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Southern Africa faces an increasingly serious shortage of
potable water and will continue to do so for the foreseeable
future. Desalination is a process whereby dissolved solids
are removed out of a contaminated water source to produce
potable water. A desalination process is proposed which is
based on the injection of a brine spray into vacuum con-
ditions. Although a complete desalination process is pro-
posed, only the core components of the desalination process
are investigated. Computational fluid dynamics (CFD) is
the numerical tool used to investigate the processes tak-
ing place inside the core components. However, due to the
complezxity of the desalination process not all of its phys-
tcal aspects are accounted for. The simulation model is
used to perform a number of parametric tests. These para-
metric tests are used to numerically investigate the effects
of a number of process variables on the core components.
The results of these parametric tests are presented and dis-
cussed.

Nomenclature

Aps  Particle external surface area
By Effective heat transfer number
B, Mass transfer number

Cy Drag coefficient

Cp Specific heat

D Diameter

Dsp Binary diffusion coefficient

D, Nozzle inlet diameter

D, Diameter of particle

D, Nozzle exit diameter

D, Nozzle throat diameter

E; Net energy transfer from particle

per time step

E,q Energy extraction required to
freeze particle

Esum Total energy transferred from particle
during freezing process

EFy Body force

Fp,  Particle diameter deviation factor

Fy, Drag force
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F,., Diffusive mass flux

g Gravitational acceleration constant
h Specific enthalpy

hsg Latent heat of vaporisation

hys Latent heat of fusion

h Average heat transfer coefficient
Pom Average mass transfer coefficient
K Thermal conductivity

L, Convergent nozzle inlet length
Ly Divergent nozzle outlet length
L, Spray-injection section length

&mptot Mass transferred from brine spray

™y it Total brine mass injection rate

Ny Total number of computational parcels
Nu Average Nusselt number

PMT  Percentage mass transfer from brine spray
Pr Prandtl number

Particle convective heat flux

q
Re,, Modified Reynolds number
£ Nozzle exit radius

S Source terms

Se Schmidt number

Sh Average Sherwood number
Up Particle velocity vector

00 Conditions at infinity

Greek letters

Brine spray orientation angle

Angle between individual particle track
and axial co-ordinate direction

Mass fraction

Viscosity

Two-dimensional brine spray-cone angle
Standard deviation

Tangential extent of computational domain

™ R

€ Q9 D2 X

Superscripts

e Time rate of change
*  Critical, reference or sonic condition
0 Previous iteration condition
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Subscripts
0, tot Stagnation conditions

air Air (gaseous phase)
brine Feed water

crs Cross-sectional area
film  Film conditions

in Inlet conditions

max  Maximum condition
med  Median condition
min  Minimum condition
mix Mixture conditions

out Qutlet conditions

p Particle

s Surface conditions

sat Brine saturation conditions

vap Water vapour

Introduction

Desalination!

The steadily increasing price of conventional water re-
sources and the diminishing stock of potential conventional
water resources will continue to have major negative impli-
cations for the economic well-being of the southern African
region. The oceans present a vast, virtually inexhaustible
potential water resource. However, seawater is contami-
nated by dissolved solids which tend to render it unfit for
use.

Desalination is the process whereby dissolved solids
are removed out of a contaminated water source to pro-
duce water of a quality suitable for a specific application
e.g. human consumption. Desalination carries an unavoid-
able energy cost per unit of water produced. Minimising
this cost is an important aspect to making desalination a
practical technology for widespread use. The ultimate goal
of desalination research is to develop an economic method
for bulk desalination.

Computational Fluid Dynamics (CFD)

The modern study of fluid dynamics rests on three ap-
proaches: analytical, experimental, and computational.?
CFD can investigate the combined effects of fluid flow,
heat transfer, mass transfer, radiation and chemical reac-
tions, etc.

Physical flow phenomena for a Newtonian fluid in
thermodynamic equilibrium have, in principle, been accu-
rately described by a set of non-linear partial differential
equations known as the Navier-Stokes equations.® CFD
deals with the complexity of the Navier-Stokes equations
by discretising them, using for example the finite volume
method,*® into an algebraic form.

The transition from a continuum description to a dis-
crete description of any process involves both physical and
numerical considerations. The governing partial differen-
tial equations are first integrated over individual compu-
tational “cells” and then approximated in terms of the

cell-centred nodal values of the dependent variables. The
discretisation process results in a large system of non-linear
algebraic equations which must then be solved. Even in
discretised form, the basic conservation properties of their
parent differential forms must still be met by these alge-
braic equations.

Physically important phenomena, such as turbulence,
which can operate significantly on very small length and
time scales would, at first glance, require an extremely fine
computational mesh to resolve adequately. This thorny is-
sue is circumvented by the use of a reasonably fine grid to
model the flow field and macro-turbulence effects, whilst
using a further equation set to model the small scale turbu-
lence effects. This turbulence equation set is necessary to
calculate the Reynolds stresses and turbulent scalar fluxes,
and is currently an active area of research.*6

Dispersed multiphase flow

Dispersed multiphase flow encompasses a class of flow
phenomena where a dispersed particle-like phase exists
within a continuous phase and interacts with the contin-
uous phase. The continuous phase can be a gas or liquid,
whilst the particulate phase can be solid, liquid or gaseous.

The individual motion of the dispersed and continu-
ous phases mutually influence each other through inter-
phase momentum transfer resulting in fully coupled inter-
phase interactions. The magnitude of these mutual influ-
ences will typically depend on the particle size distribution,
particle density distribution and the relative concentration
of particles.

Particle size changes can brought about by fluid dy-
namic forces acting on the particles. Particle-object col-
lisions can result in several types of interaction: Elas-
tic/inelastic rebound, shattering and adhesion. If particles
are volatile or reactive, coupled mass transfer between the
dispersed and continuous phases is also possible with re-
sultant particle size changes.

If interphase temperature differences arise, interphase
heat transfer will result. Apart from interphase temper-
ature differences that occur as a result of boundary con-
ditions, temperature differences can be brought about by
interphase mass transfer, chemical reactions and radiation
effects.”8

Dispersed multiphase flows are generally modelled us-
ing the combination of a Lagrangian description of the
dispersed phase, and an Eulerian description of the con-
tinuous phase. The conservation equations for mass, mo-
mentum and energy must be written in a form suitable
for the descriptive system used, with provision for inter-
phase transfer terms.® The PSI-Cell method'? is a widely
applied method of dealing with the coupled interaction be-
tween dispersed and continuous phases.

Thermodynamic properties of fluids

Experimental data for the thermodynamic properties of
fluids and numerical correlations of these data play an im-
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portant role in numerical simulation. These correlations
are required for the accurate representation of the real
properties of the various fluids involved in the desalina-
tion process.

The thermodynamic properties of a variety of fluids
are relevant to the proposed desalination process: wa-
ter, air, refrigerants, and aqueous saline solutions. The
properties of water in all three of its phases are partic-
ularly important.!! All of the property models need to
be broadly applicable due to the widely varying pressure-
volume-temperature (PVT) conditions encountered in the
desalination process.

A facility for calculating the representative properties
of multi-component and multiphase mixtures is also re-
quired as many of the fluids are encountered within multi-
component or multiphase mixtures.

Proposed desalination process

The proposed desalination process is based on the injec-
tion of a brine spray into vacuum conditions where the vac-
uum conditions are maintained by the continual recycling
expansion of a compressible gas through a convergent-
divergent transonic nozzle. The brine is carefully injected
just downstream of the expansion stage of the nozzle where
exposure to vacuum conditions leads to its separation into
a water vapour and brine or brine-ice or ice-salts mixture.
Subsequently, the particulate phase is separated out of the
gas-particulate mixture after which the water vapour is
condensed to form the desired product water.

Simulation of primary process components

Introduction

Although a complete desalination process is proposed, only
the core component of the desalination process, the nozzle
assembly, is investigated.!? In addition, due to the com-
plexity of the desalination process, not all its physical as-
pects are accounted for, but only those believed to be of
greatest significance. The processes taking place in the
nozzle assembly are modelled as steady state.

In the development of a simulation model for the noz-
zle assembly, the built-in capabilities of a commercial CFD
code!® are used to model the more conventional aspects
of the process. However, additional user programming is
used to incorporate suitable models for the more complex
aspects of the process.!2

Due to the nature of the desalination process, the
brine droplets tend to simultaneously freeze and evaporate.
This necessitates the incorporation of a particle-freezing
model into the simulation.

Computational particle-parcels are used to approxi-
mate the behaviour of the large number of individual par-
ticles found in real sprays. The calculation of the dispersed
phase initial conditions is subject to certain assumptions.!2

The parametric variables used to describe a particular
configuration of the desalination process are listed. The

large number of parameters involved require the selectiont
of only a few, whose effects on the performance of the
desalination process can be evaluated.

Continuous-dispersed phase interaction

The coupled interaction between the continuous and dis-
persed phases results from interphase mass, momentum
and energy transfer. These interphase transfers are de-
scribed by mathematical models which are incorporated
into the CFD code as user-subroutines. The treatment
of interphase mass, momentum and energy transfer is de-
rived from the Lagrangian/Eulerian approach to describ-
ing dispersed multiphase flow. Transfers from the dis-
persed phase to the continuous phase are modelled as cellu-
lar source terms while the dispersed phase reacts to cellular
conditions. This mutual influence is realised as a coupled
iterative solution procedure whereby the interphase trans-
fer effects can be incorporated into the solutions for both
the dispersed and continuous phases.!?

The mass transfer from the dispersed phase to the
continuous phase is modelled as an enthalpy injection into
the continuous phase. This requires the calculation of a
representative value for the mass, temperature and specific
heat of the matter injected into the continuous phase.

The effects of particle break-up are neglected as it is
assumed that the initial particle diameter distribution is
reasonably representative of the initial, and similar to the
subsequent particle diameter distribution of the real brine
spray. Direct mutual interactions between particles, such
as coalescence and agglomeration, are ignored.

Heat transfer

The governing differential equation used to describe the
interphase heat transfer between the gaseous phase and the
dispersed phase takes into account convection heat transfer
and the effects of latent heat transfer (evaporation) on the
internal energy of the particle.10:13:14

d(mpcp.brineTp) — o’ dm,
di - _Ap,s s +hfg,87 (1)

The surface convective heat flux is defined as:14

”

as = E (Tp - Tmiz,oo) (2)

The Nusselt number correlation of Chiang et al® is
used:

2 D45 - R, O 2, 098
(1+ By, fim)>”

Based on the assumption that the mass and specific
heat of the particle remain constant during a computa-
tional time-step, the governing differential equation can
be discretised as:!4

lv_u;ilm =

©)
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Figure 1 Schematic of one particular implementation of the proposed desalination process
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(% - T°)

MpCh brine AL =—(mD,?)
NfitmKmia,fi dm
X f”mD miz, film (Tp — Tmiz,oo) S hfg,s—d—tp
? (4)
T, — T,° =
mpcp,brine-(”—”) = —TDp Nufitm Kmiz, film

At

X (Tp — Tmia:,oo) + hfg,s%

The governing differential equation for the enthalpy of
the continuous phase contains source terms to account for
sensible heat transfer between the continous and dispersed
phases. These source terms are linearised and written as
a function of the mixture enthalpy at infinity:!°

S = Sl - S2hmiz,oo

(5)
[S] = Watt (W)

after rearranging the discretised governing differential
equation:

Sl = ﬂ'mefilmeiz,filmTp

7"'l)pmjf-ﬁlmI{mi:z,film (6)
Sy =
Cpmi:z:,oo
where the mixture enthalpy at infinity is defined as:
hmiz,oo = Up,miz,c0 (Tmiz,oo = Tref) (7)

Mass transfer

The governing differential equation used to describe the
interphase mass transfer between the gaseous phase and

the dispersed phase is:10:13,14

— = ~ApsFm (8)

The surface diffusive flux is:1°

i = h (Xvap,s - Xvap,oo) (9)

The Sherwood number correlation of Chiang et al.8 is
used:

— 2+0.39-Re,,, 0548 ” 0.76
Shyim = I o.csfsém (10)
(1 + Bm,fitm)

The governing differential equation can be discretised,
assuming a spherical particle geometry, as:

mp — Mpo
_Ai—p = — (WDPZ)
» yﬁfilmpmiz‘f“mDAB’ﬁlm (Xvap,s = Xvap,c0)
D, (11)
mMp — Mpo Th
% = —mDpShfitmpPmiz,fitmD AB, fitm

X (Xvap.s - Xvap,oo)

The mass of a particle, assuming a spherical particle
geometry, is:

3
my = pp T2 (12)
The mass transfer from the dispersed phase to the
continuous phase is modelled as an enthalpy injection into
the continuous phase. The enthalpy injection takes place
on a computational “cell-by-cell” basis. Complete speci-
fication of the enthalpy injection into a cell requires the
specification of:

e Mass injected
o Temperature of mass injected
e Specific heat of mass injected

However, at any particular moment many different
particles may be traversing a particular cell. The degree
of evaporation from each particle, the particle’s tempera-
ture and the specific heat of the particle’s vapour can vary
from particle to particle, and from time-step to time-step
in the case of a single particle. It is therefore necessary to
calculate a representative value for the mass, temperature
and specific heat of the matter injected into a particular
cell. This is achieved by assuming that all discrete “pack-
ets” of mass injected into a cell, from whatever source, will
be adiabatically mixed prior to injection. This concept is
illustrated in Figure 2.

The process of adiabatic mixing requires:

z (dd% - At - Cp,vap,sTp,s) = mleJTI (13)

The principle of the conservation of mass requires:

dm,
= —L2 At
my E ( s A > (14)
The representative specific heat can be calculated as

the mass-fraction weighted average of the contributions
from each particle, at each time-step:

Cot = 30 _at

C vap,s
my p,vap,

(15)

dm,
.- 1
=i (d—tp At Cp,vap,s>
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Momentum transfer

The governing differential equation used to describe the
interphase momentum transfer between the gaseous phase
and the dispersed phase takes into account drag forces and
gravitational body forces:1%:13,14

d(Up)

mPT = Fdr + Fb (16)

The drag force is:!*

Cdpmi:v,ooA,,_c”
2

The gravitational body force is:

For = U —Uy| (U - Up) (17)

Fy =mpg (18)

The drag coefficient correlation of Chiang et al8 is

used:
24
—— (1+0.325Ren, )
Cy= 2om 0.32 (19)
(1+ Ba,fitm)

Assuming that a particle’s mass remains constant dur-
ing a computational time step, the governing differential
equation (16) can be discretised as:

Up - Up° Cdpmiz,ooAp,crs
’mp =

At 2 (20)
x|U = Up| (U - Up) + mpg

The governing differential equation for the momentum
of the continuous phase contains source terms to account
for interphase momentum transfer between the continuous
and dispersed phases. These source terms are linearised
and written as a function of the continuous phase velocity
at infinity:®

S =8 -5U
(21)
[S] = Newton (N)
after rearranging the discretised governing differential
equation (20):

C miz A ,CTS
S = L’Q&lU—UAUp—mpg
(22)
C miz ooA crs
e LQL_ U - U,

Particle freezing model

In the proposed desalination process, the feed water spray
is injected into a high-vacuum flow field at a temperature
in the range of 15°C to 25°C. Therefore, the spray particles
tend to freeze as they vaporise. A simple model is used to
describe the particle freezing process (Figure 3).

The particle continually cools down from its injection
temperature until it reaches its freezing point temperature
(1273.15 K ). At this point, the energy extraction required
to bring about a complete phase change is:

Ereq = mphys (23)

where:

e Particle mass at the start of the freezing process (m,)

e Latent heat of fusion (hy)

The net energy transfer from the particle, per time
step, is:

d
E:i=At. (—A,,,s i hfg,sfl) (24)
s
where: Length of computational time-step (At).
The total quantity of energy transferred from the par-
ticle, during the freezing process, is:

Eoum = Xn: E: (25)
i=1

where: Number of computational time-steps elapsed dur-
ing freezing process (n).

The completion condition of the particle freezing
process is:

|E3U’m«| Z lEreql (26)

The particle freezing model only restricts the parti-
cle temperature to its freezing point during the freezing
process; it does not modify the way in which the interphase
heat transfer is calculated. On completion of the particle
freezing process the particle continues to cool down as be-
fore.

Computational domain: Grid refinement

Due to limited computational resources, extensive use was
made of non-adaptive grid refinement.'? Grid refinement
was used in an attempt to:

e Adequately resolve the boundary layer regions
e Reduce cell distortion in the nozzle throat region
e Reduce cell distortion along the nozzle centre-line
e Accurately resolve the brine spray injected into the
nozzle assembly.
Boundary conditions
Continuous phase boundary conditions

The continuous phase boundary conditions applied to the
planar boundaries of the computational domain are:13:14:15

e Stagnation inlet condition applied to the nozzle in-
let. This boundary condition specifies the stagnation
properties: Total temperature and total pressure.!®

74 R & D Journal, 2001, 17(3)



o Prescribed pressure condition applied to the spray-
section outlet. This boundary condition imposes
a uniform static pressure distribution on the outlet
plane of the flow domain.

e Symmetry planes applied to the tangential faces of the
computational domain. This boundary condition al-
lows the modelling of only a portion of the full tangen-
tial extent of the nozzle and spray-section assembly;
it simply imposes a zero gradient on all variable com-
ponents orthogonal to the symmetry boundary plane.

e Wall boundary condition applied to the inner surfaces
of the nozzle and spray-section assembly. Wall func-
tions are used to model the boundary layer velocity
profile and impose a zero-slip condition.!® The walls
are modelled as smooth and adiabatic.

Dispersed phase initial conditions

The brine injected into the spray-section portion of the
nozzle assembly is modelled as an injected dispersed phase.
Several assumptions are made in the calculation of the
dispersed phase initial conditions. Computational parcels,
representing a number of real droplets with similar ini-
tial conditions are used to approximate the behaviour of
the large number of droplets encountered in the real brine
spray. The initial orientation of the particle injection vec-
tors vary randomly within the constraints of a spray orien-
tation angle and a two-dimensional spray-cone angle. An
injection volume, as opposed to an injection point, is used
to introduce the computational parcels to avoid limitations
imposed on the allowable cell volume fraction occupied by
the dispersed phase.!® In addition, limits are placed on the
minimum and maximum particle diameters used due to nu-
merical accuracy and particle volume fraction limitations,
respectively.!? The possible sensitivity of the supersonic
flow to the manner in which the brine spray is introduced,
requires that it be introduced in such a manner as to cause
as little disruption of the flow as possible.

In summary, the dispersed phase initial conditions are
generated subject to the following constraints:

o Uniformly constant particle inlet temperature

Uniformly constant particle density

Uniformly constant particle inlet velocity magnitude
(U ,in) 7

Injection tangential velocity component (Up) of all
particles is zero

Radial (Ug) and axial (Uz) injection velocity compo-
nents vary randomly within a spray orientation angle
() and a two-dimensional spray cone angle (6)

Overall brine mass injection rate (1 ;) is specified

o Total number of computational parcels (NN,) is speci-
fied

e Initial particle diameters are normally distributed

o Initial particle positions are randomised within a spec-
ified starting volume.

Parametric tests

The simulation of the complex processes occurring in
the nozzle and spray-section of the proposed desalination
process require the specification of many variable values
before a particular test case is uniquely defined. The main
process variables are:

e Nozzle and spray-section geometry

Continuous phase inlet stagnation pressure

Pressure ratio applied over entire nozzle assembly

Continuous phase inlet stagnation temperature

Continuous/dispersed phase mass-flow-rate ratio

Continuous and dispersed phase turbulent interaction

Particle injection volume

Orientation and cone angle of injected particle spray

Initial particle diameter distribution

Initial particle temperature

Initial particle velocity magnitude

Number of computational parcels.

A constant continuous-phase mass flow rate of one
kilogram per second (1 kg/s) acts as a comparative foun-
dation between the different parametric tests. The effects
of the following variables, believed to have a significant in-
fluence on the degree of mass transfer from the brine spray,
are numerically investigated:

e Pressure ratio applied over entire nozzle assembly in
relation to the exit-to-throat diameter ratio of the
nozzle

Spray-section length

Continuous/dispersed phase mass-flow-rate ratio

Median particle diameter

Number of computational parcels.

As the pressure ratio over the nozzle is varied, the
exit-to-throat diameter ratio of the nozzle is calculated
from the flow relations for quasi-one-dimensional isen-
tropic flow of a calorically perfect gas through variable area
ducts.'® The pressure ratios investigated are:
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. Poairan _ 11566

="t}
P‘mia:,out 611 e

(27)
Pogirin 24440
L] == =

Pmiz,out 611

The first pressure ratio is derived from the expectation
of the injected brine to tend to freeze (0°C) on exposure
to the vacuum conditions in the spray section of the noz-
zle assembly, and the use of a 4°C oceanic heat sink with
a 5°C heat exchanger temperature differential. The sec-
ond pressure ratio increases the stagnation inlet pressure.
These two pressure ratios correspond to two specific nozzle
geometries termed Nozzle #1 and Nozzle #2.

4.0

The inlet stagnation temperature of the continuous
phase is kept constant at 9°C on the assumed use of a
heat exchanger (AT = 5°C) and oceanic heat sink (4°C).

Parametric test schedule

The specific values of the parametric variables investigated
are shown in Tables 1 to 3.

Table 2 arid Table 3 list the actual values investigated,
for the parameters listed as “variable” in Table 1.

Table 1 Constant global parametric test variables

Variable/Condition Nozzle #1 Nozzle #2  Unit
D, 0.6765 0.5139 m
D, 0.6765 0.4657 m
Dy 0.6765 0.5139 m
o 0.3382 0.2569 m
Ly 1.0147 0.7708 m
L Variable Variable m
w 5.0 5.0 o
JE 1156.6 2444.0 Pa
Pm'iz,out 611.0 611.0 Pa
T0,air,in 282.15 282.15 K
Mp tot/ Mair Variable Variable =
Turbulence model None None —
Dug Calculated Calculated m?/s
FSSL 0.1 0.1 =
FSSR 0.05 0.05 -
Dy omed Variable Variable m
TDp 0.5 Dpmed 0.5 Dpmeda m
Fpy 0.99 0.99 -
vy 293.15 293.15 K
Up,in 10.0 10.0 m/s
Ny Variable Variable -

@ 30.0 30.0 i

0 60.0 60.0 &

Implementing the simulation within user subrou-
tines

The simulation of the core desalination-process com-
ponents was implemented within a variety of user-
subroutines.!'? The implementation of the dispersed-to-
continuous phase enthalpy injection is also illustrated by
McLaren.!?

Table 2 Nozzle #1 test schedule

Test No.  Ls(m) 11y t0t/Mair  Dpmed(m) Ny
1.1 1.015 0.5 le-3 50
1.2 1.353 0.4 le-3 50
1.3 2.029 0.4 le-3 50
1.4 2.029 0.2 Se-4 50
1.5 2.029 0.4 le-3 100
1.6 2.029 1.0 le-3 100

Table 3 Nozzle #2 test schedule

Test No. L, (m) 1y 0t/Mair  Dpmea(m) N,
2.1 0.771 0.5 le-3 50
2.2 1.028 0.4 le-3 50
2.3 1.542 0.4 le-3 50
2.4 1.542 0.2 5e-4 50
2.5 1.542 0.4 le-3 100
2.6 1.542 1.0 le-3 100

Conclusion: Simulation

Mathematical models for the interphase transfer of mass,
momentum and energy have been presented. The inter-
phase transfer models allow mutual coupled interaction
between the continuous and dispersed phases. This inter-
action is implemented in an iterative manner in the solu-
tion algorithm of the CFD code.

A fundamental aspect of real fluid flow is the signifi-
cant effect that turbulence can have on its overall behav-
iour. However, in the present study the effects of turbu-
lence are neglected as this is a preliminary investigation of
a conceptual idea.

Simulation results

The results of the investigation into the effects of the fol-
lowing parameters, on the degree of mass transfer from the
brine spray, are presented:

e Pressure ratio applied over core component assembly
e Spray-section length

e Continuous/dispersed phase mass-flow-rate ratio

e Median particle diameter

o Number of computational parcels used.

Tabulated results

The simulation results are presented in Table 4. These
results should be interpreted with reference to the para-
metric test schedules shown in Tables 1 to 3.

The primary dependent variable taken to indicate the
relative effectiveness of the desalination process is the per-
centage mass transfer from the brine spray (PMT):

o 6mp,tot

PMT = (28)

mp,tot

where: Total mass transfer from brine spray (61p, tot) -
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Table 4 Parametric test results:

10203 computational cells

Interphase Interphase Maximum Minimum
heat mass particle particle
Test No. transfer (J) transfer (kg) velocity (m/s) temp. (K)
1.1 1.078E+03 1.377E-02 193.5 241.1
1.2 1.112E+03 1.248E-02 242.6 238.8
1.3 1.100E+03 1.443E-02 2404 240.8
14 6.882E+02 1.214E-02 268.1 175.6
1.5 8.348E+02 1.476E-02 256.8 238.9
1.6 2.377TE+03 3.578E-02 199.5 240.4
2.1 2.981E+03 1.215E-02 288.2 234.2
2.2 2.696E+03 1.138E-02 294.1 236.8
2.3 3.000E+03 1.345E-02 307.8 232.1
2.4 2.595E+03 1.144E-02 335.8 216.8
2.5 2.855E+03 1.394E-02 323.2 229.5
2.6 5.056E+03 2.922E-02 258.1 248.4
Table 4 (continued)
Maximum Minimum Maximum e Figure 6: It is apparent that the median particle di-
resident particle particle ameter or, put more generally, the particle diameter
Test No.  time (s)  diameter (m) diameter (m) distribution has a significant influence on the degree
1.1 1.149E-01 9.283E-06 1.990E-03 of mass transfer from the brine spray. This depen-
1.2 1.103E-01 9.270E-06 1.990E-03 dence is consistent with the greater exposed surface
1.3 1.532E-01 9.288E-06 1.990E-03 area associated with a finer particle distribution.
1.4 1.294E-01 4.436E-06 9.950E-04 : p
15 9.948E-01 0.337E-06 1.990E-03 e Figure 7: The number of computatlonal. parcels used
1.6 1.632E-01 0.338E-06 1.990E-03 in the parametric tests seem to be sufficient to repre-
' ’ sent the mass transfer behaviour of the brine spray.
2.1 8.022E-02 9.399E-06 1.990E-03 A doubling of the number of computational parcels
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Table 5 indicates how the various combinations of the
investigated parametric variable influence the percentage

mass transfer (PMT).

Graphical results

The graphs shown in Figures 4 to 7 indicate the relation-
ships between the parametric variable combinations inves-

tigated and the percentage mass transfer (PMT).
The following observations are made :

e Figure 4: It is to be expected that the PMT will ex-
hibit some form of asymptotic behaviour with regard
to the spray-section length as the brine spray should
eventually saturate its immediate surroundings after
sufficient mass transfer has taken place. This type of
behaviour is indicated in Figure 4.

o Figure 5: This shows that the degree of mass transfer
from the brine spray is small for most of the variable
combinations investigated despite the fairly large vari-
ations in the investigated conditions.

The small percentage of mass lost by the brine spray is
cause for concern. The low dispersed-to-continuous-phase
mass flow ratio, in conjunction with the small degree of
mass transfer, means that it would be necessary to main-
tain a substantial continuous phase mass flow for a rel-
atively small output of desalinated water. Therefore the
product water would be expensive in terms of unit energy
consumption.

The injected dispersed phase tends to be rapidly accel-
erated by the continuous phase resulting in short particle
residence times even if the nozzle assembly is physically
large. This tends to prevent the saturation of the continu-
ous phase, which would indicate that the maximum degree
of interphase mass transfer has been achieved.

Due to combined sensible and latent heat transfer
from the particles and the high latent heat of vaporisa-
tion of water, the internal energy of the brine droplets is
insufficient to allow complete particle evaporation. There-
fore, the degree of mass transfer from the brine spray is
low. However, the mass transfer has shown a strong de-
pendence on the particle size distribution. A future study
using much smaller particle size distributions may indicate
that greater degrees of mass transfer are possible.
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Table 5 PMT dependence on investigated parametric

combinations
Test No. L, (m) 17y t0t/Mair  Dpmea(m) N, PMT (%)
1.1 1.015 0.5 1.00E-03 50 2.75
1.2 1.353 0.4 1.00E-03 50 3.12
1.3 2.029 0.4 1.00E-03 50 3.61
14 2.029 0.2 5.00E-04 50 6.07
j[15) 2.029 0.4 1.00E-03 100 3.69
1.6 2.029 1.0 1.00E-03 100 3.58
2.1 0.7709 0.5 1.00E-03 50 2.43
2.2 1.0280 0.4 1.00E-03 50 2.84
2.3 1.5415 0.4 1.00E-03 50 3.36
2.4 1.5415 0.2 5.00E-04 50 5.72
2.5 1.5415 0.4 1.00E-03 100 3.49
2.6 1.5415 1.0 1.00E-03 100 2.92

One of the surprises of the present study is that the
CFD code is able to correctly predict that the injected
brine spray triggers an oblique shock wave cascade in the
spray-section for transonic flow cases. In addition, indica-
tions are that normal shocks will tend to form in the ex-
panding portion of the convergent-divergent nozzle when
the brine mass injection rate approaches the continuous
phase mass flow rate.

An immediately apparent problem is that the use of
a very coarse computational mesh, due to limited compu-
tational resources, and lower order differencing schemes
resulted in significant numerical smearing of the shock
waves.

As far as the general interphase interactions are con-
cerned, the smaller particle fractions are rapidly entrained
within the continuous phase flow and reach high terminal
velocities, whilst the larger particle fractions penetrate fur-
ther into the free stream flow. The radial injection velocity
component of the smaller particle fractions is rapidly re-
duced keeping them within, or in close proximity, to the
spray-section boundary layer. The braking effect on the
continuous phase of droplet entrainment results in a thick-
ened boundary layer region. The sensible and latent heat
transfer from the brine spray results in the spray-section
boundary layer being rapidly heated. The number of com-
putational parcels used to represent the brine spray, while
initially thought insufficient, seem to be adequate to pre-
dict mass transfer from the brine spray.

Overall, the results of the various simulations are simi-
lar despite the fairly large range of conditions investigated.

Recommendations for future investigations
Future simulations should take the following into account:

e Direct particle-to-particle interactions (e.g. droplet
coalescence)

e Particle break-up due to fluid dynamic forces and wall
interactions

e Continuous phase turbulence and interphase turbu-
lent interaction

e Accurate geometrical representation of real spray in-
jection nozzles

e Mach number dependent models for interphase mass,
momentum, and energy transfer.

The present two-dimensional simulation should be ex-
tended into three dimensions to take into account three-
dimensional flow effects. A finer computational mesh, to
increase spatial resolution, and higher order differencing
schemes should be used to avoid numerical smearing of
the oblique shock cascade. Extending the computational
domain to model the supersonic diffuser attached to the
spray-section would ease the problem of specifying ap-
propriate boundary conditions on the spray-section outlet
plane.

An important component of future investigations
should be a more comprehensive evaluation of the effects
of the brine droplet size distribution on the degree of mass
transfer from the brine spray.

Finally, a systematic design of the whole proposed
desalination process is required.

Conclusion

A desalination process has been proposed and initially
investigated by focusing on the core components of the
process. The physical processes taking place in the core
components are complex which has made their numerical
simulation difficult.

A model of the core components of the desalination
process has been developed and used to perform a number
of parametric tests. These tests are used to numerically
investigate the effects of a number of variables on the phys-
ical processes occurring within the core components.

Future research work should extend the simulation
model to cope with a number of physical processes not
taken into account in the present study. A future study of
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the entire proposed desalination process could lead to a full
system design of the process, and a quantitative evaluation
of its unit desalination cost.
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