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ABSTRACT

In the current study, some thermodynamic aspects of flow stream inside vapor compressors
are investigated numerically and the effects of the geometry on compression process are
clearly explained. A compressor provides the required energy for distillation process and
the driving force for overcoming dynamic pressure losses inside the evaporators. Thermal
compression process is frequently used in recent multi-effect desalination units. The basic
phenomena within these devices are similar to ejectors and thus might be improved by a
thoroughly CFD simulation. An experimental thermal-vapor compressor is investigated in
both 2D and 3D approaches to reveal the flow characteristics inside the non-symmetric
zones. Variations of some major thermodynamic properties (i.e. velocity, pressure, tempera-
ture, and density) are completely investigated within the compressor and useful graphs are
produced. Afterwards, the numerical results are compared with experimental ones. Finally,
it is shown that the flow deflection in the suction chamber is consequentially declined,
which means the non-symmetric geometries have no considerable effect on the overall
performance for industrial usages.

Keywords: Thermal desalination process; Vapor compression; CFD Simulation; Non-symmetric
geometries

1. Introduction

Desalination can be achieved by a number of tech-
niques. These may be classified into two categories:
thermal (two phase) process, and membrane (single
phase) process [1]. One of the most common ways to
remove salt dissolved in seawater is distillation. Distil-
lation is simply performed by heating seawater. Steam
generated by evaporation of water is allowed to con-
dense and produce fresh water.

*Corresponding author.

Steam jet compressors (also called thermal-vapor
compressors or TVC) are used to extract water
vapor from the main vessel of evaporators [2]. This
simple mechanical device uses high-pressure steam
as the “motive flow” to compress another low-pres-
sure flow called “suction flow.” TVCs are particu-
larly used in the multi-effect desalination (MED)
systems. The principal purpose of using the TVC
for a MED wunit is to return the useless steam
accumulated in the condenser to the first stage of
evaporators.
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A pilot-scale MED unit producing 50 tons per day
of distillate water designed by Park et al. [3]. They
could show a good agreement between experimental
results and those obtained from their CFD simula-
tions. Taking actual operation into account, some
TVC-related factors, such as entrained steam position
and motive steam parameters, were studied analyti-
cally, and the influences on the system performance
were predicted through fundamental gas dynamics
relations [4].

A reliable design methodology for thermal
compressors with given operating conditions was
introduced in [5,6]. This method revealed a practical
relationship between characteristic parameters and
nondimensional geometrical parameters, which could
be used for geometry sizing.

The effects of back pressure on the flow behav-
ior of the supersonic jet and the entraining capabil-
ity of thermal compressors were presented in [7].
Different motive and discharge pressures were con-
sidered in [8] to obtain a modified thermo-compres-
sor design. To use steam more efficiently, the
performance of a MED-TVC was studied under the
different steam properties injected to the thermo-
compressor [9].

The effect of mixing zone geometry on the
performance of thermo-compressors was numerically
investigated in [10] and experimental modifications
according to simulation results were applied to a
real-life TVC installed in an industrial MED unit.
Exergy analysis of a combined desalination unit with
a thermo-compressor was performed in [11]. The first
attempt to tackle two-phase flow aspects based on
the wet steam theory was numerically performed

by Sharifi et al. [12], and they produced more
reasonable results compared with single-phase
approach.

Since most of exergy losses in multi-effect
distillation wunits with vapor compression systems
occur in the thermal compressors, the rate of entropy
generation was numerically investigated in [13]. This
procedure was based on the second law of
thermodynamics to obtain lower exergy loss and
consequently higher entrainment ratio in MED-TVC
units.

In this study, the flow pattern within a TVC is
investigated by two different approaches (i.e. 2D
axisymmetric modeling and complete three-dimen-

sional simulation) to investigate the effects of
nonsymmetric zones on the flow properties.
Afterwards, the results are compared with experi-

mental data to show the deviation of each modeling
from the experiments.

1783
Themo-campressor Hr‘g}; pressure Steam
. led
Feed water Vaporjrecycle
Seﬂwuter
;“
Effect 4
Eﬂ’m 1 Eﬂ"ect 2 E)‘}’ect 3 Boiler
Bnne Di'stl.l'.l'ate

Fig. 1. Schematic of MED system with a TVC.

2. Experimental setup
2.1. Flow in a real MED system

Fig. 1 represents the flow diagram of the installa-
tion used in these tests. It shows a general MED pro-
cess in which the brine water is evaporated using a
heat source and the vapor is transferred to the com-
pressor. After being pressurized in the compressor,
the vapor with a higher condensation temperature
returns to the first-stage evaporator where it gives its
latent heat to the preheated brine. As a result, the feed
inside the tubes evaporates and the vapor on the shell
side gets condensed. The condensate is collected as
the distillate, and the vapor produced in the last stage
evaporator (i.e. condenser) goes to the compressor
again for the next cycle. The experimental setup con-
sidered in this study has four stages (called effects) as
shown in Fig. 2. Controls and instruments are quite
similar to those found in typical industrial plants else-
where.

The first effect is directly connected to the com-
pressor exit. The compressed vapor is delivered com-
pletely to the shell side of the evaporator and gives its
latent heat of condensation to the falling seawater film
inside the tubes. Thus, some parts of the brine water
inside the evaporator get evaporated and the steam
from the compressor gets condensed and collected as
distillate water by distillate pump.

2.2. Steam-related equipments

The required high-pressure motive steam for this
MED plant is supplied from a fire tube boiler installed
in the site and provides pressurized steam with a flow
rate of 25ton/h and pressure of 8barg. It should be
noted that the vacuum level inside the vessel is made
up by a single-stage ejector used as a hogging ejector
(i.e. startup ejector).

The presence of noncondensable gases in heat-
exchanger units reduces the heat transfer efficiency
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Fig. 2. Experimental setup of MED-TVC.

and increases the condensation temperature because
of their low-thermal conductivity. Therefore, a smaller
size ejector is used in normal operation of the system
to eject the NCG gases from interior parts and prevent
NCG accumulation within condensers or evaporators.
This steady process removes air and noncondensable
gases from the vessel at a lower flow rate compared to
the rate of hogging ejector.

During the test, the primary aim is to maintain
constant steam pressure and temperature on the suc-
tion side of the thermo-compressor and evaluate the
maximum delivery pressure in the discharge side (i.e.
1st effect). In other words, the objective of this test is
to observe variations in compression ratio over time.
Because the delivery temperature is slightly higher
than operating temperature of evaporators, no extra
heating load is exerted on evaporators.

2.3. Seawater properties

The seawater parameter specified for regional char-
acteristics is approximately given. Seawater tempera-
ture is 34°C, and total dissolved solid of seawater is
around 41,000 ppm. Other system parameters for this
experimental plant are addressed in Table 1.

Table 2 shows the measured values of pressure
and flow rate at suction and discharge boundaries of
the thermal compressor under different operating con-
ditions. It is obvious from the schematic flow diagram
(Fig. 1), the suction boundary is located on the last
effect and the discharge boundary is connected to the
first effect. These experimental values could be used
to evaluate the characteristic parameters (i.e. compres-
sion ratio and entrainment ratio) which will be
discussed in the last section.
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3. Theory

3.1. Gas dynamics aspects

The high-pressure motive steam injected into the
TVC passes through a convergent/divergent nozzle
(primary nozzle) and exits at supersonic level with
low-pressure in the nozzle outlet. The local pressure
drop at the nozzle exit region causes a reliable suction
capability to entrain the low pressure steam by
employing the momentum of the supersonic flow and
deliver it to the first stage of evaporators of the desali-
nation unit.

In fact, the TVC is made up of an internal small
convergent/divergent nozzle within a large one,
accounted as the casing of the TVC. The convergent
zone of the body in which the exiting flow from the
nozzle is mixed with the suction flow and it is called
as “mixing zone.” “Constant area zone” is the throat
of the body in which a strong shock wave is occurred
and has a great effect on the overall performance. The
diverging part of the body is called “diffuser” and has
an increasing effect on the pressure of subsonic flow
as it goes through it.

3.2. Main characteristics

There are two important nondimensional parame-
ters for the compression process in the thermo-com-
pressors which are defined as below. Entrainment
ratio (w) is defined as the ratio of suction mass flow
rate to motive flow rate, while compression ratio (y) is
defined as the proportion of discharge pressure to the
suction one. These values are calculated from experi-
mental measurements for each operating condition
and tabulated in Table 2.
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Table 1

System parameters and experimental conditions

Experimental conditions Value

Number of effects 4

Compression ratio 2.7-2.85

GOR 7.3-7.8

Operational pressure (mbar abs) 115-295

Total feed water flow rate in each 228-240
effect (ton/h)

Feed water flow rate in each effect 57-60
(ton/h)

Product water flow rate in each effect 18.87
(ton/h)

Boiler pressure (barg) 8

Boiler temperature (°C) 170-180

Boiler capacity (ton/h) 25

Unit capacity (daily distillate 1812
production) (m?/d)

Heating steam temperature in the 66-69
first effect (°C)

Heating steam temperature in the 62-65
second effect (°C)

Heating steam temperature in 59-61
the third effect (°C)

Heating steam temperature in 54-58
the fourth effect (°C)

Product quality (us/cm) 8-11

Seawater temperature (°C) 32-38

Seawater pressure after pumping (bar) 2.5

There is a critical backpressure in which the
compression effect is failed and the TVC cannot
deliver the sucked steam into the low-pressure vessel
(i.e. effect 1). This point of critical backpressure is
normally used as a key point to calculate the exact
compression ratio (y) of the TVC.
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3.3. Operating modes

The flow behavior within a TVC falls in three
distinct categories of subcritical, critical, and reversed
flow modes. These different operating modes for a
typical thermo-compressor are shown in Fig. 3, in
which the entrainment ratio (w) is plotted as a func-
tion of compression ratio (y).

As seen, entrainment ratio (w) remains constant
while the compression ratio is increased, up to the
point of critical backpressure in which the normal
operating mode of the TVC is decayed and entrain-
ment ratio (w) is rapidly dropped. The compression
effect is deteriorated beyond this point and the operat-
ing mode of the compressor changed into the reverse
flow mode, in which a backflow phenomenon is taken
place in the suction chamber and all entered steam
returns back into the vessel.

4. Numerical simulation

In order to clarify the flow behavior within a TVC,
numerical simulation of steady-state compressible flow
is undertaken. For this purpose, the commercial CFD
code of FLUENT 6.0 was employed to simulate the
complicated internal phenomena. GAMBIT 2.2 was
used to create appropriate grid elements inside the
calculation domain as well. In addition, all
calculations were performed for both axisymmetric
(2D) and full three-dimensional (3D) models of the
experimental TVC.

4.1. Governing equations

The compressible flow in channels and ducts is
normally governed by the general form of conservation
equations of mass, momentum, and energy. The equa-
tion of state for the water vapor is used on the basis of

Table 2

Experimental results of measured data for various operating conditions

Item Discharge pr. Suction pr. Compression Suction flow Motive flow Entrainment
number (mbar) (mbar) ratio (kg/s) (kg/s) ratio
1 279 125 2.23 5.01 6.80 0.73
2 284 124 2.29 4.76 6.57 0.72
3 303 128 2.37 5.31 7.17 0.74
4 305 123 2.48 5.51 7.58 0.73
5 311 121 2.57 5.17 7.00 0.74
6 322 120 2.68 5.32 7.14 0.75
7 333 119 2.8 4.83 6.67 0.72
8 371 128 2.9 5.16 7.44 0.69
9 381 127 3 3.63 6.84 0.53
10 381 123 3.1 1.08 7.07 0.15
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Fig. 3. Different operational modes of a typical TVC.

perfect gas law (i.e. P = pRT). Therefore, the governing
equations can be written as follows:

e Mass conservation equation

dp  O(pu;
9p | Olpwi) _
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o Momentum conservation equation
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Since the mixing phenomenon of two streams is taken
place in viscous conditions and affects the flow
pattern strongly, it is necessary to consider an
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appropriate turbulence model. The x—¢ turbulence and
standard wall function models were selected herein.
The realizable x— model (an improved version of the
conventional standard x-¢ model) was employed in
this study. This is due to its capability for predicting
more accurate spreading rate of a round jet [14].

0 0 0 oK
7 00) + 5 ) = [(u + u,/aoa—xj] Csre @
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4.2. Explanation on the solver procedure

The flowchart of computational procedure that is
required for solving aforementioned equations in the
FLUENT software with detailed description of
required inputs are presented in Appendix A.

4.3. Dimensions of computational domain

A simple layout of experimental compressor with
detailed dimensions of computational domain is
shown in Fig. 4. This fixed schematic layout was used
to produce two different grid models.

(1) Grid for 2D simulation: The number of struc-

tured elements generated for an axisymmetric
model was around 28,700 quadrilateral ele-
ments as shown in Fig. 5.
Grid for 3D simulation: The geometry of the
three-dimensional model was created similar
to the axisymmetric model, and approxi-
mately, 1,485,700 structured hexahedral ele-
ments were generated to cover the entire
calculation domain as shown in Fig. 6.

)

The main difference between these two models is
pertaining to the suction side in which a non-symmetric

i

180 100

Fig. 4. Dimensions of computational domain.
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zone can be observed in 3D model. This part was elimi-
nated in 2D model due to axisymmetric solver be used,
and a simpler solution method could be achieved.

4.4. Boundary conditions

In all TVC, there are two different flows entering
into and one mixed flow exiting from the TVC. The
“pressure inlet” type boundary condition was applied
to both motive and suction flows and the “pressure
outlet” type boundary condition was considered for
the discharge flow. The exact values that were applied
to these boundaries are listed in Table 3.

5. Results and discussion

In order to explain the flow pattern inside the
TVC, it is necessary to reveal the variations of
thermodynamic properties along the main axis (i.e.
axis of symmetry) of the TVC. The main flow
properties, which are discussed herein, are as follows:
velocity, pressure, temperature, and density, because
the flow field is strongly affected by variations of
these fundamental parameters. It should be noted that
other flow properties, such as flow Mach number,
specific heat ratio, dynamic pressure and so on can
be indirectly calculated based on these indicated
properties.

5.1. Graphs of thermodynamic variables

Figs. 7-10 show the variations of velocity, pressure,
temperature, and density along the axial direction
inside the TVC for 2D (axisymmetric) and 3D
approaches. As seen, approximately, similar trends for
each property represent an acceptable agreement
between these two numerical simulations. In other
words, the 2D approach is capable of producing rea-
sonable results as 3D one with some small discrepan-
cies. The exact flow phenomena can be explained as
follows.

The motive steam enters the TVC with a subsonic
velocity (x <0 on the graphs). As the stream flows in

Table 3

Temperature and pressure values at TVC boundaries
Temperature, ‘C Pressure

Primary flow 170 7 bar

Secondary flow 49 125 mbar

Discharge flow 69 288 mbar
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the converging part of the nozzle, its pressure is
reduced and its velocity increases (x~0 on the
graphs). The stream reaches sonic velocity at the noz-
zle throat, where its Mach number is equal to unity.
The increase in the cross section area in the diverging
part of the nozzle results in a decrease in the super-
sonic pressure and an increase in its velocity to higher
supersonic conditions (x>0 on the graphs).

At the nozzle exit plane, the motive steam pressure
becomes lower than the entrained vapor pressure and
its velocity ranges around 1,100m/s. All these
phenomena were illustrated in graphs in the vicinity of
x=0.

Afterwards, the velocity of entrained vapor
entering from the suction chamber increases and its
pressure decreases continuously through the sharp
converging duct at the beginning of the TVC body.

The motive steam and entrained vapor streams
may mix within the mixing chamber (with a smooth
converging angle) or they may flow as two separate
streams as they enter the constant area zone of the
TVC body, where mixing process is completed. The
fluctuations observed on the graphs of each property
between x ~ 0.5 and x % 2.5 are related to the formation
of oblique shock waves in the mixing zone (converg-
ing tube).

Afterwards, the mixture goes through a strong
shock wave within the constant area section of the
body. This phenomenon is observed around x % 3.0 on
the graphs. The shock is associated with a reduction
of the mixture velocity (Fig. 7), increase in the mixture
pressure (Fig. 8), increase in the mixture temperature
(Fig. 9), and increase in the mixture density (Fig. 10).
After this position, the flow becomes subsonic and
emerges from the diverging zone of the diffuser.

As mixture flow goes through the diverging zone
(x>3.5 on the graphs), further pressure increase and
velocity decrease occur in the diffuser. This means
that some parts of the kinetic energy of the mixture is
converted into pressure. Finally, the pressure of the
emerging fluid will become slightly higher than the
pressure of MED-vessels.

5.2. Contours of thermodynamic variables

In order to understand the above-mentioned pro-
cesses more clearly, contours of the flow temperature
and flow velocity inside the axisymmetric model of
the TVC is represented in Figs. 11 and 12. As
observed, these figures show a clear series of oblique
shock waves immediately after the nozzle exit
plane, which expands through the converging duct.
These shock waves are the main source of the
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Fig. 5. Axisymmetric model of the TVC.
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Fig. 6. Three-dimensional model of the TVC.
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Fig. 7. Variations of the flow velocity along the main axis
of the TVC.

fluctuations inside the TVC. For this reason, the
overall processes inside TVCs are considered as
complicated phenomena.

Another ambiguity involving the axisymmetric
simulation of the TVC is the shape of inlet part that
may undermine the assumption of flow symmetry
inside the domain. The TVCs used in industrial

b &
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)

-

Q’I 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8

Axial coordinate (m)

Fig. 8. Variations of the flow pressure along the main axis
of the TVC.

applications are wusually assembled by a steam
collector, which is connected to the suction chamber
as shown in Fig. 6.

Hence, the shape of flow pathway should be
precisely taken into account, as it may affect the over-
all performance of the TVC. In such situation, axisym-
metric formulation is not capable of modeling the
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Fig. 12. Contours of the flow velocity (m/s) inside the axisymmetric TVC.
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Fig. 13. Contours of the flow velocity (m/s) inside the suction chamber of the 3D TVC model.

Fig. 10. Variations of the flow density along the main axis
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Fig. 14. Contours of the flow pressure (mbar) inside the suction chamber of the 3D TVC model.
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Fig. 15. Characteristic curve of the TVC based on 2D
(axisymmetric) and 3D results compared with experimental
data.

variations of whole flow field. Thus, it is necessary to
use a full 3D simulation for the thermo-compressor.

Fig. 13 shows a limited range of variations
(0-100m/s) for displaying the contours of velocity in
the non-symmetric part of the TVC. As mentioned ear-
lier (explanations on Fig. 7), the overall range of velocity
in this device is varied from 0 to 1,100 m/s. Therefore, a
restricted range of variations was chosen for this picture
in order to contours be illustrated in more details.

A closer look on the flow velocity on the lower
and upper pathways of the inlet section reveals the
existence of a small difference less than 10m/s
(~0.91%) between these two flow velocities.

The same procedure is repeated for displaying the
pressure contours inside the suction chamber. As men-
tioned earlier (explanations on Fig. 8), the overall range
of pressure in this device is varied from 0 to 8 bar (i.e.
8,000 mbar).Thus, it was preferred to plot pressure
contours in the range of 120-140 mbar (i.e. available

pressure ranges in the suction chamber, before the
suction stream be mixed with the motive flow), in
order to contours be illustrated in more details.

As it can be seen in Fig. 14, the pressure difference
in the flow of lower and upper pathways is less than
5mbar (~0.062%). Since the upper and lower streams
merge together at the end of the non-symmetric zone,
the actual pressure at the inlet boundary of 2D model
could be assumed nearly equal to the nominal pres-
sure (i.e. 125 mbar).

5.3. TVC operating curve

Since the performance of the TVC is not solely
depend on thermodynamic properties along the cen-
terline, it cannot be concluded, at this time, that the
axisymmetric approach is quite similar to the 3D
model, unless the characteristic parameters of the TVC
are extracted from both numerical models.

Fig. 15 shows the characteristic curves of two sim-
ulated models together with experimental results. As
mentioned earlier, the TVC performance is expressed
as a function of both entrainment ratio (w) and com-
pression ratio (y).

The trend of w values against w for 3D model
represents the same trend as the axisymmetric one.
Furthermore, the maximum differences of @ and y
between these two models are lower than 0.45 and
0.37%, respectively. In addition, the critical
backpressure in which the y begins to drop is
substantially better for 3D model in comparison with
the experimental results.

This study is motivated by the need for a fast and
simple CFD simulation method that can be used to
design and evaluate the performance of a steam jet
compressor. The above consequences represent the
acceptable accuracy of the axisymmetric simulation in
comparison with full 3D one for thermo-compressors.
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Therefore, it can be judged the axisymmetric simu-
lation is capable enough for producing acceptable flow
field in the computational domain of a typical TVC,
and it is commonly preferred due to lower CPU time
and ease of mesh generation in 2D geometries with
respect to 3D ones.

Although, the parametric study is essentially
required to determine each geometrical parameter and
the best condition for flow properties at boundaries, a
detailed discussion on studying these parameters to
design an optimized thermo-compressor is beyond the
scope of current study. Such attempts may be reported
in a separate technical paper focusing on the design
methodology of TVC.

6. Conclusion

With the increasing intricacy of the compressible
flow steam within a TVCs, it becomes necessary, not
only to reveal the complicated internal phenomena,
but also to introduce methods of visualization that
make the flow behavior more easily interpretable.
Having a non-symmetric zone in the suction pathway
of a real TVC necessarily requires utilizing a three-
dimensional method. However, negligible effect of this
part on the overall performance of the TVC is
observed.

Therefore, axisymmetric simulation is preferred as
it provides reliable results inside the computational
domain. It means that the simpler axisymmetric
modeling of flow within a TVC is sufficient, and there
is no need to use a complete three-dimensional
simulation that requires more complicated grid
generation and more computational cost. The results
of both methods show a reasonable agreement with
experimental data. Moreover, this procedure is quite
capable of capturing different operational modes of
the TVC at both critical and sub-critical conditions.
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Symbols

E — enthalpy

g — gravitational acceleration
MED — multi-effect desalination
p — pressure

Src — source term

t — time

1791
T — temperature
TVC — thermal-vapor compressor
u — velocity
x — dummy variable
Greek
p — density
€ — turbulent dissipation rate
K — turbulent kinetic energy
T — stress tensor
u — dynamic viscosity
o — liquid surface tension
7 — compression ratio
© — entrainment ratio
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Appendix A. Flowchart of CFD solver
A.1. Introducing the density based mode in FLUENT

The nonlinear governing equations were solved using
the “Density-Based” method due to highly compressible
flow and high level of Mach number. In the density-based
solution method, the coupled system of equations (conti-
nuity, momentum, energy and species equations if avail-
able) is solved simultaneously using either the coupled
explicit formulation or the coupled-implicit formulation.
The manner in which the governing equations are linear-
ized may take an implicit or explicit form with respect to
the dependent variable (or set of variables) of interest [14].

In the density-based solution methods, the discrete,
nonlinear governing equations are linearized to produce a
system of equations for dependent variables in every com-
putational cell. The resultant linear system is then solved
to yield an updated flow field solution [14].

Because the governing equations are nonlinear (and
coupled), several iterations of the solution loop must be
performed before a converged solution is obtained. Each
iteration consists of the steps illustrated in Fig. A.1 and
outlined below:

(1) Update the fluid properties based on the current
solution. (If the calculation has just begun, the
fluid properties will be updated based on the ini-
tialized solution.)

(2) Solve the continuity, momentum, and energy
equations simultaneously.

(3) Solve equations for scalars, such as turbulence and
radiation, where appropriate.

(4) Check for convergence of the equation set.

The above steps are continued until the convergence
criteria are met [14].
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Update properties ‘

—_—
Solve continuity, momentum, energy, and
species equations simultaneously
‘ Solve turbulence and other scalar equations
No ( Y Yes
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Fig. A. 1. Overview of the Density-Based method in
FLUENT [14].

A.2. Inputs required for solver

The following procedures are essential for a problem
to be setup correctly in FLUENT solver:

(1) Importing a Mesh file 2D or 3D) such as those
introduced in Figs. 5 and 6.

(2) Setting the material properties adopted from FLU-
ENT material database for water/vapor.

(3) Setting the density of this material to be calculated
based on the ideal gas model.

(4) Setting the Boundary conditions according to
Table 3.

(5) Initializing the solver that is performed by com-
puting from all zones (embedded in the software

menus).

(6) Setting the residuals low enough (e.g. le-6 or
lower).

(7) Iterating the solution until the convergence criteria
are met.
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