The objective of this study is
to perform a CFD simulation
to establish the potential
capability of the existing heat
exchanger by developing a
sensitivity analysis

The objective of this study is to perform a CFD simulation to
establish the potential capability of the existing heat exchanger by
developing a sensitivity analysis. The numerical model is described as

follows which is performed based on the real condenser:

2.1 | Geometry and boundary conditions of the
CFD model

The heat exchanger studied is a shell-and-tube heat exchanger with
multiple pipes. The geometry is generated in ANSYS design modeler
software shown in Exhibit 3a. The boundary conditions are also illus-
trated in Exhibit 3b. The gas (air) as the hot fluid enters the heat
exchanger from the top-right corner and then after passing through the
pipes and losing heat to the cold fluid, exits the heat exchanger from
the bottom-right corner. The cold fluid (water) enters the shell from
the bottom and exits the shell from the top. The walls of the shell are
considered insulated to only study the heat exchanger design without
considering the ambient effect.

Different temperatures and velocities are considered for the
hot and cold fluids to study the performance of the heat exchanger
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EXHIBIT 1 Microwave system for waste tire pyrolysis. [Color figure can be viewed at wileyonlinelibrary.com]

comprehensively. Exhibit 4 shows the values of parameters considered

in this study.

3 | MATHEMATICAL MODELING

The Reynolds Averaged Navier-Stokes (RANS) is employed to model
the turbulent flow by averaging the Navier-Stocks equations and can
be expressed as (Speziale, 1998):

_ a0, P 9 ( ag; ) oR;

Pukﬁ= _6_)(,-+6_xj Max] an

(1)

where Rj; is the Reynolds stress tensor written as:

— ou; 0u; 2 Ay 2
Rj= —pu'it/; = it <6_x; + a_x,> - §#tm5u’ - §Pk5ij (2
where y; is the turbulent viscosity and k is the turbulent kinetic energy.
u’; and u’j are turbulent fluctuations considering the starting point of

the derivation of the RANS equations as follows:

uj = l:l,- + U,,' (3)

The shear-stress transport (SST) k-w model is used in this study
to solve the turbulent flow equation developed by Mentor (Menter,
1994). This model is formed by converting the k-¢ model into the k-w
formulation to accurately simulate the near-wall region and the free-
stream independence of the k-c model in the zones which are far away
from the walls (Alamshahi et al., 2020). In this model, the turbulence
kinetic energy, k, and the specific dissipation rate, w, are obtained
from the following transport equations for the steady-state condition
(Lakshmipathy & Girimaji, 2006):

9

0
> (okuj) = =—

ok =
£ <Tk—> + Gy =Yg (4)

an

a a dw
a_)(,' (pou;) = a_X} (rwa_xj> +G, =Y, +D, (5)

Iy and T, are the effective diffusivities of k and w obtained as
(Wilcox, 2008):

Te= e+ ot (6)
L= n+it )
w

Gy and Gy as representative of turbulence kinetic energy are

calculated as:

Gy = min (Gy, 10pp*kw) (8)
T an
Gy = —pu'ju i3 (9)
and G,, as representative of the production of w is:
a
G, = ” Gy (10)

The turbulent flow equations are solved along with the continu-
ity and energy equations as follows to determine the velocity and

temperature distribution in the domain:

VoV=0 (11)

V (pCVT) = VkVD) (12)

where C, and k are the specific heat coefficient and thermal
conductivity of the fluid, respectively.
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EXHIBIT 2 The photo of (a) the condenser with a cooling tower and (b) components of the condenser with details. [Color figure can be viewed

at wileyonlinelibrary.com]

4 | NUMERICAL PROCEDURE

ANSYS FLUENT software is used to perform the CFD simulation
and performance evaluation based on a real-scale prototype. SIM-
PLE scheme is used for the pressure velocity coupling considering

the second-order of the pressure and second-order upwind for the

momentum and energy discretization. The value of 10~* is also
considered as the convergence criteria.

To find the mesh independent from the number of nodes, two dif-
ferent meshes with the node number of 1,332,480 and 3,826,280 are
evaluated and the outlet temperature of the air is considered as the

convergence criteria. The inlet temperatures of the air and water are
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EXHIBIT 3 The schematic of the heat exchanger (a)
computational domain and (b) Boundary conditions. [Color figure can
be viewed at wileyonlinelibrary.com]

EXHIBIT 4 Thevalues of inlet temperatures and velocities of the
hot and cold fluids

velocity (m/s)
0.25,0.5,1
0.05,0.1,and 0.15

Inlet temperature (°C)
80, 90, 100
15, 20, and 25

Hot fluid
Cold fluid

considered equal to 100 and 20°C, respectively. The inlet velocities of
the air and water are considered 0.5 and 0.05 m/s, respectively. The
results show negligible changes (less than 2%) in the outlet tempera-
ture of the air and thus the mesh with the node number of 1,332,480
is selected for further evaluation. The outlet air temperature for the
selected mesh number is 22.29°C.

Due to lack of the experimental data, it is not possible to compare
the CFD results with the experimental data. Also, there hasn’'t been any
similar geometry studied in the literature showing the novelty of this
study. Thus, to validate the CFD code, a conventional shell-and-tube
heat exchanger using a serpentine tube for the cold fluid investigated
by Michael et al. (2017) is modeled considering similar dimensions and
boundary conditions. The geometry with a serpentine tube is almost
similar to the one studied in this paper with three passes. Michael et al.
studied a shell-and-tube heat exchanger with a serpentine tube for the
cold fluid using water in both shell and tube using ANSYS FLUENT soft-

ware. The inlet temperatures of the cold and hot water are 300 and

EXHIBIT 5 Thevalues of outlet temperatures of the hot and cold
fluids achieved in this study compared with Michael et al. (2017)

Present study Michael et al.
Hot fluid 337.5K 339.3K
Cold fluid 328.3K 326.8K

365 K, respectively. The dimensions and other boundary conditions can
be found in Ref. (Michael et al., 2017). Exhibit 5 shows the outlet tem-
perature of the cold and hot fluids achieved in this study compared
with Michael et al. (2017). As shown, the results are in good agreement
showing the accuracy of the CFD model in this study.

5 | RESULTS AND DISCUSSION

The proposed heat exchanger includes a container (shell) having two
holes for the inlet (at the bottom) and an outlet (at the top) for the
heat transfer fluid (HTF) (water). In various cases, the water as the
cold fluid enters the heat exchanger with different temperatures of
15, 20, and 25°C and velocities of 0.05, 0.1, and 0.15 m/s. For the gas
inside the pipes as the hot fluid, different temperatures of 80, 90, and
100°C and velocities of 0.25,0.5,and 1 m/s are examined. As previously
shown in the system description in Exhibit 3, the pipes extend across
the shell for six rounds to enhance the heat transfer rate between the
hot and cold fluids inside the heat exchanger. As a result of the rela-
tively high temperature of the gas, the heat exchanges with the water
(cold fluid) causing an increase in the water temperature at the outlet
and thus dropping the gas temperature. It should be noted that the heat
exchanger can be used as a condenser in high-temperature microwave
applications used for the condensing process of the gas through the
pipes. It is worth mentioning that the diameter of the pipe at the inlet
section is greater than the outlet section (the pipe diameter reduces
through each round across the shell) since the vapor state runs a larger
area, and during the condensing process, the vapor changes to liquid,

which needs less area to flow.

5.1 | Effect of inlet velocity of the air

Exhibit 6 shows the temperature distribution for the gas pipes with
the gas inlet temperature of 100°C and different gas inlet velocities
of 0.5 and 1 m/s. The temperature of the tube at the inlet section
shows higher values, which change to lower values in each round as the
tube is colder due to the heat-exchanging process. The external layer
of the gas shows cold temperature due to the flow of the cold HTF
around the external side of the tube. The temperature of the external
layer of the gas is around 15°C at the outlet section of the system. By
increasing the air inlet velocity, the heat exchange process reduces as
the gas remains in the tube for a shorter time and in other words, the
gas residence time inside the heat exchanger reduces. Thus, less heat

transfer from the gas to the HTF occurs, causing a relatively warmer
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EXHIBIT 6 Temperature distribution of the air inside for
different air inlet velocities. [Color figure can be viewed at
wileyonlinelibrary.com]

temperature of the external layer of the gas. This behavior indicates
that with a faster flow of the gas, a higher output temperature of the
gas can be achieved.

Exhibit 7 shows the temperature distribution at the mid-plane of the
shell for different air inlet velocities. Exhibit 7a illustrates the thermal
profiles for the air inlet velocity of 0.5 m/s and Exhibit 7b shows the
temperature profile for the air inlet velocity of 1 m/s. As mentioned
previously, for the slower flow of the air, the air is placed in the tube
for a longer time and gained the opportunity to lose more heat to the
cold HTF. The cross-section of the first tube (on the top-right) shows
an average temperature of 84°C since the air loses some heat when it
passes halfway through the shell length. The air shows a colder temper-
ature at the bottom part of the cross-section. The air becomes colder,
generally by passing through each tube and reaching thermal equilib-
rium within the last two tubes before exiting the heat exchanger. The
faster flow of the air (Exhibit 7b) shows a higher temperature of the air
inside the tubes. For the air inlet velocity of 1 m/s, the average tempera-
ture for the air at the mid-length of the first tube is 87°C which reduces
with passing each tube due to losing more heat. The air temperature

reaches thermal equilibrium within the last tube (exit tube).

100
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EXHIBIT 7 Temperature distribution at the mid-plane for
different air inlet velocities. [Color figure can be viewed at
wileyonlinelibrary.com]
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EXHIBIT 8 The variation of air temperature at the outlet for
different air inlet velocities. [Color figure can be viewed at
wileyonlinelibrary.com]

Exhibit 8 shows the mean outlet air temperature for different inlet
velocities of the air. As stated, the higher velocity of the air offers a
shorter residence time for the gas inside the tubes and thus fewer
heat transfers to the cold HTF. Consequently, a higher temperature is
achieved at the air outlet. For slower air flow (0.25 m/s), the outlet tem-
perature of the air reaches 16.5°C; however, for the faster flow (1 m/s),
the temperature of the outlet cross-section reaches 18°C.

Exhibit 9 illustrates the heat transfer rate from the air (hot fluid) to
the water (cold fluid) for different inlet air velocities. The heat transfer
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EXHIBIT 9 Thevariation of heat transfer rate between the hot
and cold fluids for different air inlet velocities. [Color figure can be
viewed at wileyonlinelibrary.com]
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EXHIBIT 10 The variation of air temperature at the outlet for
different air inlet temperatures [Color figure can be viewed at
wileyonlinelibrary.com]

rate is directly proportional to the inlet air velocity. The heat transfer
rate is 58 kW for the inlet air velocity of 0.25 m/s and increases by 32%

and 55% when the air velocity rises to 0.5 and 1 m/s, respectively.

5.2 | Effect of inlet temperature of the air

The flow rates and the temperature of the fluid inside the heat
exchanger have a great influence on the system’s performance.
Exhibit 10 shows the variation of the outlet air temperature as a
function of the inlet temperature of the air for different inlet air tem-
peratures of 80, 90, and 100°C. Increasing the inlet air temperature
increases the temperature at the outlet; however, the rate of increase
from 80 to 90°C is lower than that when the inlet air temperature
increases from 90 to 100°C. For the 80°C of inlet air temperature, the
outlet temperatureis 26.8°C. By increasing the inlet air temperature to
90 and 100°C, the temperature at the outlet section increases by 2.2%
and 8.6%, respectively.

The heat transfer rate is also affected by the inlet air temperature.
Exhibit 11 shows the variation of the heat transfer rate for different

inlet temperatures of the air. For the air inlet temperature of 80°C,
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EXHIBIT 11 The variation of heat transfer rate between the hot
and cold fluids for different air inlet velocities. [Color figure can be
viewed at wileyonlinelibrary.com]
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EXHIBIT 12 The variation of air temperature at the outlet for
different inlet water temperatures. [Color figure can be viewed at
wileyonlinelibrary.com]

the heat transfer rate is 41.3 kW which increases by 17.4% and 42.6%

when the inlet air temperature rises to 90 and 100°C, respectively.

5.3 | Effect of inlet temperature of the water

The thermal convection of the HTF has a great impact on the sys-
tem’s performance. Exhibit 12 illustrates the outlet air temperature as
a function of the inlet water temperature for different temperatures
of 15, 20, and 25°C. The figure shows that the outlet air tempera-
tureis almost directly proportional to the inlet water temperature. The
colder HTF can absorb more heat from the air pipe because of the
higher temperature difference between the water and the air, which
helps more heat transfer through the convection process. The outlet
air temperature is equal to 17.2,22.3, and 29.5°C when the inlet water
temperature is 15, 20, and 25°C, respectively.

Through the convection heat transfer, more heat delivers from the
air to the cold water, due to the relatively higher temperature dif-
ference between them (shown in Exhibit 13). A total 77.5 kW of the
heat transfer rate delivers when the inlet water temperature is 15°C,
whereas this value reduces to 63 and 59 kW when the inlet water
temperature is 20 and 25°C, respectively.
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EXHIBIT 13 The variation of heat transfer rate between the hot
and cold fluids for different inlet water temperatures. [Color figure can
be viewed at wileyonlinelibrary.com]
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EXHIBIT 14 The variation of air temperature at the outlet for
different water inlet velocities. [Color figure can be viewed at
wileyonlinelibrary.com]

5.4 | Effect of inlet velocity of the water

By increasing the water velocity at the inlet, continuous cold fresh
water is always in the shell, which means that a higher temperature
difference between the water and the gas can be provided and conse-
quently, the outlet air temperature drops by increasing the inlet water
velocity. Exhibit 14 displays the variation of air outlet temperature for
different inlet water velocities of 0.05, 0.1, and 0.15 m/s. As shown, by
increasing the water velocity at the inlet, a higher outlet temperature
is achieved for the air. The air temperature at the outlet is around 29°C
for the inlet water velocity of 0.05 m/s while it reduces to 28.3 and
27.7°C, respectively, for the inlet water velocities of 0.1 and 0.15 m/s.
Exhibit 15 illustrates the heat transfer rate based on the inlet water
velocity. The figure shows that the heat transfer rate is almost propor-
tional to the inlet water velocity directly. The reason is that the fast
water flow on the external surface over the pipe extracts more heat
from the pipe through the conversion process. Besides, increasing the
flow velocity increases the temperature difference between the water
in the shell and the air in the tube due to a continuous supply of fresh
water. The heat transfer rate is 59 kW when the water inlet tempera-
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EXHIBIT 15 The variation of heat transfer rate between the hot
and cold fluids for different water inlet velocities. [Color figure can be
viewed at wileyonlinelibrary.com]

ture is 0.05 m/s which increases by 80% and 168% when the flow rate
increases to 0.1 and 0.15 m/s, respectively.

6 | CONCLUSION

In this study, a CFD analysis was performed to study the performance
of a condensation heat exchanger used in the microwave reduction
process. The heat exchanger was modeled numerically based on a
real condenser used for the waste tires reduction process which is
a shell-and-multiple tubes heat exchanger. The output gas from the
microwave reactor passes through the tubes of the condenser while
cold water from a cooling tower flows inside the shell. A sensitivity
analysis was performed to determine the effects of inlet temperatures
and mass flow rates of the gas and water. The following are achieved
through this study:

* Increasing the inlet air temperature of the gas from 80°C to 90 and
100°C, the temperature at the outlet section increases by 2.2% and
8.6%, respectively when the water inlet temperature is 25°C. The
heat transfer rate increases by 17.4% and 42.6% when the inlet air
temperature rises from 18°C to 90 and 100°C, respectively.

* The heat transfer rate increases by 32% and 55% when the air veloc-
ity rises from 0.25 m/s to 0.5 and 1 m/s, respectively, for the inlet
gas and water temperatures of 80 and 15°C, respectively. The outlet
temperature of the gasis 16.5°C for the gas inlet velocity of 0.25 m/s
while it is 18°C for the gas inlet velocity of 1 m/s.

* The outlet air temperature is equal to 17.2, 22.3, and 29.5°C when
the inlet water temperature is 15, 20, and 25°C, respectively. The
heat transfer rate is 77.5 kW when the inlet water temperature
is 15°C, while it reduces to 63 and 59 kW when the inlet water
temperature is 20 and 25°C, respectively.

* Theoutlet gas temperature is around 29°C for the inlet water veloc-
ity of 0.05 m/s while it reduces to 28.3 and 27.7°C, respectively, for

the inlet water velocities of 0.1 and 0.15 m/s.
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