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Abstract:

The demand for fresh water is increasing because of industrial development, intensified agriculture,
increasing of world population and improvement of standards of life. Today, access to the fresh water
has become a serious challenge in many parts of the world. One of the most affordable solution for
this problem is to use solar still system to provide the drinking water from brackish water sources.
One of the most important subjects of attention for many researchers has been to find appropriate
regions for economical use of this system. Because of time-consuming and costly processes of solar
still fabrication many researchers prefer to do computational fluid dynamics (CFD) simulation of solar
still to assess the productivity of the system.

In this project we want to develop a 3D CFD model of simple solar still (single slope solar still) and
we concentrate on the influence of the most important factor of the system productivity that is solar
radiation intensity. At the end of the project we can conclude that if solar radiation intensity increases
by 50%, the productivity of the system will be increased by 37.4%. We hope that by investigating the
other important factors in productivity of the system in many other projects we can find the best

regions for establishment of this system.
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e Introduction:
Water is the essence of life and without it we can live only 3 or 4 days. Global human population
growth demands the need of more fresh water, but water is a scarce resource. Almost 97 percent of
the water on Earth is seawater with a high salt content. Water demand is increasing because of the
industrial development, agricultural needs, home water usage, recreational and environmental

activities (1396 ,3bu 8 dxas - ygadl jg el - AS) a5 ),

Due to the expanding human population, competition for water is growing. According to the reports
of UNICEF and the World health organization today 2.2 billion people don’t have safely managed
drinking water services, 4.2 billion people don’t have safely managed sanitation services and 3 billion
lack basic handwashing amenities (UNICEF, 2019).

Today, solar energy can be used as an important source of purifying water. Solar still is a low-
technology cost solution that captures heat and energy from the sun, and with no adverse impact on
the environment makes water cleaner and healthier for human use and consumption. This technique
needs no fuel so, causes no pollution, but the distillate rate is a little low (Vaibhav Rai Kharea, Abhay
Pratap Singhb, Hemant Kumarc, Rahul Khatrib, 2016).

The solar still consists of a glass cover which allows the solar radiation to pass through it and the
blackened base of the still absorbs most of the heat. Consequently, the water begins to warm and
evaporates. So, the content of the air trapped between the water surface and the glass cover increases.
At last the water vapor condenses on the inside of the glass cover. The salts and microbes of the
original water are left behind and the condensed water can be saved to a storage tank to be used &l )

(1389 (0 S a0 (s plaly sala - Al

The productivity of the solar still system depends on the design, operational and climate parameters.
The designs parameters include water depth, insulation, cover material, its thickness and inclination

and evaporation area. The operational parameters are feed water preheating and water salinity. The
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climate parameters consist of solar radiation intensity, wind velocity, ambient temperature and relative
humidity (Prachi K.Ithape, Anand R Nadgire, Dr.Shivprakash Bhagwatrao Barve, 2017).

The objective of this research is to develop a 3D CFD model of simple Solar still to investigate the
radiation and evaporation phenomena in the solar still system. This model has been developed with
the help of ANSYS Workbench and then simulated with Fluent. The concentration of this research is
on the effects of the most important climate parameters i.e. solar intensity. To investigate the effect of
solar intensity on the mass flow of saturated water vapor production which leads to water production
after condensation, we assume that Direct Solar Irradiation (w/m?) is always a fixed number and by
this way we calculate the temperature of water(C°) and the mass flow rate of vapor (kg/h) for two

quantities of solar intensity 1500 w/m? and 1000 w/m? and then we compare them.

¢ Analytical method for get the amount of evaporated water and the physical
properties of the system:

By the use of thermodynamic and heat transfer relations we can get the general equations for different

parts of the system. At first, we must analyses the conditions of the inlet air. By knowing the wet and

dry bulb temperature of inlet air and the psychrometric table, we can get the relative humidity (¢) of

the inlet air. The ratio of amount of moisture the air holds (my) to the maximum amount of moisture

the air can hold at the same temperature (mg) is called relative humidity.

p=" (D

p=to_pw_W )

The mass of water vapor which is present in a unit mass of dry air is called absolute or specific
humidity:

W=t (kg water vapor/ kg dry air) 3)

Mmq
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By considering ideal gas we can define these relations:

M, =2 )
PaV

Ma = Rer

Also, we have:

w = 0.622 i—" (kg water vapor/ kg dry air) (5)

We can get partial pressure by having specific humidity from psychrometric tables and vapor
pressure. Also, we can get the mass of the air and the mass of inlet vapor by knowing the volume of
the system and the temperature of the environment.

According to the picture heat transfer between the glass and the outlet air in the form of convection
and radiation, between the glass and the air and the inlet vapor in the form of radiation and convection,
between water and air and vapor in the form of radiation and convection and evaporation, between
basin of the system and water in the form of radiation and convection and between the side wall of

the system and outside air in the form of conduction can be done.

. a*TF"™S . 4
ho(T, —T,1) 'S oT2 ™S oTy1 S
Tal T
il | / /
a*EgS ——» Tc /
Ta s
Qal hil (Tc - Ta) *S g TC S QaZ
a BT~ ) S oTiy'S
Qwi «—— Tw

- @ @O

O (T = Tar)'S
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Now we can study all the processes:
o Heat transfer on the glass:

According to the picture we have this equation:

hO (Tc - Tal) 'S a*TH™S 4 *
c oTZ 'S oT *g
P i
l ¥ ¥
a’EiS ——» Tc /
Ta .
hil (Tc - Ta) 'S o TC S
w . 2
Eg (F) :The amount of solar radiation S(m?): Area of surface
a: Glass absorption coef ficient T,1(k): Air temperature
o (#) :Stefan — Boltzmann constant T.(k): Glass temperature

T,(k): Averaged inlet and outlet air temperature

ho (%) : Outlet convection heat transfer coef ficient

hi1 (%) : Inlet convection heat transfer coef ficient

QEsS + oTXS + 0TAS = 26TES + ho(Te — Tyy)S + hyy (T, — T,)S (6)




Tina Bahador- B.Ch. E- 2019, 9

o Heat transfer between basin of the system and water:

According to the picture we have these equations:

qu hi2 (Tw - Ta) 'S O-*Tg *S 4 *
T*EL"S o' TS

Va / | N

x ; \

< Tw

- @ @O

QT — Tar)'S

Qw1

cond: The proportion of insulation thermal conductivity coef ficient to insulation

thickness
T,,(k): The basin water temperature T,,1(k):The inlet water temperature
T:The glass transmittancy hsg (]:—g) : Latent heat of vaporization

Mevap (k?g) :The mas of evaporated water

CP, (kg]—_k) : Specific heat capacity of water

qu: The quantity of energy for water evaporation

—Qu1 + 0TS + TEGS = hyp(T,, — T,)S + cond(T,, — To1)S + TS + qu (7
Qw1 = mevapCPw (Tw - Twl) (8)

qu = Meyap hfg 9




o Heat transfer on the mixture of water vapor and air:

In this picture all the processes of heat transfer have been shown:

Tc
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Qa1 b \

hil (Tc - Ta) *S

qu hiz (Tw - Ta) *S

/ /

Qa2

Tw

Qa1 (é) : The heat energy of inlet air

Qa2 (ﬁ) : The heat energy of outlet air

Qal + hil (Tc - Ta)S + hiZ (Tw - Ta)S + qu = Qaz

According to these equations:

Qa1 = Mgihgq + my1hyy hy, = hg
Qaz = Mgzhgy + myshyy hy, = hg

Myy = Meygp + My

_ Ta1tTq2

T, >

=> Taz = ZTa - Tal

(10)

(11)

(12)

(13)

(14)
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S0, Mevap — Tc- Twand Ta are the unknown of problem:

Meyap = hcc(pg - pv)S

In which:

hee (%): Mass transfer coef ficient
k . e
Pg (m—i) : Density of saturated vapor at specific temperature

k . e
P (m—i) : Density of vapor at specific temperature

PV =mRT => P =pRT = p(&)T => PM = ppT =>p ===
R

R=8314L MmM=18
kg

P

P = Jezr

By replacing the relation 18 in the relation 15, we have:
— hec[Pg _ Py
Mevap = 7o, [TW Ta] S
P,(Pa):The saturated vapor pressure at T,
P,(Pa): The partial vapor pressure at T,
T,(k):The avarage temperature of inlet and outlet air

We can rewrite the relation 5:

w = 0622 —

(Patm_Pv)

(15)

(16)

(17)
(18)

(19)

(20)
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By replacing the relation (1) in the relation (20), we have:

Py

_ 2
w = 0622 G (21)
Also, we can rewrite the relation (20):
WPatm
VT (0.622+w) (22)
By considering the relation (3), we have:
_ My _ Myz _ My1+tMepgp
w1 = My Wy = me . mg (23)
By averaging the specific humidity, we have:
_ witwy _ 2ZMygtMepap
o2 2mg (24)
By replacing the relation (21) in the relation (19), we have:
heeS 2my+mMeyq
mevap = E ngTw - Patm [1'24ma+2mv+_’:emp” (25)
In which:
1.11h
hec == (26)

h (mv;k) : The convection heat transfer coef ficient.

p (%) :Vapor density at specific temperature.
J

Cp (kg—k> :Specific heat capacity of vapor at specific temperature.

Now, we can get the four unknown Tc, Tw, Taand mevep by solving the four relations 6, 7, 10 and 19
simultaneously (Yunus A.Cengel- Michael A.Boles, 2011), (Yunus A.Cengel- Afshin J.Ghajar, 2015).
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e Design:

In this project we do our researches on the simplest kind of solar still. The 3D geometry of solar still
is modeled using ANSYS Design Modeler.

Constituents:

- Solar still is made with an aluminum with a base area of 1m?.
- Sea water level of 5cm.
- Glass cover inclination of 15 degrees.
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Figure 1, Single slope solar still.
e General:

o Mesh:
The quality of meshes:
The quality of meshes has an important role in stability and precision of numerical calculations.
Maximum Aspect ratio: The aspect of length to the width which is used to measure cells elongation
is called aspect ratio. The ratio must be five or less in the main region of mesh and far from the
boundary condition. However, the number much higher is also common in boundary conditions layer.
Minimum Orthogonal quality: besides minimum aspect ratio the quantity of minimum orthogonal
quality is also reported. Number one refers to best quality and number zero shows the worst quality.
According to the supposed mesh for this problem this quantity is 1.78527e-1 which is the result of
extended cells near the boundary conditions.
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According to the picture most of the cells have good quality and the quantity of orthogonal quality is
equal to 0.929 but in boundary layers this number is equal to 1.78527e-1 (Munoz, 2015).

Figure 2,0rthogonal Quality of Meshes.

& x
Ninimum Ozthogonal Quality = 1.78527e-01 cell 524 on zome 3 (ID: 52407 on partition: 0) at loca

(To improve Ozthcgonal quality , use "Inverse Orthogonal Quality® inm Flueat Meshing,
vhere Inverse Ozthogonal Quality = 1 - Ozthegonal Ouality)

Maxinus Aspect Ratio = 1.61273@+01 cell 1024 on zone 3 (ID: 53107 on pastition: 0) at locasien
Meah Size

Level Cells Faces Hodes Fartitions
0 85772 175848 16519 i

Figure 3,Mesh Properties.
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Mesh Independence:

It's important to be sure that mesh presence causes correct answers. If we want to be sure about the
answers, we must check that to solve the problem is independence from mesh which means that
answers will not change with varying the mesh. For this purpose, we create smaller meshes and start
the calculations till we reached convergence then we compared the results of two different size of
meshes. Since the results were appropriately the same, we use the greater meshes for calculations
because it needed less calculation times (LEAP CFD Team, 2012).

o Solver:
Type:

Pressure-based solver

Density-based solver

We can use those two solvers in a vast limit of flows, but in some cases one solver is better than
the other one. We use pressure-based solver most in incompressible and semi- compressible flows,
but we use density- based solver in high velocity compressible flows.

There are two Implicit and Explicit methods for density- based solvers. The Implicit method in
steady-state problems is more rapidly converged than the explicit method but it needs more
memories.

For pressure- based solvers we have two segregated and coupled methods. In segregated algorithm
the equations are solved separately but in coupled algorithm momentum and continuity equation
are solved simultaneously. Coupled algorithm has higher converged velocity but it needs more
memories. Coupled algorithm shows a better operation in most single-phased flows, but for multi-
phased flows it cannot be used and it needs 1.5 twice more memories.

The models which are present in pressure- based solvers and not in density-based solvers are:
Cavitation model, VOF model, Multiphase mixture model, multiphase Eulerian model, Non-
premixed combustion model, Premixed combustion model, partially premixed combustion model,
Rosseland radiation model, Solidification and melting model, Buoyancy operating pressure, ...
The models which are present in density- based solvers and not in pressure- based solvers:

Ideal gas models, Non- reflecting boundary conditions, water vapor multiphase model, ...
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Pressure-based solver Pressure-based solver Density-based solver

(Segregated) PBCS(Coupled) DBCS(Coupled)

Solve momentum
equation U

Solve momentum

equation 'V
. Solve conservation of mass,
Solve conservation of X q
momentum, energy an
Solve mqmentum mass and momentum . gy
equation W species

Solve conservation
of mass

Speed update

i

Solve energy equation

d

Solve species equation

Il

Solve turbulence «———

equation

7

Solve other transfer
equations required

Graph 1

(1397 ,s2568 s M sl Ladiga -5 5 yaal JiSO),
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General
Mesh

Scale... Check Report Quality

Display...

Salver

Type Velocity Formulation
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Time
() Steady
(® Transient

Gravity Units...

Gravitational Acceleration
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z (m/s2)[o 7]

Help

Figure 4

e Models:
o Multiphase:

Modeling of multiphase flow:

Phase is a type of material with specific boundary which shows a special dynamic answer to the
potential field of environmental flows. Generally, the phases are existed in three forms: solids, liquids
and gases, but also it refers to materials in the same phase (such as liquid-liquid) which have different
chemical properties.

Multiphase flows are existed in two types like mixture of different materials such as water and oil or

different phases of material such as water and vapor.
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In multiphase flows, fluid is defined with only a primary phase and some secondary phases. One of
the primary phases is considered continuous and the secondary phases are scattered in it.
The multiphase flows can be classified according to the type of the phases which mixed together:

1- The multiphase flows Liquid/Liquid or Liquid/Gas

- Bubbly flow: Discrete gaseous or fluid bubbles in a continuous fluid such as evaporators,
absorbers, aeration, flotation and ...

- Droplet flow: Discrete fluid droplets in a continuous gas such as absorbers, atomizers,
combustors, dryers and ...

- Slug flow: Large bubbles in a continuous fluid such as large bubble motion in pipes or tanks.
- Stratified/ free-surface flow: Immiscible fluids which are separated by special interface such
as free surface flow such as sloshing in offshore separator devices and boiling and condensation

in nuclear reactors.

2- The multiphase flows Solid/Gas

- Particle-laden flow: Discrete solid particles in continuous gas such as cyclone separators, air
classifiers, dust collectors and...

- Fluidized beds: A vertical cylinder with particles in which the gas rising through the bed and
suspend them such as fluidized bed reactors and circulating fluidized beds.

- Pneumatic transport: The flow algorithm is dependent on factors like Reynolds number and

the properties of particles such as transport of cement, grains and metal powders.

3- The multiphase flows Solid-Liquid

- Slurry flow: Transport of particles in liquids such as slurry transport and mineral processing.
- Hydro transport: Densely-distributed of solid particles in a continuous liquid such as mineral
processing and biomedical and physiochemical fluid systems.

- Sedimentation: It refers to a high column which contains a uniform mixture of particles, but
the particles come down slowly and sediment in the form of sludge layers such as mineral

processing.
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Generally, there are two methods for studying multiphase flows:
1- Euler- Lagrange method
2- Euler-Euler method
The choice of the best method for modeling multiphase flows is very important and depends on

whether the flow is stratified or disperse.

1- Euler-Lagrange method

In discrete phase model Euler- Lagrange method is used. In this state discrete phase able to change
the momentum, mass and energy of fluid phase. In this case the fluid phase is solved by Navier-Stokes
equation, and the discrete phase is calculated by tracing a large number of particles, bubbles or
droplets. This method is suitable for spray- liquid fuel combustion, coal and the flows containing
particles.

However, this model isn’t suitable for liquid-liquid mixture modeling, fluidized bed and states in
which the second phase volume proportion isn’t negligible.

2- Euler- Euler method
Since the volume of one phase cannot be occupied by another phase, the concept of phase volume
fraction is given. These volume fractions are assumed to be continuous functions of space and time

that their sum is equal to one.

There are three different models for multiphase Euler-Euler which are named:
1- Volume of fluid model (VOF)
2- Mixture model

3- Eulerian model

1- Volume of Fluid (VOF)
This model is designed for detection of position and movement of free surface of two or more
immiscible fluids. In this model a separate collection of momentum equations is shared by the fluids
and volume fraction of fluid is detected in calculated cells.
Applications:
v" The movement of great bubbles in a liquid.
v' Stratified flows.

v" Free- surface flows.
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v" Filling of tanks.
v" The movement of sludge and stodge.
v The movement of fluids after breaking of dam.

Limitations:
v This model should not be used in empty regions without any fluids. In fact, all the
controlled volumes must be filled with a single fluid phase or a combination of phases.
v Only one of the phases can be considered as the ideal compressible gas.

v The use of explicit second-order time steps formulation is not possible.

2- Mixture model

In this model the simple assumption of small Stocks numbers is considered. In this model the
momentum equations are solved and relative velocity for determination of diffusion of phases are
specified.
Applications:

v The flows of suspended particles with low load

v Bubbly flow
v Sedimentation
v

Cyclone separation

Limitations:
v Only one of the phases can be considered as a compressible ideal gas.
v Impossibility of melting and solidification modeling.
v The impossibility of using in non-viscous flows.
v

The impossibility of using shell conduction model for walls.

3- Eulerian model
This is the most complex model of multiphase and in which the n collection of momentum and

continuity equation for each phase is solved.
Applications:
v Bubbly flow.

v Full particles flow.
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v" Droplet flow.

v" Fluidized beds.
Limitations:

v" The Reynolds Stress turbulence model is not available on a per phase basis.
v Impossibility of melting and solidification modeling.

v"Inviscid flow is not allowed.

The calculation is largely depended on the number of transition equations and the degree of

coupling. So, before solving the Eulerian model the problem must be simplified as far as possible
(16.Multiphase Flows, 2009).

= Multiphase Model

>
Model Humber of Eulerian Phases
O off 3 .
O volume of Fluid
(O Mixture
® Eulerian

Eulerian Parameters

Evaporation-Condensation

Evaporation-Condensation Model Options
O Lee Model

® Thermal Phase Change

Volume Fraction Parameters
Formulation

O Explicit

® Implicit

B [ [

Figure 5
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» Phases
‘:-“-_- Phase o
Name
|phase-1
Phase Material|air j
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[ Interfacial Area Concentration
Froperties
Diameter [mj|cnnstant j
|1e-05 |
4 *
Secondary Phase *
MName -
|phase-3
Phase Material| water-vapor j
[ Granular
[ Interfacial Area Concentration
Properties
Diameter [m]| constant j
1e-05 |
4 |
m ‘ Delete | |Cance| ‘ ‘ Help |
Figure 6
Granular:

The granular flows refer to the flows that the concentration of solid particles is very high that leads to

the high frequency of collision between them.
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Molecular cloud theory is considered for particles phases which leads to the creation of extra tension

in momentum equations.

> Phase Interactions

= Drag

For two granular and non-granular flows, the drag function must be determined to calculate

coefficient of momentum variation.
The choice of appropriate drag function for a pair of phases:
- Schiller- naumann

This is a presupposed model of solvers which is generally appropriate for calculating multiphase fluid-
fluid.

- Morsi- alexander

This is the most complete model but with less stability and is appropriate for fluid-fluid drag function

in which the defined function is regulated on a vast domain of Reynold number.
- Symmetric

This model is appropriate for fluid-fluid drag function and is used in flows in which the separate phase

is turned to a continued phase in the solving domain.
- Universal-drag

This model is used for bubble-liquid or droplet-gas flows when the characters of the flow range length

are larger than the average size of the particles.
- Wen-yu

This model is used for fluid-solid function and is appropriate for dilution flows.
- Gidaspow

This model is used for fluid-solid function and is appropriate for concentrated flow in fluidize bed.
- Syamlal-obrien

This model is used for solid-solid function.
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: Phase Interaction <

Virtual Mass  Drag  Lift  Wall Lubrication = Turbulent Dispersion  Turbulence Interaction Heat Mass  Surface Tension  Interfacial Area

Drag Coefficient

O Drag Modification

[phase-2 || phase-1 ||SChi|Ier-naumann -]
| |

[phase-3 |[phase 1 ||schiller-naumann j| Edit |
| |

|phase—3 ||phase—2 ||schiller—naumann j
| |

o
Figure 7
= Lift

Usually the lift force is very trivial and is negligible compared to drag force.

Phase Interaction

X
Virtual Mass ~ Drag  Lift  Wall Lubrication = Turbulent Dispersion ~ Turbulence Interaction ~ Heat  Mass  Surface Tension  Interfacial Area
Lift Coefficient
|phase—2 thase—l |: _I |
|n0ne
|phase—3 thase—l |

E—

3 [coce] [rev]

Figure 8
= Virtual mass

It is only considered when the density of secondary phase is very smaller than the density of primary

phase.
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Phase Interaction «

Virtual Mass ~ Drag  Lift ~ Wall Lubrication ~ Turbulent Dispersion ~ Turbulence Interaction ~ Heat  Mass  Surface Tension  Interfacial Area

[ virtual Mass Modeling
Virtual Mass Coefficient

|phase—2 ||phase—1 ||C0nstant j|

[05

|phase—3 ||phase—1 ||constant j|

los

B (o] [

Figure 9

= Heat

In considering heat transfer the appropriate relation for heat transfer coefficient must be chosen.

| BB Phase Interaction x

Virtual Mass ~ Drag  Lift  Wall Lubrication =~ Turbulent Dispersion  Turbulence Interaction =~ Heat  Mass  Surface Tension  Interfacial Area

Heat Transfer Coefficient (w/m2-k)

‘phase—z ||phase—1 ‘:twn-resistance j|
‘phase—B ||phase—1 ‘:twn-resistance j|
‘phase—a ||phase—2 ‘:twu-resistance j|

-

B (o] [

Figure 10

(1397 ,send oxila Ludiga - et o) 520l (s3¢0 yi0), (35.5.3 Phase Interaction Dialog Box, 2009).

o Viscous:

The methods of turbulence modeling:

-
1

Direct Numerical Simulation (DNS)
2- Reynolds-averaged Navier-Stokes (RANS)
3- Large Eddy Simulation (LES)

1- Direct Numerical Simulation (DNS)
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In this method the transient three dimensional Navier-Stokes equations are solved for all the scales
(space-time), so there is a large spectrum of frequencies and wavelengths which causes the direct
numerical solutions of Navier-stokes equations in turbulence and time dependent position which

requires many points, and as a result the calculation systems must be very costly and strong.

Also, we know that the turbulence flows are largely influenced by boundary conditions so in direct
solving of equations all the details of the flow like wall roughness and fluctuations of time and position
must be precisely considered. This matter also needs very complicated calculations which is exceeded
the velocity and memory of the most powerful today computers.

Although this method is very valuable for many researches, it is only suitable for simple geometry
and average Reynolds numbers. Unfortunately, this is a costly method for engineering and

experimental goals and is in need of very powerful computers.
2- Reynolds-averaged Navier-Stokes (RANS)

In this method the equations for average time quantity and turbulent oscillations flows are solved. For

computing the average time period, we must use this formula:

_ 1 (T
= lim = f f(x;, t)dt
f t—>oo T 0 t
Instantaneous field is defined by the sum of average and oscillation components:
p=p+p
u; = 1;1 + ul-'

When we average the Navier-Stokes equations, we can get the Reynolds averaged Navier-Stokes

equation:

ap |, puy) _

ac T ax; =0

a(p‘l;i) a(Pui_ui) _ 61_) [7] a‘l;i a‘lzi 2 au_m 7] .
ac T ax;  ox;  axj |l \ax; | ax 3 0ij dxm +ax]~( puu;)

g

Reynolds stress tensor (R;;)
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The only difference between the equations of laminar flow with the averaged equations of turbulence
flow is the Reynolds stress presence. This is not physically a stress but is the representative of the
exchange of increased inertia by the influence of turbulence flow.

Rij is also Reynolds stress tensor and is gained by the averaging of convection acceleration in
momentum equations and indicates the combination of the mixture as a result of turbulence and

smoothing of averaging.

By using appropriate statistical methods, we don’t need to use very small and dense element and
determining precise boundary and elementary condition is not needed.

The RANS model can be divided according to Reynolds stress calculation into two groups:
1- Eddy Viscosity Model (EVM)

In this model it is assumed that strain is proportional to stress. The only unknown quantity is effective

turbulent viscosity.

- du;  du;\ 2 O
—puu; = Ut(u-l'_])_gaij(pk-l'ﬂt%

/ 6xi

Eddy viscosity

Eddy viscosity is not a fluid property but it is a character of turbulent flow and is changed in flow
field according to its position. This modeling is only used for isotropic flows and cannot be used for

excessive circular flows, excessive curved lines flows and ...

Dimensional analysis shows that if we have the needed scales like velocity and length, it will be easy

to determine eddy viscosity.

=vefel = [Ex @ =[] <

For example, in simple flows by having the length and velocity scales we can determine turbulent

viscosity. Also, when we have time and velocity scales eddy viscosity can be determined.
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2- Reynolds Stress Model (RSM)

Transition equations for Reynolds stress terms are gotten. This is a more complicated model than the
EVM and tries to remove it's defects because there are more unknown variables. So, we need more
equations. This is a more costly and it is difficult to converge proportional to two equation models.
This model is more appropriate for three dimensional complex flows with curved lines and circular

flows.

apu;-u;- F) -

= .
o +6_xk(uk uiu]) = Pij + Fij + Dij + @5 — &

Sl LN

The product of tension

Turbulence Pressure  Depreciation
diffusion strain
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¢ ANSYS FLUENT TURBULENCE MODELS

Increasmg_ accuracy Single equation models Ir_1crease the cost_ and
and efficiency time of calculations
Spalart-Allmaras

| |

- Two equation models |

Standard k-¢
RNG k-&

Realizable k-¢

Standard k-w
SST k-w

4-Equation v2f

Reynolds Stress Model

k-kl-w Transition Model

SST Transition Model

Detached Eddy Simulation (DES)
Large Eddy Simulation (LES)

Graph 2
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=  Model:
v One equation model:
e Spalart-Allmaras
This is a low-cost model of RANS and solves the transition equation for reformed eddy viscosity. This

is a simple one equation modesl and uses only one equation to get distribution turbulence viscosity

(o).

It is more used for low Reynolds numbers. If we move from low Reynolds number to high ones, the

capability and accuracy of this model is reduced.

This model is appropriate for aerodynamic applications, turbomachine turbulence flow such as
supersonic/transonic flows near the airfoils and boundary layer flows.

v" Two equation model:
These equations have high capability with simple forms and by solving two transition equations we
can get two quantity of turbulence velocity and length scales independently.

The beginning point of all two equation models is the use of Boussinesq approximation and
presentation of a transition equation for turbulence kinetic energy(k). The choice of the second

variable is optional.

Generally, all the two equation models are very useful for industrial simulation because of their high

predictability, more economical and high precision for a vast range of turbulence flows.

p (66—1? + uiui,j) =—-P;+B; + [,u(uw- + ujli) — pu'i_u'j]

Uses Eddy-Viscosity equations for calculating

Reynolds stress such as - pu U’y = 2UeSij — gpk&j

Uses Eddy-Viscosity models such as k-e and k-w for determining turbulent viscosity ;.

e k-epsilon Model:
1- Standard k-e model

SKE is the most common turbulence model for industrial applications. It has experimental coefficients

that their quantity is gotten on the bases of experimental results. We can change the calculated
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coefficients to get the best results according to experimental consequences. But this model is very
sensitive to any changes of the coefficients. This model can give good answers to many vast areas of
complicated engineering problems if it comes with the Boussinesq relation. This model is only valid
for turbulent flows and have common methods of calculation for viscous heating. compressibility.
and buoyancy with other models of k-e. This model has a weak performance for complex flows with
high pressure gradient. dissociation and curved line flow but it is appropriate for primary repetition

and parametric studies.
2- RNG k-e model (Renormalized Group)

In this method, the k-e coefficient model is not gotten by experimental results. They are gotten by
analytical method according to the Renormalization Group theory. The results of this model for simple
flows in balance turbulence states are like the standard k-e model but for imbalanced flows specially
the flows with recirculation has the results with lower diffusion compared to the standard model.
Addition options of this model can help to predict the circular flows and low Reynolds number. This
model is appropriate for complex shear flow with rapid strain. average circular movement. eddies and

transient local flows.
3- Realizable k-¢ model (RKE)

This model has an optimum operation for circular flows, boundary layer flows under intense reverse

pressure gradient and dissociation flows.

e k-omega Model:
1- Standard k-w model (SKW)

These models are very popular and it has a lot of power when integration equations near the walls.

Therefore, there is less need or even no need to use empirical wall functions in them.

In this model two transition equations are solved to calculate k and w. Special loss rates. (e/k) will be
calculated according to the Wilcox relation and it has a good operation in simulation in flows limited
to the wall, free shear flows and low Reynolds number flows. This model is appropriate for complex
boundary layer flows, flows under reverse pressure gradient and compressible flows. This model has

a vast application for aerospace and turbomachine subjects.
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2- Shear Stress Transport k-« model (SST K-W)

This is a type of Standard k-w model which uses a combined function. Main model Wilcox is used
near the walls and Standard k-e model is combined with it for regions far from the walls. Transition
and shear options is gotten from Standard k-w model and no options contained compressibility. This
model is more secure and precise for a vast group of engineering flows like reverse pressure gradient
flows, airfoils, and transonic shock waves than the standard model.

v Reynolds Stress Model (RSM):

The two equations models have very precise answers in a vast group of engineering applications but,
have many defects in some cases, so RSM models are used in such cases. In this model the Reynolds
Stress is directly solved by transition equations and the isotropic viscosity assumption of the rest
models is avoided. It is used for very circular flows and is in need of more time processing and

memories and also very hard to converge. This model is appropriate for three dimensional complex
flows, strong curved line flows and circular flows.

v' Large Eddy Simulation (LES):

u;(x, t) = 1;- (e, t)+u';(x,t)
| | o ) 100, 0 0
Jat ox; pdx; 0Jx; 0Ox;
Instantaneou  Resolved  Sub grid

component Scale Scale e
e
I A
I |
/ I N O A
SEEEEEEmmEm .
e Filter,A
I I
I
LIt
i L
PR PP e
i : . 0w, ) 10p o [ 0w\ oy
Navier Stokes filtered equations: e T e L AR Dt ) )
at ox; pdx; O0x;\ 0x; 0x;

Tij = P(1Tuj - u_l- Izj)
(Sub grid scale Turbulent stress)
In this method spectrum of turbulent eddies in Navier-Stoke equations is filtered and this filter is a

function of grid measure. So, the eddies smaller than grid measure are omitted and are modeled by a
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sub grid scale (SGS) and larger eddies are numerically solved by using filtered Navier-Stoke
equations. This model is very successful in simulation of combustion- mixing and external

aerodynamics.

= Near-wall treatment:
Solving gradients near the walls are very high but, accurate calculations near the wall causes more
convergence simulation. For calculating near the wall only one of these options can be chosen:

1- Standard Wall Function

If this model is using, a high Reynolds number of turbulence models such as RKE, SKE or RNG will
be applied. Generally, if mixing calculations in the middle of the range of solutions are more important

than the wall forces this model is used.
2- Enhanced Wall Treatment

This is a mixture of Law-of-the wall and Two-layer zonal model and is appropriate for low Reynolds
number flows or flows with complex phenomenon near the wall. It needs tiny mesh near the wall and

is able to solve viscos sub layer.
3- Non- Equilibrium Wall Function

It is very responsive in high pressure gradients and dissociation flows (1394 ,.21),xs)- (Modeling
Turbulent Flows, 2006).
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X
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Figure 11

The general energy equation is expressed as follow:

at

7]
ZED 4 VAV (E +p)] = V. lkeerfVT = B byl + Tepp. V1 +

Transient Convection Conduction Diffusion Viscous
of species  depreciation

Sh

:

Enthalpy of
source/well
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1- The energy E per unit mass is determined as follow:

2
E=h-24+%
p 2

In compressible flow or when we choose density-based solver, pressure work and kinetic energy are
considered but ,in a pressure-based solver the pressure work and kinetic energy are forgotten. So,

when we need them to solve compressible flows, we must add by text command.
Define/models/energy?
Include pressure work in energy equation? Yes
Include kinetic energy in energy equation? Yes

2- The viscous depreciation energy source or viscous heating is expressed as follow:
V.Teps. V

This expression is important when the viscous shear is large in fluid or in high speed compressible

flows, but in a pressure-based solver it is neglected and should be performed as needed:
Viscous model —»Viscous heating — on

3- The energy source derived from the diffusion of the components, which indicates the effect of

enthalpy transfer due to the diffusion of components, is expressed as follow:

It is always considered in a density-based solver, but in a pressure-based solver, if necessary, should

be active as follow:
Species Model — Diffusion Energy Source

4- Only on the pressure-based solver, non-isotropic thermal conductivity in the solid state is

determined as follow:

V. (K;;VT)
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» Natural convection and buoyancy flows
If the added heat to the fluid causes it's density change, then natural convection will occur. In natural
convection the proportion of Grashof number to Reynolds number will show the importance of the

buoyancy force.

If this number is greater than one, buoyancy force must be considered.

Gr _ gPATL
Re2 ~  p2?

In natural convection the buoyancy force will be evaluated by Rayleigh number. In Rayleigh number

smaller than 108 the flow is laminar and in 108 < Ra< 10° the flow is transient.

ATL3
Ra = 9PATLp
ua

By considering gravity term, pressure gradient and volume force term in momentum equation, we will
have:
_or _s _ _

. TPg=> ——+(p—pog
This pressure transfer will prevent the display of rounding error numbers after activating gravity:
P =D = Pogx

» Natural convection-Boussinesq model

In most engineering problems for approximation of density changes by temperature we can use the
Boussinesq model which has a high convergence speed. In this the density behavior in all solving

equations except in boundary term of momentum equation is fixed.

This model assumes that the fluid density except for volume forces in momentum equation at the

direction of gravity, is uniform.

(p—po)g = —poB(T —To)g

In which we have: po = Flow density To = Operating temperature p=Thermal expansion

coefficient
The estimation of Boussinesq is accurate in this equation:

B(T —T,) <1
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Boussinesq estimation for many natural convection flows in contrast to the use of fluid density as the
temperature function gives a better convergence because constant density assumptions reduce non-

linearity (1397 ,s2568 s ke (s (udigs - sm 5 el jiS0) |
v"User inputs for natural convection:
The process of defining buoyancy forces in the simulation of natural convection is as follows:

1: Active heat transfer calculations:

B Energy =

Energy
Energy Equation

m Cancel | | Help

Figure 12
2: Enter operating conditions:
B Operating Conditions x
Pressure Gravity
Operating Pressure (pascal) Gravity
|101325 | E Gravitational Acceleration
Reference Pressure Location
X (mfs2) |0 | [F]
X (m) |0 | [F]
Y (m/s2) |-9.81 | [F]
Y (m) |0 | [F]
Z (mfs2) |0 | [F]
z(m)0 | [F]

Boussinesqg Parameters
Operating Temperature (k)
|288.16 7]

Variable-Density Parameters

L] specified Operating Density

o [zl

Figure 13
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o Radiation:

For modelling heat transfer by radiation getting the equation of radiative transfer is necessary.

Every input radiation loses some of its intensity because of absorption and scattering in the medium

phenomenon and causes that we have a formula for attenuation.
(dI)loss = _(a + ﬂs)lds
a is the absorption coefficient [m™] and usthe scattering coefficient [m™].

Since every material has the property of scattering and emission, a part of input radiation will be

augmented in its way, so we have formulas for augmentation in two parts.

It receives the emission of the medium: (dI)em = alpds

Ib is the black body intensity.
It also gains energy by scattering: (dI)sca(s”) :i‘—; ) 04” I(s")@(s™,s)HdQ'

s™" is the scattering direction vector, ¢ the scattering phase function [sr] and Q' a solid angle [sr].

We get Total radiative transfer equation by joining the above three equations:

di(r”,s” - N o o

ditr.s) + (a + ps)I(¥,8) = al, () + 'u—SJ- I(r’,s™)dp(s™,s7)dQ’
ds 4m ),

Also, Energy balance equation for thermal radiation propagating in a direction s is:

L(s+ds, s t+dt)—I(s,s",t) = agy(s,t)ds — agd(s,s", t)ds — ul, (s, s", t)ds +

Est [ 1e(s))@(s!,s)d@;ds

4 Jan

By introducing ¢ = ds/dt one can find

191, dl; 10l

N us/{ A A N
E ot +% = EE +s VI& = a&Ib& — BAIA + — I/{(Si )@A(Si , S )d®1

AT ),
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=  Model:
For modelling radiation in participating media, we couple General energy equation and Total radiation
transfer equation (RTE).

1- Surface to Surface (S2S)

The simplest model in Fluent for radiation heat transfer is S2S model which only considers surface to
surface radiation without any absorption, emission or scattering. It is only suitable for radiative
transfer problems without participating media such as CO2, H>O steam and ...

In this model the optical thickness is zero and the solving method is based on View factor calculation.
Advantages:

v Low time per iteration because of view factor method.
v" It is more accurate in cases of localized heat sources than DO or any ray tracing method.

v' It has smaller memory usage.
Disadvantages:

v"In the S2S model all the surfaces are assumed to be diffused.

It only assumes gray radiation.

As the number of surfaces increase, the required storage increases very rapidly.
We cannot use it in model participation radiation problems.

It cannot be used in symmetry or periodicity boundary conditions.

NN NN

It is not a conservative model.
2- Discrete Transfer (DTRM)

Another simple model is Discrete Transfer Radiation Model (DTRM) which considers only absorption

and emission phenomena without designation of scattering.

Main assumption: This model considers all the radiations over a certain range of solid angles
only as a single ray.
dI acT*

— = —qal
o al +

4
=2 (1= em) + fpems




Tina Bahador- B.Ch. E- 2019, 40

Advantages:

v Itis a simple model.
v' It is applicable over a wide range of optical thicknesses.

v"Increasing the number of rays can lead to more accuracy.
Disadvantages:

v Without particle/radiation interaction.
Without considering scattering.

Only applicable for diffuse surfaces.

It only assumes gray radiation.

It is not appropriate for dynamic mesh.
Accountable for optically thin media.

X X X X X

It is not a conservative model.
3- P1

The next model is P-1 which is the simplification of P-N model. In this model the intensity in a
participating medium can be shown as a rapidly converging series whose terms are based on

orthogonal spherical harmonics. The P-1 model in Fluent is a four-term abbreviation of P-N model.

Main assumption: We have a diffusion equation for incident radiation which is the result of the

integration of the directional dependence in RTE.

This model solves a simple diffusion equation for the incident radiation which is the sum of all

radiative intensity in all directions.

g (FaG>+4 T* =aG
axi axi €o -4

Also, by altering the diffusivity we can model the scattering effects:

1
3(a+as)—Cog

C: Linear-anisotropic phase function coefficient (-1 < C < 1).
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Radiation flux, g, is then:

q =T

aG
axi

Advantages:

v
v
v
v

This is a simple, cheap model.
This conservative model allows particulate scattering.
Assume the effect of particles, droplets and soot.

It can use in complex geometry.

Disadvantages:

v

v
v
v

4-

It is appropriate for optically thick media and it has less accuracy if the optical thickness is
small.

This model is not accurate for localized heat sources.

It is applicable for diffuse wall surfaces.

The implementation assumes gray radiation.

Rosseland

The next model which is simplest than P-1 is the ROSSELAND model. In this model we assume a

theoretical value assigned by the blackbody expression without solving an equation for G (the

irradiance). The other properties of it is just like the P-1 model, but our equation is simpler than P-1.

Radiation intensity = the black body intensity at the gas temperature.

G=4n°cT*

The radiative heat flux diffuses due to high optical thickness:

0G

G = T~

aXi
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By joining these equations, we get a simple equation for the local radiative heat flux related to local
temperature:

aT

= —16n%0l'T3—

ql" n-o aXi

Advantages of this model over the P-1 model:

v" ROSSELAND model is faster than the P-1 and needs less memory.
Disadvantages over the P-1 model:

v' It is appropriate for media with very large optical thickness. (aL>3).
5- Discrete Ordinates (DO)

The most accurate model is the Discrete ordinates (DO) model. This model solves the equation of
radiative transfer for a set of discrete directions. This method is a finite differencing of directional
dependence radiative transfer equation. This model converts the equation of radiative transfer into a

transport equation for radiation intensity.

4
Us

y i I(r’, s d(s”,s7)dQ’

V.[I(%,9)s] + (a + ps)I(¥,s) = alb () +

For the DO model in Fluent, we have 2 accomplishments. In the Uncoupled one, the equation for
energy and radiation intensities can be solved one by one but the Coupled approach solves the discrete

energy and intensity equation simultaneously at each cell.

Advantages:
v Itis usable to all optical thicknesses.
v’ It is appropriate for particulate and anisotropic scattering.
v’ It is suitable for modeling radiation in semi-transparent media.
v It is a model of non-gray banded radiation.
v It is assumed both diffuse and specular reflection.
v This is the most conservative model.
v" We can increase accuracy by using a finer discretization.

Disadvantages:

v This is a computationally expensive model.
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= Solar load model:
For considering solar radiation effects in the limit of calculations we can use solar load model. There
are two options for modeling of this:

1- Solar Ray Tracing
2- DO Irradiation

Solar Ray Tracing model has high efficiency and in which the solar load will be considered as a heat
source in energy equation. This algorithm for transferring solar radiation energy is compatible with
all radiation models and for determining it’s specification, the Sun Direction Vector and Illumination
Parameters which contain Direct Solar Irradiation(W/m?) and Diffuse Solar Irradiation (W/m?) must
be specified.

As in simulation we used P1 model so in the part of Create/Edit materials, the quantities Absorption
coefficient (1/m) and Scattering coefficient (1/m) and also Refractive Index of the fluid must be given.

Also, since in modeling we used radiation so in the problem, extra boundary condition must be
regulated in the inlet and outlet of the walls. In inlet and outlet boundaries emissivity must be refined
proportional to the boundary and the presupposed number one has been considered for it (BELEY,
2016)- (Modeling Radiation, 2013).
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Figure 14
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B Create/Edit Materials w
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Figure 15

e Boundary Conditions:
1- Velocity inlet:

This boundary condition is recommended for incompressible flows with Mach numbers lower than 1

and the only inlet of it is the velocity quantity.
2- Pressure inlet:

This boundary condition is recommended for both compressible and incompressible flows in which
the inlet pressure is specified. Solver for stability and precision of solutions receives the presupposed

total temperature and pressure.
In simulation of the flows within the channels, the total pressure is calculated by this formula:

Incompressible flows:
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pV?
Protal = Pstatic + T

Compressible flows:

-1 k.
Protal,abs = pStatic,abs(l + TMZ)R_l

TTotal,abs = TStatic,abs 1+ T Mz)

3- Mass flow inlet:

This boundary condition is recommended more for compressible flows, but the use of it for
incompressible flows is acceptable, and in which the mass flow rate is regulated according to the

optimum quantity in the physical problem.

Supersonic/ Initial pressure quantity is applied in two cases:
v" When the flow is momentary supersonic.
v The regulated pressure is considered as the initialization of the static pressure in all the solution

range.

4- Pressure outlet:

This boundary is applied for the simulation of both compressible and incompressible flows. In which
the regulated quantity of relative pressure is equal to the static pressure of the environment that the

flow is evacuated.

Generally, in incompressible flows that the inlet velocity is regulated in them and the goal is to
calculate velocity fields and pressure gradient, the quantity of outlet pressure is not important and we
can regulate it arbitrary. However, if the properties of the fluid are a function of pressure like the ideal
gas and the depended reaction to the pressure like cavitation then the outlet pressure quantity must be
regulated precisely. In compressible flows density is a function of pressure so the regulated outlet
pressure is very important. By adjustment of outlet flow rate in Target Mass flow rate the solver
automatically change the outlet pressure quantity to adjust the ideal flow rate. The Radial Equilibrium

Distribution option is applied for simulation of turbomachine.
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5- Outflow:

It's only applied in incompressible simulations and in conditions that the inlet flow quantity is not a
function of pressure, and in which all the quantities like the outlet pressure in the solution range is
extrapolated so, it is only applied in fully developed flows. Generally, this boundary is the least
desirable outlet boundary of the solver and the use of it is not recommended in any simulation.

6- Outlet-Vent:

This boundary is completely similar to the pressure outlet boundary condition, but in which a loss of
pressure is considered on the outlet boundary. It is applied in simulation of the flows in which an
equipment of pressure loss like a filter is installed on their outlet.

7- Exhaust-Fan:

This boundary is completely similar to the pressure outlet boundary condition, but in which a boosting
pressure is considered on the outlet boundary. It is applied in simulation of the flows in which a

boosting pressure equipment like a fan or a compressor is installed on their outlet.
8- Intake-Fan:

This boundary is completely similar to the pressure inlet boundary condition, but in which a boosting

pressure is considered on the inlet boundary.
9- Inlet-Vent:

This boundary is completely similar to the pressure inlet boundary condition, but in which a loss of

pressure is considered on the inlet boundary.
10- Wall:
The wall boundary condition is applied in two cases:

v' The wall with movement which is used as a replacement for symmetry boundary condition.

v" Wall without movement which is applied in different conditions.

This boundary hydrodynamically don’t need any specific settings and the presuppositions are
acceptable in them and only usable hydrodynamical adjustment is related to the simulation of the

moving boundaries and roughness height in turbulence flows. The wall can be simulated thermal in
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five ways and actually these applied boundary conditions on the wall can be done out of the solution

range and at the place where simulation is not done.

Heat flux

In this condition we can do the supposed heat flux on the wall.

Temperature

In this condition the temperature of the wall is supposed fixed during the simulation.
Convection

In this condition it is supposed that an outlet flow can do convection with the wall boundary.
Radiation

In this condition it is supposed that an exterior radiation with specific temperature is radiated
to the wall. The necessary quantities for this boundary are External Radiation Temperature
and External Emissivity. If the radiation models in simulation are active then Internal

Emissivity is also specified.

Mixed

In this condition it is supposed to do a combination of radiation and convection on the wall.
Via System Coupling

In this condition we can use the wall thermal boundary condition via simulation in another

ANSYS solver and transfer the calculated boundary condition to another solver.

11- Symmetry:

In conditions that the physical simulation has geometric and flow symmetry we can simulate half of

it and consider the effect of the other half by this condition (s»2ess)- (Boundary Conditions , 2006).

+* In this project:

Boundary condition for inlet water:

In this section water enter the solar still proportional to the surface evaporation to fix the water

level. We use the mass flow inlet boundary condition for this and we must specify the mass flow

inlet for water phase. We must also specify the Inlet Emissivity.
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ﬁﬂaw Inlet I L= |

Zone Name Phase
| in | phase-2
Momentum | Thermal I Radiation I Spedies I DFM I Multiphase I ups I
Mass Flow Specification Method lMass Flow Rate ']
Mass Flow Rate (ka/s) | 0.0001 [mnsmnt ']
¥-Compaonent of Flow Direction | 0 [mnsmnt - l
¥-Component of Flow Direction | 1 [mnsmnt vl
Z-Component of Flow Direction | 0 [mnsmnt - ]
Sli Velocity Specfication Method [ygiume Fraction -
Volume Fraction | 1 [mnsmnt vl
i
[ OK ] [Cancel ] [ Help ]
Figure 16
Mass-Flow Inlet
Zone Mame Phase

| | in | mixture

Momentl..lml Thermal Radiation | Speciesl DPM I Mulﬁphasel uDs I

External Black Body Temperature Method [Boundary Temperature - ]

Internal Emissivity ,1— [mnsmnt V]

Participates in Solar Ray Tracing

Solar Transmissivity Factor [

[ QK ] [Canoel] [Help ]

Figure 17

- Outlet boundary condition:

In this section we use pressure outlet boundary condition because at the output of the problem no

physical characteristic except pressure is specified.
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Pressure Qutlet *
Zone Name Phase
|0utlet ||mixture |
Momentum  Therma Radiation ~ Species DN Multiphase | Potentia
Gauge Pressure (pascal) |D ||c0nstant j
Pressure Profile Multiplier|1 | [7
Backflow Direction Specification Meth0d|N0rmaI to Boundary j
[ Radial Equilibrium Pressure Distribution
Turbulence
Specification Meth0d| Intensity and Viscosity Ratio j
Backflow Turbulent Intensity (%) |5 | [
Backflow Turbulent Viscosity Ratio |10 | 7
o0
Figure 18
Pressure Outlet >
Zone Mame Phase
|0utlet ||mixture
Momentum Therma Radiation Species DP ultiphase Potentia
Participates in Solar Ray Tracing
Solar Transmissivity Factur|1 | El
=
Figure 19

- Boundary condition for absorber:

When solar radiation is radiated to the absorber plate, a part of it is absorbed which must be entered
by considering solar absorption coefficient. Also, the part of participates in solar ray tracing is

activated to consider solar radiation on the plate.
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B o - X
wall Jf - 4

Zone Name Phase

| absorber ‘ mixture

Adjacent Cell Zone
| fiuid

Momentum | Thermal REdiaﬁDn}Spedes] DPM ]Mulﬁphase] ups ]

BC Type
opaque v]
Solar Boundary Conditions

Participates in Solar Ray Tracing
Absorptivity

Figure 20

- Boundary condition for reflective plates

These plates are placed across the solar still to reflect solar radiation to the water of the still to
increase the temperature of water. This reflection is produced by activating participates in solar
ray tracing and considering low solar absorption coefficient. When the plates are opaque and
absorption coefficient is low, the solver calculates the reflective coefficient by subtracting the

absorption coefficient quantity from number one.

Zone Name Phase
| body1 ‘ mixture

Adjacent Cell Zone
| fuid

Momentum | Thermal Radiation lSpedas} DPM ]Multiphasel ups ]

BC Type
opagque v]
Solar Boundary Conditions

Participates in Solar Ray Tradng
Absorptivity

Direct IR | 01 [M]

Figure 21
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- Boundary condition for glass

Glass acts as a semi-transparent media and transfers most of the solar radiation and only absorbs
and reflects a small part. For this condition we must activate the participates in solar ray tracing
and then use the semi-transparent option. We must enter the absorption and transmission

coefficients.
Do . =
Zone Name Phase
| glas | mixture
Adjacent Cell Zone
|ﬂuid
Momentum | Thermal Radiation l Spedes] DPM ] Multiphase] uDs ]
BC Type
[semi—hansparent - ]
Solar Boundary Conditions
Participates in Solar Ray Tracing
Absorptivity Transmissivity
Direct Visible ’7&01 Direct Visible ,70‘93
Diffuse Hemispherical [ 1 Diffuse Hemispherical | 0.93 — -
Figure 22
e Solution:
o Methods:

= Pressure-Velocity Coupling:
The purpose of pressure- velocity coupling is a numerical algorithm for getting an equation for

pressure, using combining of continuity and momentum equation.
1- Semi-Implicit Method for Pressure-Linked Equations (SIMPLE)

In this method the relation between velocity and pressure is corrected to verify the conversion of mass

low and the pressure field is calculated.
The momentum equation is solved by guessing pressure field p*. So, the plane flux J¢ is equal to:
Jf = Tfk + de(Peo — Per)

The continuity equation is not solved so we must add the correction factor J*; to the face flux J¢. So,

we have:
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Je=Jf +1s
J’s in SIMPLE algorithm is written:
J'e=de(P'co = Pc1)
p” is the cell pressure correction.

SIMPLE algorithm replaces the flux correction equations in continuity equations to get the pressure
correction p” in the cell:

aPp, = an anbp,nb +b
b is the inlet mass flow rate to cell.
b= Zfoaces ]FAf

The pressure correction equation may be solved by the algebraic multigrid (AMG) method. The cell
pressure and the face flux can be corrected by this equation:

p=p" + app’
]; =Jr + de(Pco — Pe1)
p is the under — relaxation factor for pressure.

2- SIMPLE-Consistent (SIMPLEC)

In simple problems like laminar flow without specific physical model it can provide faster

convergence.
3- Pressure-Implicit with Splitting of Operators (PISO)

This method has a predictor step and two corrector steps. It is suitable for transient compressible flows.
This algorithm uses a more CPU time for every iteration, but it can decrease the number of iterations
required for convergence. This algorithm is recommended in transient problems specially when the

step time is large.
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4- Coupled

This method is appropriate for steady-state single phase flows but is not recommended for Eulerian
multiphase flows, the none-iterative time advancement solver (NITA) and periodic mass flow

boundary conditions (Pressure-Velocity Coupling, 2009), (Deshpande, 2012).

= Gradient:
The gradient of solver variables is needed for calculating diffusion terms, velocity derivatives and

higher order discretization.
a N N
Veell % + X 2 pe Vi @ Ap = X 3¢V or Ar + S Veen

We can calculate the gradient of solver variables by three methods:
1- Green-Gauss Cell-Based

This is an ANSYS FLUENT presupposition method, but can cause wrong diffusion in flows and
disturb flow fields.

2- Green-Gauss Node-Based
This is a more accurate method and can minimize the wrong diffusions.
3- Least-Squares Cell Based

The precision of this method is the same as the Green-Gauss Node-Based method and its qualities
are the same as the Node-Base Gradient but it needs less calculation time, so it’s a more rapid method

(Evaluation of Gradients and Derivatives, 2006).

= |Interpolation:
In ANSYS FLUENT the solver variables will be solved at the center of controlled volumes. According
to presupposition the separated values of scalar ¢ will be saved in the centers of cells but for getting
transition terms in Navier-Stokes equation, we need that the ¢, values be on the planes and this is
done by upwind interpolation method. Actually, field variables should be interpolation according to

controlled volumes faces.

a(pe) Nfaces Ntaces
Veen =5 + 2 2ees pe Ve @ Ap = X 2 3¢V or. Af + S Veen




Tina Bahador- B.Ch. E- 2019, 55

The values are calculated in this point.

e

J \

But the solver must be calculating the values in the faces.
P
—

The interpolation methods for transition terms in transfer equation are:
1- First-Order Upwind

In this method the values of ¢, at the face is equal to cell centered value in the cell upstream of the

face. It has a first order accuracy and in relation to other interpolation methods, it converged more

simply.
2- Power Law

For getting the quantity values in planes, it uses exact solution. For flows with Reynolds number down

five, it is more accurate than the first order model.
3- Second- Order Upwind

For getting the quantity values in planes, it uses multidimensional linear method. It has the second

order accuracy and more appropriate for tri/tet mesh or when flow is not aligned with grid.
4- First-to-Higher Order Blending

For getting better accuracy it uses separation blending factor method. A number between zero to one
must be selected. The zero number will proceed to the first-order and the one number to the higher
order discretion. When we use higher order methods, we increase the accuracy of the system, but the

convergent will be harder.
5- Central- Differencing Scheme

In this method the values of ¢ at the face is determined by linear interpolation between the cell

centered values. It has the second order accuracy and will be used in LES turbulence models.
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6- Monotone Upstream-centered Schemes for Conservation Laws (MUSCL)

It has the third-order accuracy and is appropriate for unstructured meshes and also for secondary and
eddy flows.

7- Quadratic Upwind Interpolation (QUICK)

It is appropriate for quad/hex and hybrid meshes and also for rotating/swirling flows (Bakker),
(Introduction to ANSYS FLUENT , 2010).

Solution Methods
Pressure-Velocity Coupling
Scheme
|Phase Coupled SIMPLE ~|

[] Solve N-Phase Volume Fraction Equations

Spatial Discretization
Gradient -

|Least Squares Cell Based

L«

Momentum

L«

|Secnnd Order Upwind

Volume Fraction
|First Order Upwind
Turbulent Kinetic Energy

L«

L

|Secnnd Order Upwind

Turbulent Dissipation Rate

L«

|Secnnd Order Upwind

Transient Formulation
|Secnnd Order Implicit j

[] Mon-Iterative Time Advancement

[] warped-Face Gradient Correction
[] High Order Term Relaxation

Options...

Figure 23
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o Controls:

Relaxation Factor:

In pressure-based solver a relaxation factor is used for stability of repetitive process. At first, we begin
the calculations with the presupposition of relaxation factors by the solver but if we saw that the
residuals are increased after 4 or 5 repetitions, then we must decrease the relaxation factors. Usually
the increase of relaxation factors can cause a little increase in residuals and this action has no influence
on solver process. However, when the residuals are increased abruptly, we must, stop the process and
decrease relaxation factors (Introduction to ANSYS FLUENT , 2010).

Solution Controls
Under-Relaxation Factors

Pressure -
l0.01 |
Density

i |
Body Forces

E |
Momentum

l0.01 |
Vaporization Mass

0.1 |
Volume Fraction

0.5 |
Turbulent Kinetic Energy

0.1 |
Turbulent Dissipation Rate

0.1 |

Default

Equations... | | Limits... | | Advanced...

Figure 24
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o Initialization:
In ANSYS FLUENT the solver acts in an iterative manner, so at first a given value must exist for

every quantity in every grid cell and this amount is named solution initialization.
This initialization must be actual and reasonable to have a better convergence.
Two methods for initialization:

1- Hybrid Initialization

This method can give a rapid approximation of the flow field. In this method the Laplace equation can
be solved for determination of pressure and velocity fields. All the other variables like temperature,
turbulence, mass fraction, volume fraction, ... can be joined together automatically according to

average quantities of solver region or by the special interpolation method.
2- Standard initialization

This method is a presupposition of ANSYS FLUENT solver and according to it a separate quantity is

allotted to every variable in the domain (1397 ,cs2568 K& 53 (udiga - 2 5 el JiSY),
Gauge pressure(pascal) :0
Turbulent Kinetic Energy(m2/s2):1

Turbulent Dissipation Rate(m2/s3):1

Phase-1 X Velocity(m/s):0
Phase-1 'Y Velocity(m/s):0
Phase-1 Z Velocity(m/s):0
Phase-1 Temperature(K):300
Phase-3 X Velocity(m/s):0
Phase-3 Y Velocity(m/s):0
Phase-3 Z Velocity(m/s):0
Pase-3 VVolume Fraction:0

Phase-3 Temperature(K):300

Phase-2 X Velocity(m/s):0
Phase-2 Y Velocity(m/s):0
Phase-2 Z Velocity(m/s):0
Pase-2 Volume Fraction:0

Phase-2 Temperature(K):300




4+ Solution conditions:

Solver
Formulation
Turbulent model
Model

Eulerian parameter

Time

Pressure- velocity coupling

Velocity formulation

Wall function

e Results and Discussion:

Table 1

Simulation considered from 8:00h until 16:00h.

v' Sea water level:5 cm

v Solar radiation= 1000W/m?

o Graphics: Contours of volume fraction

Volume fraction of water:
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Pressure based

Implicit

k-e (RNG)

Elurean

Evaporation- Condensation
Unsteady

Simple

Absolute

Standard
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8:00

i 1
5.00e-01
4.50e-01
4.00e-01
3.50e-01
3.00e-01
2.50e-01
2.00e-01
1.50e-01
1.00e-01
5.00e-02 -i .
0.00e+00

Figure 25

10:00

Figure 26
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12:00

0 (e «0

Figure 27

14:00

Figure 28




16:00
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Volume fraction of vapor:

Figure 29

8:00

Figure 30
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10:00

Figure 31

12:00

Figure 32




3.37e-01
2.89e-01
2.40e-01
1.92e-01
1.44e-01
9.62e-02
4.81e-02
0.00e+10

14:00

Figure 33

16:00

Figure 34
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Temperature of water and glass:

Temperature (C°)

Temperature of water Temperature of glass

Temperature (C)

8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00
Time(h)

Figure 35

Temperature of glass(C°)

Temperature(C°)

8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00
Time(h)

Figure 36
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Evaporative heat transfer coefficient between the water mass and the glass cover:

Evap.H.T Coefficient (W/m?2.K)

8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00
Time(h)

Figure 37

o Report Definitions: Flux Report —Mass Flow Rate

Productivity of solar desalination system:

Productivity

0.000071
0.0000705
0.00007
0.0000695
0.000069
0.0000685
0.000068
0.0000675
0.000067
0.0000665
0.000066

Mass flow rate(kg/s)

5000 10000 15000 20000 25000 30000 35000

LE )

Figure 38
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Time(h)

Figure 39
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15:00 16:00 17:00

According to the below graph if the solar radiation intensity is 1000W/m?, the productivity of the

system will be about 0.278 kg/m?.hr. This simulation is for the water height of 4cm. However, in our

simulation the height of water is 5cm. On the other side we know that if we reduce the height of water
60%, the productivity of the system will be increased by 26%. (OO, 2009)

In the essay the height of water is about @ X 100% = 20% lower than the height of water in our

simulation. So, we expect that the productivity of that system is about 9% higher than our simulated

system.

v 0.278-0.2546

0.2546

X 100% = 9.19%
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(Barve, 2017)

v Solar radiation= 1500W/m?

8 10 12 14 16
TIME (Hours)

Figure 40

o Graphics: Contours of volume fraction

Volume fraction of water:

500201
45001
40001
350801
| 300001
250601
200601
150601
1.00e-01
5.00e-02
0.00e+00

8:00

Figure 41
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10:00

Figure 42

12:00

Figure 43
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14:00

35201
31301
274601
2.358.01
195001
156201
117201
7.82e.02
3.91e-02 i

0.00e+00 .-—x

Figure 44

16:00

Figure 45




Tina Bahador- B.Ch. E- 2019, 71

Volume fraction of vapor:

8:00

4.50e-07

4.008-07

3.50e-07

3.00e-07
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0.00e+00 .-x

Figure 46

10:00

Figure 47
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12:00

Figure 48

14:00

Figure 49
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16:00

Figure 50

Temperature of water and glass:

Temperature (C°)

Temperature of water Temperature of glass

—_
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8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00
Time(h)

Figure 51
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Temperature of Glass(C°)

Temperature(C*

8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00
Time(h)

Figure 52

Evaporative heat transfer coefficient between the water mass and the glass cover:

Evap.H.T Coefficient (W/m?2.K)

9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00
Time(h)

Figure 53
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o Report Definitions: Flux Report —Mass Flow Rate

Productivity of solar desalination system:

Productivity

9.75E-05
9.70E-05
9.65E-05
9.60E-05
9.55E-05
9.50E-05
9.45E-05
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Figure 54

Productivity

Mass flow rate(kg/h)

8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00

Time(h)

Figure 55
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According to the below graph if the solar radiation intensity is 1500W/m?, the productivity of the
system will be about 0.390 kg/m?2.hr. This simulation is for the water height of 4cm. However, in our
simulation the height of water is 5cm. On the other side we know that if we reduce the height of water
60%, the productivity of the system will be increased by 26%. (OO, 2009)

In the essay the height of water is about @ X 100% = 20% lower than the height of water in our

simulation. So, we expect that the productivity of that system is about 9% higher than our simulated

system.

. —0.3497
v 0.390-0.349

0 = 0
VTR 100% = 11.5%

| —soLAR
RADIATION

STILL OUTPUT

- 04

03

SOLAR RADIATION

(MJ/m”2-hr)

STILL OUTPUT (kg/m”2-hr)

L= (=
[

0 2 4 6 8 10 12 14 16 18 20 22 24
TIME (Hours)

Figure 56
(Barve, 2017)

On the other essay we see that a double slope solar still is fabricated and investigations are carried out
under the open enviromental conditions of Aligrah, india that the range of solar intenity is taken
between 0-1000 W/m? (Siddiqui, 2012). This kind of solar still with east-west direction has a more
reciept of solar radiation versus to the single slope solar still system ((a e -s_es_lauly sala - Jléh ol jed
1389 = X).
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Temperature of Glass(C"):

o The Essay Results:

70
DPW=0.05m
65
2
— 60
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i
o 30
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Time ofthe day (h)

Essay Graph 1

Evaporative heat transfer coefficient between the water mass and glass cover:
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g 60 N
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Essay Graph 2
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Productivity:
— 15
=
= still Orientation: North-South
=12
£
@ 9 —— DPW=0.05mC
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v i
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= 3 M/‘ ?EEJ"I
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Essay Graph 3
P 3
Minimum productivity: 1.9 1 x SXB o 1M o 97K9 — 11365822
min 1hr 105ml 1m3 h
. .. l i 3 k k
Maximum productivity: 6 - x 22U 5 1M 2749 _ 3589249
min 1hr 105ml 1m3 h

v" Validation:

As we know the solar intensity in our studie

d essay is between 0 to 1000 W/m? and as we approach

to the noon time the intensity of radiation increases and after 13:30 it decreases. But, in our simulation

we assume the solar intensity is constant at all the day times and at the first case it is about 1000W/m?

and at the second case it is about 1500W/m?2.

Temperature of Glass:

In the studied essay the primary temperature of the glass is higher than the assumed temperature in

our simulation case. According to our explanations we conclude that the intensity of the glass

temperature increase in our simulation case

is higher than its increase in our studied essay. So, it is

logic to accept that by approaching to the noon time the difference between the temperatures of the

glasses in two cases decrease.
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1=1000W/m?
Temperature of Glass(C°)
Essay results Simulation results(I=1000W/m2)
8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00
Time(h)
Figure 57
1=1500W/m?

Temperature of Glass(C°)

Essay results == Simulation results
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Figure 58

- Evaporative heat transfer coefficient between the water mass and glass cover and Productivity
of the system:

According to the above explanations it is logic to accept that at the primary hours of the day that the
intensity of radiation in our simulation case is more than this quantity in the studied essay and as the

result the evaporative heat transfer coefficient and the productivity is also more than these quantities
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in the essay. As we approach the noon time in the first case of our simulation the received intensity of
solar radiation in double slope solar still is more than the single slope solar still and as the result the
quantities of evaporative heat transfer coefficient and the productivity in our studied essay is more

than these quantities in our simulation case.

In the second case of our simulation as we approach the noon time the received quantity of the solar
radiation in our simulation and in our studied essay will be closer to each other and as the result the
quantities of evaporative heat transfer coefficient and the productivity of the two systems will be also

closer to each other.

1=1000W/m?

Evap.H.T Coefficient (W/m?.K)

Simulation results Essay results

8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00
Time(h)

Figure 59
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Evap.H.T Coefficient (W/m?.K)

Simulation results =~ == Essay results

8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00
Time(h)

Figure 60

Temperature of basin water

[=1500W/m2 == |=1000W/m2

10:00 11:00 12:00 13:00 14:00 15:00 16:00
Time(h)

Figure 61

17:00
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v" Hand calculation for validation:

I= 1500% A = 1m? Height of water = 5cm
Vivater = 0.05m3 Myaser = 0.05m3 X % = 49.85kg

_ — kJ
Q = mLg + mcAT Ly = 2264@

Q = 0.35kg X 2264 X 103,(]; + 49.85kg X 4200kg’—K x 1K = 1001770]

1s 1500/

t 1001770) =t = 11.13min

It takes 11 minutes for the water temperature to rise one degree.
AT = (63 — 27)°C = 36°C

At =36 x 11.13 = 400.68min = 7hr

Percentage of error = (8_77 X 100%) = 14.28%
I=1000%
m
= mLs + mcAT Ly = 2264
Q =mLs + mc ;= P

Q = 0.2546kg X 2264 X 103k’—g + 49.85kg X 4200k;—K x 1K = 785784.4]

1s 1500]
t 785784.4] = t = 13.095 min

It takes 13.095 minutes for the water temperature to rise one degree.
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AT = (59 — 27)°C = 32°C

At = 32 % 13.095 = 419.04min = 7hr
8-7
Percentage of error = (T X 100%) = 14.28%

As a result, theoretically it takes 7hr to raise the temperature of water at the first state about 36°C and
at the second state about 32°C but empirically it takes 8hr and the simulation has about 14% errors
and it maybe as a result of systemically heat losses and etc.

Percentage difference between the glass cover
and the basin water
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Figure 62

If the difference in temperature between the glass cover and the basin water increases, the natural
circulation of the air mass inside the solar still will also increase. As the result both evaporative and
convective heat transfer from basin water to glass cover will increase (Yousef H. Zurigat, Mousa K.
Abu-Arabi, 2003). As we see in the above graph the percent of the difference between the glass cover
and the basin water temperature in solar intensity of 1500W/m? to the solar intensity of 2000W/m? is

higher, so it is logic that the evaporative heat transfer from basin water to glass cover for this solar
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intensity is higher and the productivity of the system for this case is more than the productivity for
solar intensity of 1000W/m?.
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Volume fraction of different phases(1=1000W/m?2)

9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00
TIME(H)

Volume fraction of air Volume fraction of water B Volume fraction of vapor

Figure 63
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Volume fraction of different phases(1=1500W/m2)
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Figure 64

We know that at the free surface of every liquid, the evaporation happens in every temperature. Kinetic
energy of the molecules of the liquid surface changes by the collision with other molecules. In a
specific moment some of the molecules have a very high kinetic energy and some of them have a low
energy. When a molecule near the liquid surface gets enough energy to overcome the vapor pressure,
then it escapes the liquid surface and changes to a gas phase. One of the most important factors of the
evaporation speed is the temperature of the liquid. When the temperature increases, the kinetic energy
of the molecules also increases and the number of molecules which have enough energy to escape the
liquid surface also increase (Fennell, 2018). For this reason, we see that at the above graph till 10:00
o’clock that the temperature of the water is low the volume fraction of vapor is also very low but after

10:00 o’clock it will increase more rapidly.
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e Conclusion:

In a solar still system with a base area of 1m?2 which is filled with sea water level of 5cm; if all
operational and climate parameters except solar intensity are fixed, by increasing solar intensity to
50%, the productivity of solar still will be increased to 37.4%.

Productivity
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Figure 65

We conclude that the influence of increasing the solar radiation intensity on the productivity of the

system is high so we should use the solar still system in the region where the solar intensity is relatively
high.

It is also necessary to investigate the influence of other parameters on the productivity of the system
to distinguish the appropriate regions to optimize the use of this system.
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