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Abstract

Electro dialysis (ED) is one of the electrically driven process using ion-exchange mem-
branes which has been developed for several years, mainly for desalting of brackish
water and sea water. ED process is now days used for separation of chemicals from
a mixture of ionic and non ionic substances. The ED stack is generally used in var-
ious industrial processes namely, water purification, effluent treatment, desalination
of chemicals, recovery of valuable chemicals, etc. In ED process, the flow of chemical
over the surface of the membrane plays an important role in overall efficiency, the
performance and the energy consumption etc. That determines the product cost of
chemicals and ultimately the capital cost.

In a ED unit, the compartments are formed by alternate arrangement of cation
and anion exchange membranes. The arrangement of compartments play a vital
role for equal distribution of liquid in the compartments. There are mainly three
different types of arrangements adopted in a ED stack: (1) Parallel flow pattern,
(2) Series flow pattern, and (3) Parallel-cum- series flow pattern. The arrangement
of compartments in parallel and group of parallel compartments in series (parallel-
cum-series) is preferred for handling huge amount of liquid in the ED stacks. The
present investigation has been conducted by taking a parallel-cum-series pattern in
the existing ED unit.

For the design optimization of the stack and compartment, the parameters are
namely, the inlet and outlet openings and the effective area (contact area of water
flow with membrane) of membrane. The water inside the compartment flows in
narrow streams due to the path of least resistance which leads to high velocity of the
water jet. Due to this, its covers the less area of membrane and ions will not have
sufficient time to get transported from treated compartment to rejected one. Thus
for the improvement in the design of the ED stack and its compartments, the inlet
and outlet openings are mainly responsible for the effective flow distribution in stack

and compartments which significantly improves the transportation of ions and hence
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the performance of the ED unit. From the literature review pertaining to parallel-
cum-series arrangement, it was noted that there was a possibility of an uneven fluid
flow through the compartments and hence a lesser efficient system. The present work
is an attempt to ascertain the flow behaviour inside an existing ED stack and the
compartments in each stage of the unit. Further, investigations have been made with
new proposed design aspects adopted in an Electro dialysis unit viz. the inlet header
design, and, design of compartment inlet and outlet openings in order to improve its
performance and efficiency.

As the ED stack is a closed system hence it is very difficult to observe the flow
inside the compartments and in the stack itself. Hence CFD (Computational Fluid
Dynamics) is the most effective tool to analyze the flow behaviour and its pattern
inside the compartment. The theoretically calculated flow velocity and pressure and
are found to conform to the value predicted by using FLUENT software. The flow
patterns inside the ED stack and the compartments (with existing and new proposed
design) observed experimentally are found to conform to the flow patterns observed

in FLUENT.
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Chapter 1

Introduction

1.1 General

Water is of great importance in any industrial, domestic and agricultural consumption
so that its shortage is one of the most important limitations of life, agriculture and
industries. Most of the earth’s surface is covered by water, which is in the form of
the oceans, the seas and the ice in the poles. However, only 1% of these waters which
are in the form of surface or underground water is used by human beings and that is
because the water of the oceans and the seas has a very high salt content and it is
not directly utilizable and therefore it needs some special processes to be desalinated
[]. Suitable desalinating methods for water treatment of seawater can be effective
to overcome the water shortage. Different processes involved for the desalination and

purification are shown in table-1 with their basic applications.

Electrodialysis (ED) is one of these methods which has been used for many years
in different branches of industry for water treatment, in particular, for producing
deionized water of high purity, and drinking water. ED is an electrochemical process
for the separation of ions across charged membranes from one solution to another

under the influence of an electrical potential difference used as a driving force. This
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Table I: Different processes for desalination and its applications

State-of-the-art processes Technical relevant applications
Electrodialysis Water desalination and salt pre-concentration
Diffusion dialysis Acid and base recovery from industrial waste waters
Donnan dialysis Water softening, and exchange of ions
Developing processes Technical relevant applications
Bipolar membrane electrodialysis Production of acids and bases from salts
Continuous electrodeionization Production of ultra pure water
Capacitive deionization Water desalination and water softening
Reverse electrodialysis Electrodialytic energy generation

process has been widely used for production of drinking and process water from
brackish and seawater, treatment of industrial effluents, recovery of useful materials
from effluents and salt production. The basic principles of ED as shown in Fig|l.1

have been reviewed in the literature [5].

Concentrated NaCl
Solution
Desalted
Solution
A KJAIKJAIKJAJK]JAIKIJA K
Natl o Pmadl i mNad | Nad L [Ma INa*

= “"7 ‘E;—- ‘37 '*-37 m;, Cathode
B B e = e

Water

1 __11_1_]_‘_:?@._] HI ‘H ™~

Figure 1.1: Basic principle of Electrodialysis

In a typical ED cell, a series of anion- and cation-exchange membranes are arranged

in an alternating pattern between an anode and a cathode to form individual cells
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as shown in Fig[l.2l When a DC potential is applied between two electrodes, posi-
tively charged cations move toward the cathode, pass through the negatively charged
cation-exchange membrane and are retained by the positively charged anion-exchange
membrane. On the other hand, negatively charged anions move toward the anode,
pass through the positively charged anion-exchange membrane and are retained by
the negatively charged cation-exchange membrane. At the end, ion concentration in-
creases in alternate compartments with a simultaneous decrease of ion concentration
in other compartments. A schematic view of an ED cell Pair is presented in FiglT.2]
and and combined cell pairs form an Electrodialysis unit is shown FiglT.3|

Cathode (-)

Cation-Transfer
Membrane
Demineralized
Product

Anion-Transfer
Membrane

Cation-Transfer
Membrane

= Anode (+)

—

Figure 1.2: A single Cell Pair

In order to improve the performance of an electrodialyzer, a lot of investigations are
performed as exemplified below. Ions transferring across the membrane are supplied
from a feeding solution, accordingly the performance of an electrodialyzer is influenced
by the solution flow in desalting cells. For accelerating the ionic transport from the

solution toward the membrane, theoretical and experimental study of hydrodynamics
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of the solution flow is carried out. Limiting current density is caused by concentration

polarization in a boundary layer formed at a desalting surface of the membrane.

Positive Polarity

feed
water

# Cathade (-]
¢ A W
- - Catiorw Trantfor
L - Meinds are

<3 Demineralized
Product
- - - Arwony-Tranafer
ek ane
Cencontrato
- L . Cation- Transler

—d Membrane
i i

|
e il

—_——— s DL S

demineralized
water

concentrate

Figure 1.3: ED stack and Processes involved

This parameter is usually measured by current density-voltage curves. The mech-
anism of the limiting current density is analyzed based on the mass transport in a
desalting cell by means of chemical engineering techniques. Further, electrodialysis
is applied to remove specified ionic species in a feeding solution due to permselec-
tivity of the membranes. Based on the fundamental studies exemplified above, the

electrodialysis process is applied widely to the desalination of brackish water[6].

1.2 Various applications of Electrodialysis water
are given as below

a. Desalting seawater

b. Large scale brackish and seawater desalination and salt production.
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c. Small and medium scale drinking water production (e.g., towns and villages,

construction and military camps, nitrate reduction, hotels and hospitals)

d. Water reuse (e.g.,industrial laundry waste water, produced water from oil/gas
production, cooling tower makeup and blowdown, metals industry fluids, wash-

rack water)

e. Pre-demineralization (e.g., boiler makeup and pretreatment, ultrapure water
pretreatment, process water desalination, power generation, semiconductor,

chemical manufacturing, food and beverage)
f. Treating brackish groundwater
g. Water softening
h. Waste water recovery
i. Removing color, odor, and other organic contaminants
j. Chemical sepration and solution demineralization

k. Bipolar-membrane electrodialysis was oriented toward the recovery of acids and

bases from salt streams.

1.3 Limitations

a. Working best at removing low molecular weight ionic components from a feed
stream. Non-charged, higher molecular weight, and less mobile ionic species

will not typically be significantly removed.

b. In contrast to RO, electrodialysis becomes less economical when extremely low

salt concentrations in the product are require.



CHAPTER 1. INTRODUCTION 6

c. Consequently, comparatively large membrane areas are required to satisfy ca-
pacity requirements for low concentration (and sparingly conductive) feed solu-

tions.

d. As with RO, electrodialysis systems require feed pretreatment to remove species
that coat, precipitate onto, or otherwise ”foul” the surface of the ion exchange

membranes. This fouling decreases the efficiency of the electrodialysis system.

e. Electrodialysis reversal systems seek to minimize scaling by periodically revers-

ing the flows of diluate and concentrate and polarity of the electrodes

f. The most hazardous for electrodialysis are hardness salts, especially calcium

salt.

g. In an electrodialysis process, energy consumption is rather high comparing to
a reverse osmosis process when a high concentration solution such as seawater

is supplied.

Overall current efficiencies of less than unity are due to a number of contributing

factors|7]

a. the membranes may not have a permselectivity of unity and therefore allow

passage (intrusion) of the co-ion.

b. parallel currents may exist across the membrane stack manifbld (current leak-

age).

c. at high current densities or low solute concentrations, hydrogen and hydroxide
ions present in the aqueous media begin to participate in the current carrying

process (transport by water dissociation ions).

d. the concentration gradient across a membrane separating the diluate and con-
centrate compartments drives a diffusive flux of electrolyte back into the diluate

(counterion backdiffusion).



CHAPTER 1. INTRODUCTION 7

1.4 Involvement of CFD approach

The process/technique used in desalination involves lots of fluid mechanics and its
applications. The nature of fluid flow is complex and could not be analyzed using
simple mathematical equations and hence computational fluid dynamics (CFD) is ex-
tensively used by many investigators. The development of the high speed computer
and the evolution of the computational fluid dynamics (CFD) have a great influence
on the engineering design and analysis of the turbo machinery. In the past decades,
due to increasing capability to solve complex geometry and complex flow problems
and reduction in computational time and costs, the CFD methodology has emerged to
become an efficient approach for collecting information to improve engineering design
of turbo machinery. Today, CFD is an equal partner with pure theory and pure exper-
iment in the analysis and solution of fluid dynamics problem. And CFD will continue
to play this role indefinitely, for as long as our advanced human civilization exists.
The fundamental basis of almost all CFD problems is the Navier-Stokes equations,
which define any single-phase fluid flow. These equations can be simplified by remov-
ing terms describing viscosity to yield the Euler equations. Further simplification, by
removing terms describing vorticity yields the full potential equations. Finally, these
equations can be linearized to yield the linearized potential equations. And this yield
equation presents the solution to the problem with defining the appropriate boundary

conditions.
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Literature Review

The demand for efficient and cost effective ED processes in the research and academic
institutes as well as in industries is rapidly increasing. In industries different type
of ED unit designs are developed at micro scale and nano scale to improve efficiency
and cost effectiveness. The different investigations done on electrodialysis unit are
given in chapter 1. Most of the research work is going on chemical base and specially
membrane processes. some of the research was done upon the design aspects of the

ED unit but mostly work done in case of single compartment.

In ED process, the flow of water over the surface of the membranes, plays an im-
portant role in overall stack resistance, desalting performance, energy consumption,
current efficiency etc. that ultimately determine the capital cost and product water

cost.

2.1 Flow Pattern][1]

Three different types of flow systems (or design) inside the ED stacks are employed.
These are: (i) parallel flow pattern, (ii) series flow pattern, and (iii) parallel-cum-series

flow pattern.
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2.1.1 Parallel flow pattern in ED stack

CONCENTRATE

DILUATE

cla] c Jalcla

CATHO I ANOIERE
-

i 4 -] L
lII T I I FEED WATER

Figure 2.1: Parallel flow pattern in electrodialysis stack

In the parallel flow pattern Fig[2.1] the water stream which has to pass through the
dilute and concentrate compartments of the electrodialysis stack is divided at the
entry point itself. The individual dilute water inlet stream is fed equally to all the
dilute compartments and desalted water is taken out from the other side. Similar
thing happens for the concentrate compartments where the outlet streams become
rich in salt concentration. Equal stress develop in all the compartments so membranes

are safe from high stress. Advantages of parallel flow pattern are:

a. minimum pressure drop

b. equal electrical resistance of each compartment

c. equal desalination in each compartment

d. equal difference of concentration on two sides of membranes

The disadvantages are:
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a. uniform flow velocity may not be obtainable in all compartments

b. the flow may choose the path of least resistance which may results to stagna-
tion of water in certain compartments. Continuous desalting of such stagnant
water may leads to polarization, which ultimately enhance the resistance of the

system.

2.1.2 Series flow pattern in ED stack

-l ONCENTRATE
CONCENTRATE IN ouT

r“ TREATED OUT
o 'l'f.' l A | C

P

ANDDE

. N EY EX FE K _‘/'J

TREATEID I I ‘ ! ‘ I

Figure 2.2: series flow pattern in electrodialysis stack.

In series flow pattern, very high linear velocity can be obtained preventing any polar-
ization and thereby leads to high degree of desalting in a single stage. A schematic
diagram is given in (Fig. In this pattern the pressure drop is very high which
may cause rupture of membranes if the burst strength value of membrane is exceeded
by the difference of pressure on two sides of the membrane. The torque required for

making the assembly leak-proof will be very high.
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2.1.3 Parallel-cum-series flow pattern in ED stack

To avoid the disadvantages of both the flow patterns and to avail the maximum
advantages a combined flow pattern has been introduced, known as parallel-cum-
series flow pattern Fig[2.3] Here the degree of desalting can be raised with increase

in linear flow velocity.

CONUCENTRATE

A TREATED

Ai O f.-tl{'{rnllrr_l- .-1.| *.

e 1T ] LTI

Figure 2.3: Parallel-cum-series flow pattern in electrodialysis stack.

Normally in parallel-cum-series flow pattern equal number of cell pairs is used in each
stage, which maintains an equal distribution of flow in all the stages. But by varying
the number of cell pairs in each internal stage, the linear velocity in each stage can
also be varied as desired. If the number of cell pairs gradually decreases in each stage
with the progress of desalting, it results to an increase in linear flow velocity. This
type of flow may be defined as a tapered flow pattern.

In this flow pattern, the stack resistance for the same desalting performance is lower
than series or parallel-cum-series flow pattern.This type of flow system is advanta-

geous when water of high total dissolved solid (TDS) is to be desalted.
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To obtain better desalting performance by an ED stack, a thorough study of resis-
tance developed in each stage by varying the number of stages and also number of
cell pairs contained in various stages is necessary. This will enable to design ED stack
to improve its performance capability and also increase capacity, which may lead to
reduce the capital cost as well as product water cost.

In the present investigation, the flow behavior has been studied for same kind of
existing parallel-cum-series type flow pattern ED unit having 3 intermittent stage in

series in which no of compartments are arranged in parallel in each stage.

2.2 Water flow analysis using CFD|[2]

The water flow inside the treated and rejected compartment and electrode wash in the
ED, EDI and CEDI stacks is a complex phenomenon due to parallel, series, parallel
and series arrangement of compartments. It becomes more tedious and unpredictable
with reference to the transportation of ions from concentrated to treated one. Many
investigators [Carl-Ola; 2004] have used computational fluid dynamics to investigate
the flow characteristics inside the ED, EDI and CEDI units. The important parame-
ters namely, flow distribution in the compartments, effect of spacer, water distribution
through channels, pressure drop, velocity, mass transfer, drag, friction coefficient, etc.
were analyzed using the CFD.

Danielsson et. al. (2004)[8have conducted the flow distribution study for a new
Electrodialysis module. They have investigated the flow distribution for three differ-
ent designs of 4mm thick frames (compartments). The incompressible Navier-Stokes
mode of Femlab software was used to solve the averaged Navier-Stokes equations and
Darcy flow mode was used for the Thin Film approximation Theory (TFT) equations.
Based on the analysis of three frames, better flow distribution frame was manufac-
tured and tested experimentally. They have reported the CFD results are well in the
agreement with the experimental results. The efficiency of the unit is determined by

the water residence time distribution which depends on the velocity field. A theo-



CHAPTER 2. LITERATURE REVIEW 13

retical model based on potential flow theory was proposed by Dirkse et al. (2008)
for the velocity and pressure filed.Dal-Cin et al. (2006) have predicted the flow and
pressure distributions in one bank of a plate and frame ultrafiltration module with
five channels in parallel operating in a 7 configuration. The prediction were done
based on (1) Bernoulli’s equation and a momentum balance in one dimension and
(2) a three-dimensional field solution (Computational Fluid Dynamics) of the Navier-
Stokes equation. CFD solutions were taken as the benchmark and used to refine the
1D model being developed to evaluate flow and pressure distributions for different
operating conditions and ultimately different module configurations.Numerical solu-
tion of Navier-Stokes equations in a three-dimensional randomly porous packed bed
illustrated that the results are in good agreement with those of reported by Macdon-
ald et al. (1979). [A. Jafari. et. al.]. Apart from the CFD analysis, Gimmelshtein
and Semiat (2005) have used the particle image velocimetry (PIV) method used for
velocity measurements and MI estimations through the spacer between two mem-
branes. The results showed that flow direction changes occur near the spacer mainly
due to the existence of an obstacle that the flow had to bypass. They have reported
that significant mixing intensity can be found at higher flow rates than those used
regularly in membrane processes.

J.L.C. Santos et. al. have experimentally and numerically investigated the flow and
mass transfer profiles inside the channels of membrane module. The results were ob-
tained for 12 different flow aligned spacer structures under different hydrodynamics

conditions.

Fluid flow devices often employ multiple parallel channels, for example, to enhance
heat transfer in heat exchangers, enhance mass transfer in absorbers, or improve fluid
transport and distribution in fuel cell gas channels. The smaller channels provide in-
creased surface area, while the inlet and exit manifolds facilitate necessary distribution
and provide connections to external inlet and outlet conduits. Flow maldistribution

in heat exchangers has been studied by a number of researchers. Non-uniform flow
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in channels leads to different performance penalties depending on the process. For
example, gross flow maldistribution leads to significant reduction in effectiveness for
high NTU heat exchangers[9], about 7% for condensers, and up to 25% for cross-
flow exchangers[10]. Mueller and Chiou [J] list various factors responsible for flow
maldistribution in a shell and tube heat exchanger: entry problems due to header
design, bypass streams and fabrication tolerance Kitto and Robertson[I1] provide a
good summary of maldistribution in heat exchangers and indicate that the problem
is more severe in two-phase devices, such as evaporators, condensers, absorbers, re-
boilers, etc.

In general, maldistribution in parallel channels is caused by: (a) Uneven local pres-
sure distribution in the inlet/exit manifolds apparent at the channel entrance/exit,
caused by the specific placement of the inlet/outlet pipes, fluid distribution in the
headers, buoyancy effects, two-phase separation and resultant flow non-uniformity.
(b) Uneven flow resistances in the parallel channels caused by variations in channel
dimensions, different flow lengths, uneven fouling, density and viscosity variations,
and presence of two or more phases.

Lalot et al.[10] identified that the kinetic energy of the fluid brought in by the inlet
pipe into the inlet manifold causes local pressure variations at the entrance to the
channels. The local pressure distribution at the face of the channels is affected by
the local velocity distribution. If the inlet pipe is facing the channel entrance, then
the pressure in the area immediately facing the pipe has an additional pressure head
of 1/2 p V2 due to the inlet velocity V. The local velocity vectors at the entrance to
each channel determine this additional head, which could result in a reverse flow in
the channels under extreme conditions.

Plate heat exchangers have been investigated extensively for the pressure variations
in the inlet ports and its implication in flow maldistribution and performance degra-
dation. Tereda et al.[I2] measured the pressure distribution inside the port and
individual channels of a plate heat exchanger to estimate the flow rates in different

channels without disturbing the flow.Bobbill et al.[I3] developed a generalized math-
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ematical model to study the effect of flow maldistribution on the condensation in a
plate heat exchanger.Bobbill et al.[I4] measured the port to channel pressure drop
by introducing pressure probes. Their results indicate that the flow maldistribution
increases with increase in the overall pressure drop. Li et al.[I5] used the particle
image velocimetry (PIV) technique to investigate the flow characteristics of the flow
field in the entrance region of a plate-fin heat exchanger. Rao et al.[I6] conducted
experimental and theoretical study to show that the performance of a heat exchanger
was affected by the port-to-channel flow maldistribution in single-pass and multipass
heat exchangers. The maldistribution reduced with multi passing. The effect of the
manifold was investigated analytically by Baek and Jiao[I7]. They found that opti-
mizing the distributor configuration greatly reduced the flow maldistribution. Rao
and Das[I8] confirmed the validity of their analytical techniques that showed that
the pressure drop increases with the presence of flow maldistribution in a plate heat
exchanger. Zhang et al.[19] and Jiao et al.[20][21] experimentally studied the flow
maldistribution caused by the defects in the inlet configuration and emphasized the
need for proper distributor design.

A uniform distribution of current density is of paramount importance for fuel cell
operation; it leads to uniform distribution of temperature and liquid water produc-
tion, and lower mechanical stresses on the membrane electrode assembly (MEA)[22].
The current density distribution in a PEMFC is determined by the uniformity of the
reactant gas supply over the catalyst layer. Flow maldistribution is also an important
factor in reducing the operating life of a fuel cell[23][24]. Proper reactant distribution
is therefore critical to ensure high performance and long lifetime of a PEMFC.

Flow field design and header configuration significantly affect the flow non-uniformity.
Various complex flow fields, such as serpentine channels, multiple parallel channels
and interdigitated channels, have been investigated for flow maldistribution in PEM
fuel cells. Dutta et al.[25][20] examined the performance of straight and serpen-
tine channels. Jen et al.[27] predicted the cell performance with straight channels.

A.Kumar and Reddy[28] examined the impact of channel dimensions and shape for
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serpentine flow fields on cell performance and later for porous metal foams[29]. They
observed a more uniform current density distribution with metal foam compared to
a multi-parallel channel flow field design. Senn and Poulikakos[30] and Hontanon
et al.[31] also found that porous materials yielded better flow distributions and im-
proved mass transfer, and consequently higher cell performance compared to grooved
straight and serpentine flow channels. Barreras et al.[32][33] implemented flow visual-
ization by the laser-induced fluorescence as well as measurements of the velocity field
by dye trace tracking to study the flow distribution in a parallel diagonal channel,
a branching cascade type, and a serpentine-parallel flow topology. They found that
very homogeneous velocity and pressure fields are obtained for both the serpentine-
parallel and the cascade type flow topologies, while an uneven flow distribution was
obtained with the diagonal topology. Um and Wang[34] and Hu et al.[35] com-
pared the interdigitated flow channels with parallel straight channels and reported
that an interdigitated flow channel could enhance mass transport and improve the
PEMFC performance compared to a parallel channel due to forced convectional flow
through the porous diffusion layer. Birgersson and Vynnycky[36] numerically sim-
ulated and quantitatively compared the performance of the interdigitated channels,
parallel channels, and porous foam, and concluded that the foam yielded the most
uniform current density distribution and the interdigitated channels consisting the
highest current densities. The advantage and disadvantage of some of the flow-fields
have been discussed in several reviews[37][38].

At the stack level, flow maldistribution is more severe due to the multi-duct (indi-
vidual cells are sometimes referred to as ducts) configuration. However, due to the
complexity of the problem and the lack of an experimental technique to measure the
instantaneous flow distribution, very few investigations have been reported for the
stack level maldistribution. Ganesh et al.[39] mathematically defined a flow mald-
istribution parameter in terms of the duct inlet velocity and numerically simulated
the flow distribution in a PEMFC stack by using flow channeling theory and found

a considerably skewed flow distribution which is dominated by flow rate and port
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size. Bansode et al.[40] carried out a 3D numerical single-phase study to analyze the
flow maldistribution in a PEMFC stack with four ducts. Their results showed that
the variation in port diameter leads to different degrees of maldistribution and the
corresponding non-uniform water content in the membrane. Koh et al.[41] reported
a numerical model to investigate pressure variation and flow distribution of stacks.
Chen et al.[42] constructed a 2D stack model composed of 72 cells filled with a porous
medium to evaluate pressure variation and flow distribution in the manifold of a fuel
cell stack. Their modeling results indicated that although both the channel resistance
and the manifold width can enhance the uniformity of the flow distribution, larger
manifold width is a better solution for flow distribution because increasing the chan-
nel resistance requires an excessive pressure drop which is not beneficial in practical
applications.

Similar to the results obtained for heat exchangers[12], the flow maldistribution is
induced not only by the cell design but also by local water blockage in the channels.
Water accumulation (resulting from vapor condensation and/or product water) in
the catalyst layer, GDL, and in gas channels will fill the pores from micro- to macro-
sizes and block the gas pathways. This is the well-known flooding phenomenon which
can cause major problems with gas distribution and consequently damage the cathode
catalyst layers[43]. Presence of water in the individual channels leads to different two-
phase flow patterns that affect the gas flow rates in those channels as well as in the
other parallel channels due to cross-communication between the channels through the
manifolds. An important objective of this work is to identify the flow maldistribution
caused by the presence of water in the channels and investigate the flow interaction
between adjacent channels.

Flow distribution studies in PEMFCs were primarily limited to flow fields without
considering the effect of the gas diffusion layer. In a PEMFC the flow fields are in
direct contact with the diffusion layer which helps in distributing the reactants uni-
formly over the catalyst layer. Consequently, the flow distribution in the flow field
needs to be further linked with the flow distribution in the diffusion layer. Dole et
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al.[44] studied the interaction between the diffusion layer with different permeabil-
ity and flow field designs, and concluded that even a meander structure distributes
the reactants non-homogeneously on the electrodes due to the additional flow paths
available in the diffusion layer. Kanezaki et al.[45] studied the cross-leakage flow
between adjacent flow channels in a single channel serpentine flow field and found a
significant amount of the cross-leakage flow. This flow is comparable with the flow
in the serpentine path due to the pressure gradient set up across the porous diffusion
layer between the adjacent channels. Given the considerable influence of the diffusion
layer on the flow distribution in PEMFC channels, it becomes relevant to measure
the instantaneous flow rate in the channels with a diffusion layer backing rather than

in channels with impermeable walls.

This report is organized as follows: In the first part, study of flow behavior by
visualization technique using die penetration method in lab scale model of actual
parallel-cum-series flow pattern of ED unit and single compartment of existing and
proposed design. In the second part, CFD analysis of actual scale parallel-cum-series
model and single compartment as discussed in first part. And in third part, analysis

of both the results carried out.

2.3 Objectives of the study

ED stack is close and leakage proof system and as due to its housing it is not possible
to study the flow behavior of stack and its compartment by any visualizing tech-
nique. In parallel arrangement of compartments in each stage, uneven distribution
of solution inside the compartments occur due to that solution become stagnant in
some of the compartments that ultimately lowers the efficiency of the ED stack. So
to improve the efficiency solution should be pass by equal quantity of water through
each compartment.

When the flow of solution passing through ED stack that gives individual flow for
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each compartment that are arranged in parallel in each stage. ED stack is close sys-
tem so it is very difficult to measure the pressure and velocity for each and every
compartment experimentally.

CFD analysis is very helpful to study the flow behavior for different compartments
and ED stack.To improve ion-exchange some of the design aspects should be inves-
tigated for maximum use of membrane area in Existing design of the compartment

openings.

2.4 Structure of Thesis

In the present work, flow behavior of ED stack for treated compartment are inves-
tigated using CFD analysis and some new design aspect of ED stack would applied
and increasing the efficiency of ED unit . Chapter 1

Q

. chapter 1 of this thesis presents the working principle and importance of ele-

crodialysis and application of CFD in present work.

b. Chapter 2 summarizes the literature available on the ED stack in reference to
the present work and requirement of CFD in development of work that done in

literature.

c. Chapter 3 gives overview about CFD and its concept, techniques and ability to

solve the complex problems.
d. Chapter 4 presents the experimental set-up and program .

e. Chapter 7 presents modeling and analysis of ED stack and compartments using

CFD software.

f. Chapter 6 Presents the detail discussion on the results of the experimental and

analysis using CFD and its validation.
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g. Chapter 7 summarizes overall conclusions that have been drawn from the present

work. In this chapter, the scope of future work is also proposed.



Chapter 3

Computational Fluid Dynamics

3.1 Needs of CFD

The development of the high speed computer and the evolution of the computational
fluid dynamics (CFD) have a great influence on the engineering design and analysis
of the turbo machinery. In the past decades, due to increasing capability to solve
complex geometry and complex flow problems and reduction in computational time
and costs, the CFD methodology has emerged to become an efficient approach for
collecting information to improve engineering design of turbo machinery. Today, CFD
is an equal partner with pure theory and pure experiment in the analysis and solution
of fluid dynamics problem, as sketched in Fig[3.1[46]. And CFD will continue to play

this role indefinitely, for as long as our advanced human civilization exists.

Compared to theoretical approach to solve fluid flow problems, the CFD approach has
the advantage that it can provide a solution for a much more complex problem. And
compared to experimental approach, in which cost is proportional to the number of
data points and the number of configurations tested, in terms of facility hire and/or
man-hour costs, CFD approach can produce extremely large volumes of results at

virtually no added expense and it is very cheap to perform parametric studies, for

21
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Figure 3.1: The "three dimensions” of fluid dynamics

instance to optimize equipment performance.

22

However, to keep things in perspective, CFD provides a new third approach- but

nothing more than that. It nicely and synergistically complements the other two

approaches of pure theory and pure experiment, but it will never replace either of

these approaches. There will always be a need for theory and experiment. Rather, the

future advancement of fluid dynamics will rest upon a proper balance of all the three

approaches, with computational fluid dynamics helping to interpret and understand

the results of theory and experiment, and vice versa

3.2 Concept of CFD

The physical aspect of any fluid flow is governed by three conservation laws:

a. Conservation of Mass: The mass of a fluid is conserved.

b. Conservation of Momentum: The rate of change of momentum is equal to the

sum of the forces on a fluid particle, in the same direction (Newton’s second

law).
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c. Conservation of Energy: The rate of change of energy is equal to the sum of
the rate of heat addition and the rate of work done on a fluid particle (first law

of thermodynamics).

These fundamental conservation laws can be expressed in terms of basic mathematical
equations, which in their most general form are either integral equations or partial dif-
ferential equations. Computational fluid dynamics is the art of replacing the integrals
or the partial derivatives (as the case may be) in these three fundamental equations
with discretized algebraic forms, which in turn are solved to obtain numbers for the
flow field values at discrete points in time and/or space. The end product of CFD
is indeed a collection of numbers, in contrast to a closed-form analytical solution.
However, in the long run, the objective of most engineering analyses, closed form or
otherwise, is a quantitative description of the problem, i.e., numbers. Of course, the
instrument which has allowed the practical growth of CFD is the high-speed digi-
tal computer. CFD solutions generally require the repetitive manipulation of many
thousands, even millions, of numbers, a task that is humanly impossible without the
aid of a computer. Therefore, advances in CFD, and its applications to problems of
more and more detail and sophistication, are intimately related to advances in com-
puter hardware, particularly in regard to storage and execution speed. This is why
the strongest force driving the development of new supercomputers is coming from
the CFD community. Indeed, the advancement in large mainframe computers has
been phenomenal over the past three decades.[47] Thus, in simple words CFD can be
defined as:

"CFD is the analysis of systems involving fluid flow, heat transfer and associated
phenomena such as chemical reactions by means of computer-based simulation.”
The technique is very powerful and spans a wide range of industrial and non-industrial

application areas. Some examples are:[47]
a. Aerodynamics of aircraft and vehicles: lift and drag

b. Turbo machinery: flows inside rotating passages, diffusers etc.
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c. Hydrodynamics of ships

d. Marine engineering: loads on off-shore structures

e. Biomedical engineering: blood flows through arteries and veins

f. Power plant: combustion in IC engines and gas turbines

g. Chemical process engineering: mixing and separation, polymer moulding

h. Electrical and electronic engineering: cooling of equipment including micro-

circuits

i. External and internal environment of buildings: wind loading and heating/

ventilation
j. Environmental engineering: distribution of pollutants and effluents
k. Hydrology and oceanography: flows in rivers, estuaries, oceans
1. Meteorology: weather prediction

The advantages of CFD over experimental approach to fluid system design can be

summarized as:
a. Substantial reduction of lead times and costs of new designs.

b. Ability to study systems where controlled experiments are difficult or impossible

to perform (e.g. very large systems).

c. Ability to study systems under hazardous conditions at and beyond their normal

performance limits (e.g. safety studies and accident scenarios).

d. Practically unlimited level of detail of results. [47]
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3.3 Steps To Solve The Problem Using CFD Ap-
proach

The various steps required to solve the problem using CFD are described below.[4§]

3.3.1 Creation of Mathematical Model

The starting point of any numerical method is to convert the physical problem into the
mathematical model, i.e. the set of partial differential or integral-differential equations
and specify the boundary conditions. One chooses an appropriate model for the target
application (incompressible, inviscid, turbulent; two- or three-dimensional, etc.). As
already mentioned, this model may include simplifications of the exact conservation
laws. A solution method is usually designed for a particular set of equations. Trying
to produce a general purpose solution method, i.e. one which is applicable to all
flows, is impractical, if not impossible and, as with most general purpose tools, they

are usually not optimum for any one application.

3.3.2 Choose a Discretization Method

After selecting the mathematical model, one has to choose a suitable discretization
method (Section 3.5), i.e. a method of approximating the differential /integral equa-
tions by a system of algebraic equations for the variables at some set of discrete
locations in space and time. There are many methods, but the most important ones

are:

a. Finite Difference Method (FDM)
b. Finite Volume Method (FVM) and

c. Finite Element Method (FEM)

Other methods, like spectral schemes, boundary element methods, and cellular au-

tomata are used in CFD but their use is limited to special classes of problems. Each
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type of method yields the same solution if the grid is very fine. However, some meth-
ods are more suitable to some classes of problems than others. The preference is often

determined by the attitude of the developer.

3.3.3 Numerical Grid Generation

The discrete locations at which the variables are to be calculated are defined by the
numerical grid which is essentially a discrete representation of the geometric domain
on which the problem is to be solved. It divides the solution domain into a finite
number of sub domains (elements, control volumes etc.) and gives the set of discrete

points for the discretization scheme. Some of the options available are the following:

Structured (regular) Grid

Regular or structured grids consist of families of grid lines with the property that
members of a single family do not cross each other and cross each member of the other
families only once. An example of a structured 2D grid is shown in Fig[3.2]designed

for calculations of flow in a symmerty segment of a staggered tube bank.[48)]

Figure 3.2: Example of a 2D, structured, non-orthogonal grid
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Unstructured grids

For very complex geometries, the most flexible type of grid is one which can fit an
arbitrary solution domain boundary. In principle, such grids could be used with
any discretization scheme, but they are best adapted to the finite volume and finite
element approaches. In practice, grids made of triangles or quadrilaterals in 2D, and

tetrahedra or hexahedra in 3D are most often used.

An example of an unstructured grid[48] is shown in Figl3.3]

——
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Figure 3.3: Example of a 2D unstructured grid

3.3.4 Finite Approximation

After selecting the type of grid, the next step is the finite approximations to be used
in the discretization process. In a finite difference method, approximations for the
derivatives at the grid points have to be selected. In a finite volume method, one

has to select the methods of approximating surface and volume integrals. In a finite
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element method, one has to choose the shape functions (elements) and weighting

functions.

3.3.5 Solution of Algebraic Equations

Discretization yields a large system of algebraic equations. The method of solution
of these algebraic equations depends on the type of the problem i.e. steady or un-
steady. For unsteady flows, methods based on those used for initial value problems
for ordinary differential equations (marching in time) are used. Steady flow problems
are usually solved by pseudo-time marching or an equivalent iteration scheme. The
choice of solver depends on the grid type and the number of nodes involved in each

algebraic equation.

3.3.6 Convergence Criteria

Finally, one needs to set the convergence criteria for the iterative method. Usually,
there are two levels of iterations: inner iterations, within which the linear equation
are solved, and outer iterations, that deal with the non-linearity and coupling of the
equations. Deciding when to stop the iterative process on each level is important,

from both the accuracy and efficiency points of view.

3.4 Discretization Methods

Basically two types of problems are there in fluid flow e.g. steady state and unsteady
state. The equations of steady flow are independent of time, thus the model equa-
tion contain partial derivatives with respect to space only. But equations governing
unsteady fluid flow are time dependent, thus the model equations contain partial
derivatives with respect to both space and time. We can approximate these equa-
tions simultaneously and solve the resulting difference equations. The approximation

can be done by any one of the following methods.
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3.4.1 Finite Difference Method (FDM)

The first step in obtaining a numerical solution is to discretize the geometric domain
i.e. anumerical grid must be defined. In finite difference method (FDM) discretization
methods the grid is usually locally structured, i.e. each grid node may be considered
the origin of a local coordinate system, whose axes coincide with grid lines. This also
implies that two grid lines belonging to the same family, say xi;, do not intersect,
and that any pair of grid lines belonging to different families, say & = const, and
xiy = const., intersect only once. In three dimensions, three grid lines intersect at
each node; none of these lines intersect each other at any other point. Fig[3.dkhows

examples of one-dimensional (1D) and two-dimensional (2D) Cartesian grids used in

FDM.
N,

Figure 3.4: 1D (above) and 2D (below) cartesian grid for FDM
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Each node is uniquely identified by a set of indices, which are the indices of the grid
lines that intersect at it, (i, j) in 2D and (i, j, k) in 3D. The neighbor nodes are defined

by increasing or reducing one of the indices by unity.
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D(¢) = k where, D is differential operator k is source term ¢ is parameter

In FDM the whole domain is divided into a large number of smaller elements which
depends on accuracy of the solution required and derivatives are replaced by finite
difference approximation.Similarly for higher derivatives we have finite difference ap-
proximations.

The idea behind finite difference approximations is borrowed directly from the defi-
nition of a derivative:

99

( ¢(r; + Az) — o)
ox

(3.1)

These approximations give system of algebraic equations which are then solved using
computer. This is the simplest of all available approximations and easy to calcu-

late.FDM is usually used for structured grid.[48]

3.4.2 Finite Volume Method (FVM)

Finite-volume methods have become popular in CFD as a result, primarily, of two
advantages. First, they ensure that the discretization is conservative, i.e., mass, mo-
mentum, and energy are conserved in a discrete sense. While this property can usu-
ally be obtained using a finite-difference formulation, it is obtained naturally from a
finite-volume formulation. Second, finite volume methods do not require a coordinate
transformation in order to be applied on irregular meshes. As a result, they can be
applied on unstructured meshes consisting of arbitrary polyhedra in three dimensions
or arbitrary polygons in two dimensions. In FVM, the problem domain is divided
into large number of small (finite) volumes. Integral forms of conservative equations
are applied to each control volume. Conservation principles obey over each control
volume and as well as to the entire domain. This leads to system of algebraic equa-
tions obtained for each control volume by suing appropriate approximate quadrature
schemes, and these equations are then solved using computer. Figl3.55hows a typical
CV and the notation used for a cartesian 2D grid in FVM.
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Figure 3.5: A typical control volume and the notation used for a cartesian 2D grid in
FVM

3.4.3 Finite Element Method (FEM)

This method was basically originated in the study of structural mechanics problems.
It is most popular in structural mechanics and solid mechanics related fields. In gen-
eral, finite element method (FEM) is versatile in applications to multidimensional
complex irregular geometries. In this method, problem domain is divided into small
elements called finite elements. Using appropriate interpolation functions, approx-
imation of function in terms of nodal values is carried out. Substitution of these
approximations into governing equation (integral and differential equations) leads to

system of algebraic equations, which are then solved using computer.

3.4.4 Mathematical Model][3]

CFD is a numerical technique to obtain an approximate solution numerically[3]. We

have to use a discretization method, which approximate the differential equations by
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a system of algebraic equations, which can then be solved on a computer. The ap-
proximations are applied to small domain in space and/or time so that the numerical
solution provides results at discrete locations in space and/or time.

The physical aspect of any fluid flow is governed by the following three fundamental

principles:
a. Conservation of Mass
b. Conservation of Momentum
c. Conservation of Energy

These fundamental principles can be expressed in terms of partial differential equa-
tions. CFD is a numerical technique to replace these partial differential equations
of fluid flow into the algebraic equations by numbers and discretizing them in space
and/or time domain. With the advent of high speed digital computers, CED has
become a powerful tool to predict flow characteristics in various problems in an eco-

nomical way.

Conservation Equations

Mass conservation equation
The equation for conservation of mass, or continuity equation, can be written as

follows:

dp B

This equation is the general form of the mass conservation equation and is valid for
incompressible as well as compressible flows. The source S,, is the mass added to the
continuous phase from the dispersed second phase (e.g., due to vaporization of liquid
droplets) and any user-defined sources. Momentum conservation equation

Conservation of momentum in an inertial (non-accelerating) reference frame is de-
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scribed by

%(pfu) + V(pvv) = —=0p+0(7) + pg + F (3.3)

where,

p is the static pressure, 7 is the stress tensor (described below), and pg and F are the
gravitational body force and external body forces (e.g., that arise from interaction
with the dispersed phase), respectively. F also contains other model-dependent source
terms such as porous-media and user-defined sources.

The stress tensor 7 is given by,
T =p[(VV +VVT) - 2/3V.V.I] (3.4)

where, p is the molecular viscosity I is the unit tensor, and the second term on the

right hand side is the effect of volume dilation.

3.4.5 Discretization

A control-volume-based technique is used to convert the governing equations to alge-
braic equations that can be solved numerically. This control volume technique consists
of integrating the governing equations about each control volume, yielding discrete
equations that conserve each quantity on a control-volume basis.Discretization of the
governing equations can be illustrated most easily by considering the steady-state
conservation equation for transport of a scalar quantity ¢ over control volume V as

follows.

%,OQSVdA = ]{F¢V¢d_/4 + /S¢dV (35)

where, p is density, v is velocity vector, dA is surface area vector, I'; is diffusion

coefficient for ¢, V, is gradient of ¢ and S, is source of ¢ per unit volume
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Above equation is applied to each control volume, or cell, in the computational do-

main. Discretization of the equation on a given cell yields,

prgbfoAf = EF¢(V¢)nAf + S¢V (36)

where, ¢y is value of ¢ convected through face f ps . V; . Ay shows mass flux through
the face Ay is area of face f (V}),, is magnitude of V; normal to face f V is cell volume
The equations solved by FLUENT take the same general form as the one given above
and apply readily to multi-dimensional, unstructured meshes composed of arbitrary
polyhedra. By default, FLUENT stores discrete values of the scalar ¢ at the cell
centers. However, face values ¢y is required for the convection terms in equation 3.15
and must be interpolated from the cell center values. This is accomplished using an
upwind scheme.

Upwinding means that the face value ¢; is derived from quantities in the cell up-
stream, or "upwind,” relative to the direction of the normal velocity V,, in equa-
tion. FLUENT allows us to choose from several upwind schemes: first-order upwind,
second-order upwind, power law, and QUICK. The diffusion terms in equations are

central-differenced and are always second order accurate.

Under-relaxation

Because of the nonlinearity of the equation set being solved by FLUENT, it is neces-
sary to control the change of ¢. This is typically achieved by under-relaxation, which
reduces the change of ¢ produced during each iteration. In a simple form, the new
value of the variable ¢ within a cell depends upon the old value, ¢4, the computed

change in ¢, A¢, and the under-relaxation factor, «, as follows:

O = Goig + g (3.7)
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For most flows, the default under-relaxation factors do not usually require modifica-
tion. If unstable or divergent behavior is observed, however, it is required to reduce
the under-relaxation factors for pressure, momentum, k, and € from their default
values of 0.5, 0.7, 0.8 and 0.8 to about 0.2, 0.5, 0.5 and 0.5 respectively.

Discretization of the continuity equation

The steady-state continuity equation in integral form is given by:

pudA =0 (3.8)
/

This equation may be integrated over the control volume to yield the following discrete

equation:
YJpAr =0 (3.9)

where, J; is the mass flux through face f,p v,.
The face value of velocity is not averaged linearly; instead, momentum-weighted av-

eraging, using weighting factors, which can be written as:
Jf = Jf +df(pcopc1) (310)

where, p. and p.; are the pressures within the two cells on either side of the face,
and J; contains the influence of velocities in these cells.

The term d; is a function of ap, the average of the momentum equation ap coefficients
for the cells on either side of face f.

Discretization of the momentum equation

The discretized x-momentum equation is:

aplt = Xlpplny + 2prAd =S (3.11)
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The pressure field and face mass fluxes are not known a priori and must be obtained
as a part of the solution.FLUENT uses a co-located scheme, whereby pressure and
velocity are both stored at cell centers. However, above equation requires the value of
the pressure at the face between cells. Therefore, an interpolation scheme is required

to compute the face values of pressure from the cell values.

Convergence Criteria

At the end of each solver iteration, the residual sum for each of the conserved vari-
ables is computed. On a computer with infinite precision, these residuals will go to
zero as the solution converges. On an actual computer, the residuals decay to some
small value (“round-off”) and then stop changing (“level out”). For “single precision”
computations, residuals can drop as many as six orders of magnitude before hitting
round-off whereas double precision residuals can drop up to twelve orders of magni-
tude. Hence, double precision solver gives more accurate results that single precision
but it requires more computational time and memory.

After discretization, the conservation equation for a general variable ¢ at a cell P can

be written as,

(lp¢p = Eanb¢nb + b (312)

Here,a, is the center coefficient, a,; are the influence coefficients for the neighboring
cells, and b is the contribution of the constant part of the source term Sc in S, =

Se + Sp+«p and of the boundary conditions. In equation shown below,

ap = Lany — Sy (3.13)

The residual R® computed by FLUENT’s segregated solver is the imbalance in equa-

tion below, summed over all the computational cells P. This is referred to as the
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“unscaled” residual. It may be written as
R? = 3| X anpPnp + b — apdy|| (3.14)

In general, it is difficult to judge convergence by examining the residuals defined by
equation 3.23 since no scaling is employed. FLUENT scales the residual using a
scaling factor representative of the flow rate of ¢ through the domain. This ”scaled”

residual is defined as

_ P Enpnp@np + b — apdy|
‘apgbp‘

R? (3.15)
For the momentum equations the denominator term ap ¢p is replaced by ap vp ,
where vp is the magnitude of the velocity at cell P.

For the continuity equation, the unscaled residual is defined as
R = Z |rateo fmasscreationincell P| (3.16)

And, scaled residual for the continuity equation is defined as

(R)iterationN (317)

RiterationS

The denominator is the largest absolute value of the continuity residual in the first
five iterations. Sometimes the residuals may not fall below the convergence criterion
set in the case setup. However, monitoring the representative flow variables through
iterations may show that the residuals have stagnated and do not change with further
iterations. This could also be considered as convergence. (FLUENT 6.1- Tutorial
Guide) In the present work, these scaled residuals have been continuously monitored
and iteration continued till the limiting value prescribed. It has been observed that,
with this default convergence criterion, simulated solution is reasonably accurate.

However, in case of the complicated geometry, this default criterion can be further
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reduced to get a better solution.

Examine the Mesh

It is very important to check the quality of the resulting mesh, because properties
such as skewness can greatly affect the accuracy and robustness of the CFD solution.
The skewness is classified in two ways, EquiAngle skew and EquiSize skew. Their
value ranges from 0 to 1, and lower value is desirable. It is also important to verify
that all the elements have positive area/volume, otherwise simulation is not possible.

The brief description of EquiAngle skew and EquiSize skew are as follow:

a. EquiAngle skew The EquiAngle Skew (QEAS) is a normalized measure of

skewness that is defined as:

Hmax - 96q eeq - emzn
180 — 0oy ' O

Qpas = (3.18)

where, 0,4, and 0,,;, are maximum and minimum angles (in degrees) between
the edges of the element, 6., is characteristic angle corresponding to an equilat-
eral cell of similar form for triangular and tetrahedral elements,

O = 60

For quadrilateral and hexahedral elements,

O = 90

By definition,

0<QEpas<l

where, Qpas = 0, describes an equilateral element, and QQgas = 1, describes a
completely degenerate (poorly shaped) element.

In general, high-quality meshes contain elements that possess average QQgpag

values of 0.1 in 2-Dimensional cases and 0.4 in 3-Dimensional cases.

b. EquiSize skew The EquiSize Skew (Qpys) is a measure of skewness that is
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defined as:

Seq — 5
Qpvs = qS (3.19)
eq

where, S is area (2-D) or volume (3-D) of the mesh element Seq is maximum
area (2-D) or volume (3-D) of an equilateral cell the circumscribing radius of
which is identical to that of the mesh element By definition, 0<Q gy s<1
where, Qpys = 0, describes an equilateral element, and Qgys = 1, describes a
completely degenerate (poorly shaped) element

In general, high-quality meshes contain elements that possess average Qgvs

values of 0.1 in 2-Dimensional cases and 0.4 in 3-Dimensional cases.

3.5 Theoretical Flow Field Studies For Thin Plate

The flow field through the cell has to be calculated using CFD software. Rather than
solving a full 3-D problem for the whole module a simplified 2D model was applied

which could be solved using Gambit/Fluent, with less computational effort.

3.5.1 Governing Equations

The governing equations for the velocity field, u = (u,v,w), and the pressure, P, are

the equations for continuity of mass and momentum. Navier-Stokes equations.

3.5.2 Governing Equation

0
p(a—?) +u.Vu = —Vp+ puVu

ou

pu— .2
8t+V,0u 0 (3.20)

In Fig[3.6] the three different regions namely, the inlet region, the active area and the

outlet region are shown. The inlet region distributes the flow and provides a uniform
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[N\ ke

Active dres
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Figure 3.6: Compartment with different flow regions [Carl-Ola et.al.; 2004]

flow distribution before the active area. The active area is where the ionic transport
over the membranes takes place in continuous electro deionization module. Finally in
the outlet region the fluid is collected into the outlet stream. The length scale used
to scale the equations is the length of the active area, L(0.25 m). The height of the
flow compartment in the z-direction, perpendicular to the figure, h (0.005) is small so
that c="h/L” is very small. The equations are made non-dimensional by introducing

the following variables,
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Where, o0=h/L is a small dimensionless parameter for a long and slender geometry.
The length scale L here is the length of the active area and h is half the height of the
flow channel. Inserting these non-dimensional variables into the steady state form of

the Navier-Stokes equations yields.

_Odu _Qu _ou 0Op 1 0%u 0u u

— VW = — + — 22
“af+“ay+waz 0T Re(afZJr&y?Jraz?) (322)
a@+@@+m@—@+i 82E+625+626) (3.23)

o 0y 0z 0y R. 0% Oy 072 '

0w _ow _ow 0p 1 ,0°w 0w Ow
u%—i-va—y—i-w%—%‘i‘ﬁe(af? + B + 352) (3.24)

Where, Re=pul./p is the Reynolds number. The conservation of mass equation for
an incompressible fluid gives,
Ju Ov Ow
e e 3.25
0z oy oz (3.25)

3.5.3 Two different method of theoretical flow field study for

thin plate

The theoretical flow distributions inside compartment is using two method namely

as, TFT (thin film flow approximation) and averaged Navier strokes equation.

Thin film flow approximation[49]

The velocity used in the scaling of the equations leading to the thin film approxi-
mation, was the linear flow velocity of the liquid in the active area of the module.
In the inlet and outlet sections of the cell the velocities of the liquid is about one
order of magnitude higher, furthermore the length of these regions is about one order

of magnitude lower. Using the thin film approximation in this region might be a
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bit optimistic. Therefore an alternative formulation of the 2-D momentum balance

equations was also considered.

Averaged Navier-Stokes equation[49]

Averaged equations for the flow distribution in the X-Y plane are obtained by inte-
grating the equations for the u and v velocities over the gap between the membranes.

The Navier-Stokes equations are integrated over channel height from Z=-h to Z=h

Figure 3.7: Parabolic profile of the vx and vy, components of the velocity vector, h
-height of the channel, i.e. distance between plates.

First, an empty channel between two parallel plates with distance h is considered
in order to derive a momentum equation of flow in one sub-layer. The channel is
perpendicular to the z axis,as shown in Fig. 3. The flow in the channel is characterized
by velocity vector v=(vx, vy, vz) being a function of space. When the channel is
characterized by low h, the flow inside is fully developed and laminar, then vx and vy

are parabolic functions of z, while vz can be neglected, see Fig[IHE].The derivation
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starts with the fundamental Navier-Stokes equation, see Equation below:

pﬁ’ =nA%*V — AP (3.26)
where,p- fluid density [kg/m3]; yu- dynamic viscosity [Pa s|; p - pressure [Pa]; t - time
[s]; D/Dt - convective derivative.

Since the stationary laminar flow is taken into account, the convective derivative term
is neglected. By averaging vx and vy along z using the no-slip boundary condition,
the 3D velocity field v=(vx, vy, vz) can be reduced to 2D given by the averaged
velocity vector v=(vx, vy). The mean velocities vx and vy in x and y direction,
respectively, are the functions of only x and y coordinates. Using the above-mentioned
assumptions, a momentum equation for the single planar channel is obtained, see

Equation below:

— VD (3.27)

Here p denotes the mean pressure averaged along z and the function of x and y. The
middle term in this equation results from the averaging procedure. It represents a
viscous contribution of the top and bottom channel wall. Eq. (2.2), expressed using
individual velocity vector components, gives by substracting Equations shown below

%7 9T 1207 Op 0% % 12007 9p

8fz+8y2)_ 2 _%Ozn(aferf)yz)_ I

0 =n( (3.28)

Above equations describe the 2D flow in-between two parallel plates.



Chapter 4

Experimental Setup And Program

In the present investigation, the flow behavior has been studied for existing parallel-
cum-series type flow pattern ED unit. The set up was developed to study the flow
behavior in the three stages connected in series while in each stage numbers of com-
partments are arranged in parallel. Flow behavior inside the single compartment with
existing and proposed design has also been studied. An ED stack was packed with
75 cell pairs of heterogeneous cation and anion-exchange membranes. This chap-
ter discusses the detail design description about the ED unit and its flow pattern,

experimental set ups, and experimental procedure.

4.1 Construction and Working Principle of Exist-
ing ED Unite

Parallel-cum-series flow patterns with three stages; stage I, II and III consisting of
30, 25 and 18 cell pairs,respectively, in the stack. A schematic diagram of the ex-
perimental stack along with its stages and flow patterns is shown in Fig. (4.1 All
other components like electrodes (anode and cathode), gaskets, electrode housing,
spacer gasket, etc. were discussed in the previous chapter. One cell pair of ED stack

as shown in Figld.2onsists of two compartments, one treated and other rejected. It

44
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includes two cation exchange membranes (thickness 0.13mm) and one anion exchange
membrane(thickness- 0.14mm). The membranes are hold in the membrane holding
gasket (thickness- 0.4mm) and in between two membranes spacer gasket (thickness-
0.8mm) is provided for effective flow of liquid solution (in present study water).The
spacer gasket with woven type net was provided, which creates turbulence inside the

compartment.

stage-| stage-Z stage-3
30 cell pair 25 cell pair I8 cell pair

Cathode l
=%
- -2 | : | I ' | [ CONCENTRATE

MLUATE

Figure 4.1: Arrangement of stages and flow pattern in existing ED unit

The detailed dimensions and other operating parameters of the ED unit are given in
Table [. The ED unit consist 75 compartments for treated and rejected water across
three stages.The gaskets were arranged in such a way that the treated inlet water
can pass only in the alternate treated compartment through treated inlet header
in each stage and concentrated water in the alternate concentrated compartments
through concentrate inlet header in each stage. Water from the treated inlet header
flows in the treated compartments and from the rejected inlet header flows in re-

jected compartment in each stage. Water flows from the treated compartments and
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electrode

cation exchange membrane

membrane holding nasket

membrane holding gasket

Anion exchange membrane
memhbrane halding gasket

membrane holding gasket

cation exchange membrane

glectrode

Figure 4.2: Construction of a cell pair

rejected compartments is collected separately through the respective outlet header.
The treated compartment in the ED stack is bound by an anion exchange membrane
(AEM) facing the positively charged anode and a cation exchange membrane (CEM)
facing the negatively charged cathode as shown in Fig. 1.2 The concentrated com-
partments are bound by AEM facing the cathode and CEM facing the anode as shown
in Fig. M The size and arrangement of holes of anion exchange membranes (AEM),
cation exchange membranes (CEM) and membrane holding gaskets are kept similar
to the PVC gasket.The electrode housings with electrode are shown in fig .3 and
[4.4] PVC spacer gasket, membrane holding gaskets and membranes are packed in the
pressing assembly with nut-bolts. When electric field is applied, ions in water are
attracted to their respective counter electrodes. Thus the diluting compartments are
depleted of ions and concentrated compartments are enriched with ions. The salient
features of ED stack are given in Table [[] developed at CSMCRI Bhavnagar. The

detailed dimensions of one cell pair are given as;
e Height of one cell pair is = 3.62 mm

e Height of I stage= Number of cell pair in I stage x thickness of one cell pair=
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Table I: Details of the ED unit

Parameter

Characteristics

Number of cell pairs

75

One cell pair

Two cation exchange membranes, one an-
ion exchange membrane, two spacer gas-
kets , four membrane holding gaskets

Cell pair thickness

3.62 mm

Type of membranes

Inter polymer type cation and anion ex-
change membrane

Length of membrane | 520 mm
Width of membrane 220 mm
Active area length 380 mm
Active area width 150 mm
Cation exchange mem- | 0.14 mm
brane thickness

Anion exchange mem- | 0.12 mm
brane thickness

Membrane holding | 0.4 mm
gasket thickness

Spacer gasket thick- | 0.8 mm
ness

Total area of each | 114,400 mm?2
membrane

Effective area of each | 57,000 mm2

membrane

Spacer Gaskets

Built in flow arrangements and spacers
from rigid PVC plate

Electrodes

Expanded platinum coated titanium with
precious metal oxide

Electrode housings

Rigid PVC with built inlet and outlet flow
distributors

Pressing assembly

Threaded rods with nuts for making stack

leak proof
Flow arrangement Parallel-cum-series
No. of stages 3
Cell pair in each stage | 30, 25, 18
respectively
Height of each stage | 108.6 mm, 90.5 mm, 65.16 mm
respectively

Total height of ED
stack

271.5 mm
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30 x 3.62 = 108.6 mm

e Height of II stage= Number of cell pair in II stage x thickness of one cell pair=

25 x 3.62 = 90.5 mm

e Height of III stage= Number of cell pair in III stage x thickness of one cell pair
= 18 x 3.62 = 65.16 mm

e Total height of ED stack= 75 cell pair x thickness of one cell pair= 271.5 mm

The liquid was stored in a tank and was pumped to the treated and rejected com-
partments.The required electric potential was applied between two electrodes of the
ED unit. After attaining steady current in ED stack, the product (treated) water,
concentrate (rejected) water and electrode wash were collected for TDS analysis.
A small quantity of brackish water at optimum flow rate was passed through elec-
trode compartments to remove the products of electrolysis, process called as electrode
wash. Since in the anode compartment acidity was produced due to electrolysis, hence
electrode wash was passed first through anode compartment then through cathode

compartment to reduce scaling in that compartment.
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Figure 4.3: photographic view Anode and Cathode plate of ED stack

Figure 4.4: photographic view of ED stack housing frame
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4.2 Experimental Procedure

Experiments have been conducted using existing ED unit, tap water of same quality
was passed through the treated and rejected compartments and electrical potential
was applied to the electrode plates. The pressure drop in the ED unit was measured
in between inlet and outlet of treated compartments using U-tube manometer. Also

the mass flow rate from the treated compartment was measured at outlet.

4.2.1 Investigation for treated compartment

The flow of water in the ED unit is through the treated and rejected compartments.
However, in the present investigation, only the treated compartment has been consider
for further analysis. As the flow pattern for treated and rejected compartments is same
because all the dimensional parameters for header, channel, compartment thickness,
etc. are same. Only the changes are in the positioning of inlet and outlet of channels

for the treated and rejected compartments.

4.2.2 Pressure Measured using manometer

The manometer consists of U-shape glass tube as shown in Fig[d.5| was fabricated in
glassblowing section of CSMCRI Bhavnagar.The U tube manometer was connected
to the inlet and outlet of the treated compartments of the ED unit as shown in Fig[4.6]

and ﬁg(Experimental set-up), to measure the pressure difference.
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Figure 4.5: Glass U-Tube Manometer

| '\

Figure 4.6: schematic diagram of Experimental set-up
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Figure 4.7: Experimental set-up

52



CHAPTER 4. EXPERIMENTAL SETUP AND PROGRAM 93

4.3 Experimental Setups for Flow Visualization

Since, the flow inside the ED unit cannot be visualized due to its construction using
non transparent membranes and electrode housing. Accordingly, two separate ex-
perimental set ups were designed and fabricated to observe the flow behavior in the

stages of the ED unit and in the single compartment.

4.3.1 Experimental Set up for Flow Visualization in the Stages

of ED unit

The experimental set up as shown in Fig. was fabricated for visual observations.
Due to constraint of the time and material involved in fabricating the similar model
of ED unit a two dimensional model at reduced scale was developed. The set up

consists of three stages to study the flow pattern through the compartments.

Figure 4.8: The experimental set up of different stages in ED stack for visual obser-
vations
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Perspex sheet was used to create the channels with parallel and series arrangement
with common inlet and outlet for each stage. Another plain perspex sheet was fixed
to the channel fabricated sheet to make it close and leak proof. One inlet and one
outlet were provided to flow water. Also at inlet "T” joint was provided to pass the

color solution to study the flow characteristics of the stages.

4.3.2 Experimental Set up for Flow Visualization in the Com-
partment
Another two separate experimental set ups were fabricated to observe the flow pattern

inside the compartment for existing design and new proposed design as shown in

Fig. [4.10] and [4.12] and detail drawing view of spacer gasket is shown in Fig

andd.11]Instead of two membranes, two transparent polypropylene sheets were fixed
with nut and bolts. The gap between the two polypropylene sheets was maintained
by inserting the membrane holding and spacer gaskets. Two inlets and two outlets
as provided in the compartment of actual ED unit were provided to flow the water
inside the compartment.Also a provision of T’ joint was made to pass colour solution

to identify the flow patterns.
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Figure 4.9: Existing design of spacer gasket

Figure 4.10: Experimental set-up of single existing compartment for flow visualization
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Figure 4.11: Proposed design of spacer gasket

Figure 4.12: Experimental set-up of single proposed compartment for flow visualiza-
tion



Chapter 5

CFD Based Flow Analysis Of ED
Stack

Basics of CFD and steps for the numerical simulation of the problem are discussed
in chapter 3. This chapter presents the detailed methodology adopted to carry out
the numerical simulation of ED stack and its compartments in different stages using
commercial Navier-Stokes codes called 'FLUENT". In this chapter, the steps for the
creation of 2-D computational geometry of ED stack and its compartments in different
stages in GAMBIT are described. Details of grid generation and zone specification are
given. The simulation technique adopted in FLUENT and details of laminar models

used are described.

5.1 Introduction of ED stack

The water flow inside the treated and rejected compartments and electrode wash in
the ED stack is a complex phenomenon due to parallel and series flow arrangements
of compartments. It becomes more tedious and unpredictable with reference to the
transportation of ions from concentrated to treated one.

In ED process, the flow of water over the surface of the membranes, plays an important

role in overall stack resistance, desalting performance, energy consumption, current
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efficiency etc. that ultimately determine the capital cost and product water cost.
The important parameters namely, flow distribution in the compartments, effect of
spacer gasket geometry, water distribution through channels, pressure drop, velocity,
etc. were analyzed using the CFD. The demand for efficient and cost effective design
of ED stack in industries is rapidly increasing. In industries different types of ED
stacks are designed and developed to improve efficiency and cost effectiveness. A
number of industries are interested in ED stack for different industrial processes
namely, water purification, efluent treatment, desalination of chemicals, recovery of
valuable chemicals, etc. As per the industries requirements the design of the ED stack
varies significantly for its effective use.

In the present investigation, the ED stack having capacity of 252 lit/hr developed
at CSMCRI,Bhavnagar is considered for CFD analysis. The detailed specifications
and drawings of the ED stack are given in detail in previous chapter. The ED stack
consists of three stages in series with total 75 cell pairs. These cell pairs are arranged
in parallel, 30 cell pairs in first stage, 25 cell pairs in second and 18 cell pairs in third

stage.

5.2 Computational Modeling

The computational modeling, meshing of the geometry and specifying zones are ini-
tial steps in CFD analysis. These three steps are performed in GAMBIT, which is
a pre-processor of FLUENT. The complete methodology applied for the computa-
tional modeling, meshing and ED stack and compartments are described in following

paragraphs.

5.2.1 Geometry creation using Gambit

5.2.1.1 ED stack Geometry Creation
The geometries of the different components (i.e. inlet section, outlet section, three

stages, and channel in each stage) are created in the pre-processor called GAMBIT.
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The hierarchy of geometric objects in GAMBIT is Vertices—Edges—Faces. This ap-
proach is called Bottom-up approach. Initially, the geometry of the component i.e.

ED stack is created and its details are as follow:

5.2.1.1.1 ED stack (3 stage parallel-cum-series pattern) module
The ED compartment is divided into three different sections and three sections are

of different sizes and the steps are as follow:
a. Create three different sections.

e One inlet header

e The middle section of ED stack channels(in series)/compartments in three

parallel stages (Active area)

e One outlet header (the dimensions of all nozzles at inlet and outlet are

same)

b. Create the number of faces between successive sections All the vertexes of inlet
section, channel section (active area) and outlet section are joined together.
The complete ED stack design after joining all the edges converted into faces

in GAMBIT is shown in FIGE.]
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Figure 5.1: ED stack (three stages parallel-cum-series ED stack)

5.2.1.1.2 ED stack (one stage, straight inlet header)

As one stage (parallel channels) ED stack is created as discussed in last point 5.2.1.1.1
only considering one stage in middle section. Purpose of modeling one stage is to
make study easier of parallel channel flow in CFD and to reduce the time taken in
the analysis by Fluent. Fig[5.2] shows the one stage ED stack with straight inlet
header.

5.2.1.1.3 ED stack (One stage, Trapezoidal inlet header)

The parallel compartments arrangement of first stage of ED stack is created and
discussed in point 5.2.1.1.2. Changes have been made only in modeling of inlet header.
Straight inlet header has been replaced by trapezoidal shape for proposed design while
other all parameters were kept same. Total area of the inlet header of trapezoidal
design has been same as inlet header of straight design. Fig[5.3] shows the first stage
of ED stack with trapezoidal inlet header.
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Figure 5.2: One stage ED stack with straight header

Figure 5.3: one stage ED stack with trapezoidal header
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5.2.1.2 Compartment Geometry Creation

The geometries of the different components (i.e. inlet section, outlet section and
active area of ED comportment) are created in the pre-processor called GAMBIT.
The hierarchy of geometric objects in GAMBIT is Vertices * Edges’ Faces. This
approach is called Bottom-up approach. Initially, the geometry of the component i.e.
ED compartment is created and its details are given as follow:

ED compartment module plate

The ED compartment is divided into three different sections and three sections are

of different sizes and the steps are as follow:
a. Create three different sections.

e Two inlet nozzles
e The middle section of compartment/plate having channel (Active area)

e Two outlet nozzles (the dimensions of all nozzles at inlet and outlet are

same)

b. Create the number of faces between successive sections All the vertexes of inlet
section, channel section (active area) and outlet section are joined together.
The complete ED compartments design after joining all the edges converted
into faces in GAMBIT are shown in Figs. ??7and ?7 for the existing and for the

proposed design of the compartments, respectively.
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Figure 5.4: Existing design of compartment

Figure 5.5: Proposed design of compartment
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5.2.2 Grid Generation and Zone specification

5.2.2.1 Grid generation

One of the most important and time-consuming challenge in the CFD simulation
process is the generation of the computational grid or mesh. As the geometry is
complex the unstructured grid is used with square and tetrahedral elements. The
size of the element during meshing defines the ability to solve the problem and its
accuracy. The parameter size function controls the size of mesh intervals for edges
and meshing elements at faces. Size functions are similar to boundary layers in that
they control the mesh characteristics in the proximity of the entities to which they
are attached. They differ from boundary layers with respect to the manner in which
they are defined and the manner in which they control the mesh. Whereas boundary
layers prescribe specific mesh patterns and the sizes of mesh elements within those
patterns.

The steps for grid generation:

a. Mesh the whole face of ED stack and compartment with different appropriate

scheme.

b. Examine the mesh quality for equi-size and equi-angle skewness elements.

The geometry generated using this different goods in GAMBIT, are shown in Figs 5.7,
6.9 and for existing and proposed designs of ED stack (III stage,l stage) and

compartments, respectively.
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Figure 5.6: Quad/Tri Pave Type grid in III stage ED stack design

Figure 5.7: Quad Pave Type grid in existing ED stack (I stage) design
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Figure 5.8: Quad/Tri Pave Type grid in proposed ED stack (I stage) design

Figure 5.9: Quad Pave type grid in Existing design of compartment
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Figure 5.10: Quad/Tri Pave Type grid in Proposed design of compartment
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5.2.2.2 Zone specification

Zone specifications are used to define the physical and operational characteristics
of the model at its boundaries and within specific regions of its domain. The zone
specifications are classified as Boundary types and Continuum types. Before exporting
the mesh geometry to FLUENT, it is required to specify the zone types in GAMBIT

and described in detail as;

a. Boundary type
Boundary-type specifications, such as VELOCITY INLET, PRESSURE INLET
AND OUTLET and WALL define the characteristics of the model at its internal
and external boundaries respectively. The boundary types used in the present

investigation are specified as;
e At inlet: Pressure Inlet
e Walls : no slip
e Other than the water flow edges considered as default interior
e At outlet: Pressure Outlet
b. Continuum type
Continuum-type specifications, such as FLUID define the characteristics of the

model within specified regions of its domain. The continuum types used in the

present investigation are specified as;
e a. Inlet, Outlet and Active area of Stack and compartment : Fluid

After completing the modeling, meshing and specifying zones with boundary
conditions in GAMBIT, the entire mesh is exported to 'FLUENT 5/6 Solver’

for simulation.
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5.2.3 Simulation in FLUENT

The predictions of the complex flow inside the ED stack and compartment can be
achieved significantly using CFD. These predictions are supportive while designing
the ED stack and compartment. This article describes the 2-dimensional (2d) simula-
tion of flow in the stack and compartments. A commercial available 2d Navier-Stokes
code called 'FLUENT" with laminar model is used to simulate the flow conditions.
Finite Volume method (FVM) is used for the discretization of governing equations.
To avoid the more complexity, better understanding of the flow profile and to have
better predictions, certain assumptions made during the simulation of flow conditions

are given below as;

a. Flow is steady state.

b. Fluid is incompressible.

c. Fluid properties are constant.

d. No vapor is present in the water, i.e. single phase flow.

e. There is no leakage in the plate.

f. The surface of all the components are hydraulically smooth.

g. No mass (fluid and/or ions) transfer from the compartment through the active

area (i.e. through membrane).

h. Compartment without spacer gasket.

5.3 Solution Technique

Generally, single precision version or double precision version computational facilities

available with FLUENT’s are used for simulation. In the present investigation, the
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double precision version computational facility is used due to more accuracy and
capacity to round-off errors. The different steps involved in computation are given

below as;
a. The grid is read and checked in FLUENT.
b. Whole Grid is scaled in any one unit (meter, cm, mm, in, ft)
c. Smoothing swapping of grid done

d. The segregated implicit solver with absolute velocity formulation is used for the
computation. The cell-based gradient scheme is used which is more accurate
than the cell-based scheme for structured meshes, most notably for quadrilateral

meshes.

e. Water with following properties is used as a working fluid.(Density = 998.2
kg/m3,Viscosity = 0.001003 kg/m-s)

f. Initial and boundary condition applying at outlet of inlet nozzle and inlet of

outlet nozzle.

e Initial condition : 101325 N/m2

e Boundary conditions: working fluid is fluid and inlet and outlet values are

given.
g. Following convergence criteria is used for different equations.

e Continuity equation 0.0001

e Momentum equations 0.0001
h. A SIMPLE scheme is used for the pressure velocity coupling.

i. For pressure correction, STANDARD scheme is used which is suitable for static

pressure problems.
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j. For momentum and turbulence, first order upwind scheme is used.
k. Initially, following under relaxation factors are used.

e Pressure 0.5
e Momentum 0.2
Now the boundary conditions are required to define and apply to the problem through

FLUENT. These boundary conditions are defined either by using experimental data

or from calculations.
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Results and Discussion

The desalination rate of any quality of water or chemical of the ED unit depends
on the parameter namely, properties of membrane, applied voltage, current density,
thickness of the compartment, active area of the membrane, effective area of the mem-
brane, mass flow rate of fed water, velocity of the water in inlet and outlet headers
and compartments, compartments arrangement and number of stages, etc. The ED
stack fabricated using the ion exchange membrane developed at CSMCRI, Bhavnagar
has been used in the present investigation.

Normal tap water is fed in two separate streams to treated and rejected inlets of ED
unit. The flow inside the ED unit is complex and involves lot of fluid mechanics, the
effect of parameters namely; pressure drop, water flow rate (distribution) and its ve-
locity can be investigated using numerical methods [1]. These parameters are mainly
depend on the inlet and outlet header, number of stages and number of compartments
in each stages. These conditions significantly affect the effective membrane area from
the active area of compartment for ion transportation. The mass flow rate and veloc-
ity of water cannot predict the exact distribution of water inside the each and every
compartment (i.e in parallel channels). In the parallel channel flow arrangements the
fluid finds the least resistance path and may create the back pressure which affects
the flow in other compartments and consequently reduces the water flow. Thus water

flow inside the compartment may follow the least resistance path without covering the
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maximum area inside the compartment and similarly, the other compartments where
flow is minimum, both reduces the efficiency of the ED stack. Due to this, ions will
not have sufficient time to get transport from treated compartment to rejected one.
Thus the improvement in the design of inlet and outlet section of each compartment
is responsible for flow distribution vis--vis maximize the effective area of membrane

which significantly improves transportation of ions.

6.1 Experimental Results

The schematic diagram of the experimental set up consists of ED unit equipped with
manometer as shown in Figld.7 was used to determine the pressure drop across the
inlet and outlet of the ED stack. A conventional Bernoulli equation was used to cal-
culate the velocity for three stages and further the velocity inside the compartment
and at inlet and outlet was calculated (assuming equal mass flow rate in each com-
partment). It is observed that the total pressure drop in the ED stack is 10548.979
N/m2 (1.53 psi). The water mass flow rates for the treated inlet and outlet is mea-
sured using measuring flask and stop watch. It is observed around 252 liter/hr from

the ED stack.

6.2 Theoretical Calculations

Based on the experimental results and other known properties of liquid the following

calculation are done to calculate the pressure and velocity at different locations:

6.2.1 ED stack calculations

The area of inlet and outlet header and its openings to each stage and area of com-
partments was calculated and based on calculated pressure across each stage velocity

at respective points is calculated and given in TabldIl]
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6.2.1.1 Pressure calculations:

a. Pressure at inlet:
h,=height of water replace the mercury= 0.44 m
hng=height of mercury displaced= 0.11 m
P,im=atmospheric pressure= 101325.25 N /m?
P,,,=Pressure at the treated inlet of ED unit
Puw,Prg=density of water and mercury, respectively
Bin+(px g xh)w=(pXxgxh)ng+ Parm
P;, 4+ (1000 x 9.81 x 0.44),, = (13600 x 9.81 x 0.11);, + 101325
P, = 111659.36 N/m?= 16.19 psi

b. Pressure at outlet of ED stack:
P,,,=101077.145 N/m2: 14.66 psi

¢. Pressure drop of ED stack:
AP,= P, Py= 10548.979 N/m?= 1.53 psi
AP calculated mathematically depending on number of cellpair across
each stage: I stage=A P;=4219.59 N/m?
IT stage=A P,=3516.33 N/m?
I11 stage=A P3=2530.38 N/m?

d. Pressure at each stage Outlet:
[ stage=P;=107439.77 N /m?
IT stage=P,=103923.44N /m?
[T stage=P3=101393.06 N /m?

6.2.1.2 Area calculations:

a. 'A’ TYPE OPENING:(Membrane holding gasket(MHG) and Membrane)
Area of "A’ type opening A= 15 x 15 mm? = 225 mm?
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Perimeter of A’ type opening (P4)= 60 mm
Hydraulic Diameter for "A’ type Dpa= (4 X A4)/Ps = 15 mm

Hydraulic Area for A’ type Apa= % X (Dpa)? = 176.6 mm?

b. 'B’ TYPE OPENING:(Spacer gasket (SG))

Area of ‘B’ type opening (Ag)=5 x 15 mm? = 75 mm?
Perimeter of 'B’ type opening (Pp)= 40 mm
Hydraulic Diameter for ‘B’ type (D, B)=(4 x Ag)/Pp = 7.5 mm

Hydraulic Area for ‘B’ type App=1 x (Dj,p)* = 44.15 mm?

6.2.1.3 Velocity calculations

75

Mass flow rate is experimentally measured by using flask and stopwatch at the inlet

and outlet of the ED unit. It was measured 252 litre/hr.
Mass flow rate at inlet of ED stack = 252 litre/hr = 0.07 litre/sec
Velocity at inlet of unit (V)= [ms / (p x D.)]= 0.592 m/s

6.2.2 First stage calculations

6.2.2.1 Pressure calculation

ED stack pressure drop(AP;)= 10548.979 N/m2

I stage pressure drop (AP;)= AP, / Number of cell pair in I stage
AP;= 10548.979/ 30= 4219.59 N/m?

Pyi= Py, - AP= 111659.36 - 4219.59= 107439.77 N /m?

6.2.2.2 Area calculation

‘A’ Type openings: (Gasket + Membrane holding gasket)
Length of gasket:
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= Number of cell pair in 1% stage X no. of gasket in one cell pair x thickness of one
gasket
=40 x4 x 04

= 48 mm

Length of membranes:

= No. of cell pair in 1*¢ stage x no. of gasket in one cell pair x thickness of one
gasket

=30 x 3 x0.14

= 12.6 mm

Length of A’ type opening (L 4):= length of gasket + length membranes
L= 48 4+ 12.6
= 60.6 mm

Volume (VA)Z AhA X LA
= 176.6 x 60.6= 10701.96 mm?

‘B’ type openings: (Spacer gasket)

Length of ‘B’ type opening Lg:

= no. of cell pair x no. of spacer gasket in one cell pair x thickness of one spacer
gasket

Lg=30 x 2 x 0.8= 48 mm

Volume (VB)Z: AhB X LB: 44.15 x 48
V= 2119.2 mm?3

Now, the equivalent diameter from ”A” and ”"B” type opening is calculated as;
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Equivalent volume V,= V4 4+ V= 10701.96 + 2119.2
V.= 12821.16 mm?

Total length Ly= La + Lp
L= 108.6 mm

Equivalent Area A.= V. /Ly
A.= 118.05 mm?

Equivalent diameter D= [(4 x Ae)/II]'/?
D.= 12.26 mm

6.2.2.3 Velocity calculation

Mass flow rate (ms)= 252 kg/hr= 0.07 kg/sec
Velocity (Vis)= [mis/(p X D.)]= 0.592 m/s

77

6.2.3 Pressure, Velocity and Area Calculations for Compart-

ments:

The velocity and pressure at different locations for the compartment of first stage are

calculated by assuming equal mass of water flowing through all the compartments.

Mass flow rate through each compartment of I stage (mq.):

(Assume equal mass flow in all 30 compartments of 1st stage)

mi.= ms/No. of compartment in I stage = 252/30 = 8.4 kg/hr

my.= 0.0023 kg/sec
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6.2.3.1 Area calculations:

Area of inlet opening to compartment
Total area (A.)=no. of openings x thickness x width

A.=4 x 0.8 x 5 =16 mm?

Total perimeter P.= no. openings X perimeter of one opening

P=4 % [2 x (5 + 0.8)]= 11.6 mm

Hydraulic diameter dp.= [(4 X (%)]: 1.37 mm
Hydraulic area Ap.= 4 x 1.372= 1.47 mm?

6.2.3.2 Velocity Calculations for the Compartment (without head loss):

a. Inlet velocity of the compartment (V;):

Vei= [mae [(p X Ape)]
Vei= 1.58 m/s

b. Velocity at any point in the flow area of compartment: (V,,)
(Assumption equal flow velocity throughout the compartment)
Area (Ag)= 150 x 1.6 mm?

(A.p)= 240 mm?
Velocity Ve,= my. /(p X Aep)
Vep=0.00972 m/s

c. Outlet velocity of the compartment (V,):
Applying Bernoulli’s equation,

Pin (Vci)2 __ Dout (Vco)2
P + 2 p + 2
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NOW, Z1 = ZQ

Pin _ pout — (Veo)? _ (Vei)?
1000 P 2 2
Veo= 3.30m/s

6.2.3.3 Velocity Calculations (With head loss):

Total head loss:Major loss + Minor loss

Major loss:Friction loss inside the compartment

Minor loss:Entry loss + Enlargement loss + Contraction loss 4+ Exit loss.

6.2.3.3.1 Major Head Loss Calculation:

Ax fXxLxV?2

Major loss= Sxgxd,

Volume of compartment= 0.380 x 0.150 x 0.0016= 9.12 x 10~° m?
Area of the compartment= 0.057 m?

Reynold’s no.(Re)

Re :pXch Xdp,
1

Re = 62.06

From the empirical correlation of Kays and Crawford:

Re x f=13.84 4 10.38 exp(=24)

a = channel aspect ratio = W, /b.= 0.15/ 0.0016= 93.75
So, Re x f=23.85

f=0.384

dy, = hydraulic diameter = (4 x A)/ P

—[4 (W, +b,)]/ 2(W,+b,)= 0.00316

Now,Major friction loss

— B () 000889

2xgxdp
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6.2.3.3.2 Minor head loss calculation

Minor loss= entry loss 4+ sudden expansion + contraction + exit loss
Vei= 1.58 m/s,V,,= 0.00972 m/s, V.,= 3.30 m/s

Al= area inside the compartment= 240 mm?

A2= Area of the outlet openings= 1.47 mm?

Now,Contraction coefficient Cc= 0.62+ 0.38 (Ay/A;)*= 0.62

V.
w=C

_0.5x(Ve)?
a. Entry loss = ;T— 0.0636

b. Loss due to sudden expansion = % = 0.125

c. Loss due to sudde contraction = % = 0.208

d. Loss due to exit = ;/ch =4.81x107°
g

Total Minor loss= entry loss +sudden expansion +sudden contraction + exit loss=
0.3936
6.2.3.3.3 Major Head Loss Calculation:

Total head loss (Hy)= major loss + minor loss= 0.000889 + 0.3936
Hjy= 0.39449

6.2.3.3.3 Recalculating outlet velocity of the compartment considering
head loss:

Applying Bernoulli’s equation between inlet and outlet of compartment

Pci Pci — (‘/CO)Q (VCi)2
ST = e Tyt Hy

P - Py = A Py= 4219.59N/m? and V,;= 1.58 m/s

4219.59 _ (Veo)? (1.58)2
0. = 5 — 5 +9.81+0.39449
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(Veo)? = 3.17 m/s
Vo = 1.78 m/s
Thus based on all the calculations made to calculate the head losses for single compart-

ment of first stage are given in Tabldl]l Al the results obtained for the compartments

Table I: Details of head loss for single compartment of first stage

Measured parameter Value
Major losses 0.000889
Entery losses 0.0636
Sudden expansion losses 0.125
Contraction losses 0.208
Exit loss 4.81x 107°
Minor loss 0.3936
Total loss 0.394489
Outlet velocity without considering head loss | 3.30 m/s
Outlet velocity considering head loss 1.78 m/s

of first stage are given in Table 6.2. Similarly, the calculations for second (25 number
cell pairs) and third (18 number cell pairs) stages are made and the final results are
also given in TabldII|(Area of inlet and outlet openings for the compartments of second

and third stages remain same to as of first stage).
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Table II: Details of head loss for single compartment of first stage
Parameters measures I stage | II stage | III stage
Number of cell pair 30 25 18
Pressure drop (AP) 4219.59 | 3516.33 | 2530.38
(N/m?)
Length of A’ type opening 60.6 50.6 36.36
(La) (mm)
Length of 'B’ type opening 48 40 28.8
(Lp) (nm)
Total length 108.6 90.6 65.16
(L7) (mm)
Volume of "A’ type opening 10701.96 | 8935.96 | 6421.176
(Vola) (mm?)
Volume of "B’ type opening 2119.2 1766 1271.52
(Volg) (mm?)
Total volume (Vol, = 12821.16 | 10701.96 | 7692.69
Vola + Volg)(mm?)
Equivalent Area 118.05 118.05 118.05
(Ac) (mm?)
Equivalent Diameter 12.25 12.26 12.25
(De) (mm)
mass flow rate at inlet of each stage 252 252 252
(ma,mq,mq) (kg/hr)
mass flow rate through each compartment 8.4 10.08 14
(m1(37 Mac, m38) (kg/hr)
Hydraulic area 1.379 1.379 1.379
(Ane) (mm?)
Velocity at inlet of compartment 1.58 1.89 2.63
(Vi) (m/s)
Velocity at any point inside the compartment | 0.00972 | 0.0116 0.0161
(Vep) (m/s)
Velocity at outlet of the compartment 3.30 3.25 3.46

(Veo) (m/s)
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6.3 Experimental and CFD Results for ED Stack

Due to construction of ED stack using non-transparent components like electrode
housing and membranes, it is very difficult to visualise the flow inside the ED stack
and also inside the compartments. Thus to overcome this problem an experimental
set up was developed and discussed in detail in chapter 4. The flow inside the ED
stack has been observed experimentally by injecting the colour die. Apart from that
the CFD was used to compute the velocity and pressure in the ED stack. Also the
flow behaviour results of the ED stack were computed using CFD and are presented

in the following sections.

6.3.1 Flow Pattern in the ED Stack (Experimental results)

The experimental procedure is discussed in Chapter 4, at the time of experimenta-
tion photographs of the ED unit were captured after appropriate time interval and
are presented in Fig[6.1] (a-f). The Fig[6.1[(a) shows the water flow through the chan-
nels of various stages. It is very difficult to visualize the live flow in the channels
of different stages. To overcome this problem, the flow of water was stopped and
dark pink coloured solution was passed (due care was take no air pockets will get
developed). Immediately after the supply of coloured solution photograph was cap-
tured and presented in Figl6.1j(b). It shows that the colour solution is flowing at high
velocity through the inlet header and allows the solution to flow through the upper
channels. The similar kind of observation can be seen from Figl6.1j(c) for second
stage. Slowly with time the colour solution appears in the upper channels of the
first stage. The same observations can also be made from Figl6.1(d-f). The series of
photographs shows the variation in darkness of colour in the channels of three stages.
This illustrate that the water flows at high velocity from some channels (dark solu-
tion channels) and from few channels water flows at lower velocity (diluted coloured
solution channels).

From these observations, it can be concluded that large variations in the flow velocity
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through the compartments of all stages is occurring. This may be due to the back
pressure developed due to high velocity flow through the few compartments. This
leads to reduce the efficiency of the both high velocity and low velocity flow com-
partments. The former one allows the water to flow at high velocity and may not get
sufficient time to transfer the ions through membranes, while in later one the flow
velocity of water is too low that the ions gets transfer through membrane but cloud

not transfer sufficient quantity of ions due to unavailability of ions.

Figure 6.1: Flow visualization in the channels of different stages in ED stack
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6.3.2 Flow Analysis of ED Stack using CFD

Experimentally it is difficult to measure the velocity and pressure in the channels
of various stages in the ED unit. Thus the complete geometry of the ED stack was
analysed using Fluent 6.2. As per the assumptions and boundary condition given in
previous chapter the velocity and pressure contours for the ED stack were computed
using Navier-Stroke equations for the three stages of ED unit. The velocity and Pres-
sure contours of complete ED stack foe three stages generated using FLUENT are
presented in Figl6.2hnd Figl6.3] respectively.

It is observed from the Fig[6.2] that the water flows at higher velocities in the up-
per channels compare to the lower channels in the three stages. From Figl6.3] it is
observed that the pressure difference between the inlet and outlet header is high at
upper side for each stage, while same pressure is observed in the header at lower side.
This shows that the large variation in the flow velocity in the compartments of each

stage. The similar flow velocity behaviour has been observed experimentally.

3T deald)
-0
3 Foesll)
31 Teell)
2 88
2 Moesll
26 el
2.42es0
2 24ps)
2 (e 0

1 e+l
1 e )
1 dSee )
1 Hpail)

1120400
B a2e-01

Tdde-l
£ L=
3 7301
1 8500
0 De<i)

Contows. af Velocity Magnituda {mis) Apr 17T, 2011
FLUENT 62 {2d. dp, segregaied. lamj

Figure 6.2: Velocity contour for three stages of the ED stack using Fluent
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Figure 6.3: Pressure contour for three stages of the ED stack using Fluent

6.4 Experimental and CFD Results for Single Com-
partment of ED Stack

As discussed above that due non-transparent component like membranes, it is very
difficult to visualise the flow inside compartment of the ED stack. Thus, an experi-
mental set up was developed and discussed in detail in chapter 4. The flow inside the
compartment has been observed experimentally by injecting the colour die. Apart
from that the CFD was used to compute the velocity and pressure at different loca-
tions in the compartment. Also the flow behaviour results in the compartment were

computed using CFD and are presented in the following sections.
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6.4.1 Flow Pattern inside the Compartment (Experimental

results)

The experimental procedure to visualize the flow inside the compartment is discussed
in Chapter 4, at the time of experimentation photographs of the compartment were
captured after appropriate time interval and are presented in Figl6.4[(a-d). Initially,
the compartment was fed with water. It was very difficult to visualize the live flow
inside the compartment. To overcome this problem, the flow of water was stopped
and dark pink coloured solution was passed (due care was take no air pockets will get
developed).

Immediately after the supply of coloured solution photograph was captured and pre-
sented in Figl6.4[a). It shows a clear flow of coloured solution from both the inlets
made at one side of compartment. It can be observed from Fig[6.4[b and c) that
after some time interval the flow velocity of the coloured solution is maximum along
the length of the compartment. However, the coloured solution gets spread in the
perpendicular direction of flow. As the coloured solution reaches at the other end of
compartment and flows through the outlets around 80 percent area of the compart-
ment gets occupied with coloured solution that is shown in Fig.(d). However, the
maximum flow velocity in the compartment may be in the middle section and this

may reduces the effective area of membrane.
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Figure 6.4: Flow visualization in the existing compartment of ED stack

6.4.2 Flow Analysis of the Compartment using CFD

Experimentally it is difficult to measure the velocity and pressure at different lo-
cations inside the compartment. First, middle (where velocity at outlet increasing
from zero) and last compartment of the first stage were taken for the simulation and
contours are generated for the velocity and pressure. As per the assumptions and
boundary condition given in previous chapter the velocity and pressure contours for
the compartment were computed using Navier-Stroke equations. The velocity and
Pressure contours of the compartments of first stage were generated using FLUENT
and are presented in Figs)6.5H6.7

The velocity and pressure contours of the first compartment of the first stage were
analysed and are presented in Fig(a—c).The velocity contour of the first compart-
ment (Fig[6.5|(a)) shows that the flow velocity at the inlet of compartment is higher
and decreases continuously along the length of the compartment. The graphical pre-
sentation of velocity magnitude along the length of compartment is given in Fig(b).
It is observed that velocity tends to decrease in the first compartment from 0.03 m/s

(at inlet) to 0.01 m/s (to outlet) which tends to zero velocity at the outlet. While
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the pressure magnitude Fig[6.5|c) shows constant pressure (110777 N/m2) inside the
compartment across the length of compartment. This shows that no pressure drop
along the length of compartment, thus flow will not occur in the first compartment.

This is well in the agreement with the results obtained for ED stack as presented in

Figl6.1|(c and d) and Figl6.2for the ED stack.
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Figure 6.5: Velocity contour for first compartment of the first stage

Similarly, the velocity and pressure contours of the middle compartment of the first
stage were analysed and are presented in Figa—c). The velocity contours of the
middle compartment (Figl6.6{a)) shows that the flow velocity increases from the inlet
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to outlet inside the compartment, however few pockets of zero velocity are observed.
The velocity magnitude along the length of compartment is graphically presented in
Figl6.6|(b). It is observed that velocity tends to increase from 0.2 m/s (at inlet) to 0.45
m/s (at outlet). While the pressure magnitude Figl6.6(c) shows constant decrease in
pressure along the length of compartment. Both the velocity and pressure magnitudes

reveal the continuous flow of water is inside the compartment.
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Figure 6.6: Velocity contour for middle compartment of the first stage

Similarly, the velocity and pressure contours of the last compartment of the first

stage were analysed and are presented in Fig.m(a-c). The velocity contours of the
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last compartment Figl6.7|(a) shows that the flow velocity increases from the inlet to
outlet inside the compartment, however few pockets of zero velocity are observed.
The velocity magnitude along the length of compartment is graphically presented in
Figl6.7(b). It is observed that velocity tends to increase from 0.2 m/s (at inlet) to 0.7
m/s (at outlet). While the pressure magnitude Figl6.7|(c) shows constant decrease in
pressure along the length of compartment. Both the velocity and pressure magnitudes

reveal the continuous flow of water is inside the compartment.
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Figure 6.7: Velocity contour for last compartment of the first stage

In summary, it is observed that the flow velocity in the first compartment of first

stage is continuously decreasing and at the outlet of compartment becomes zero.
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This shows that the compartment is without any flow of water i.e. the water is
stagnant in this compartment. This can be also confirmed from Fig[6.2) that most of
the initial compartments in the first stage are stagnant. While the analysis of middle
compartment shows that the velocity at the outlet is slightly higher and water is
continuously flowing through the middle compartments of first stage and same can
be confirm from Figl6.2] Similarly, the last compartment of the first stage is having
higher velocity than the compartments located in the middle part of the first stage.

6.5 Proposed Design of the Compartment and ED
Stack:

The velocity, pressure and flow analysis of the existing compartments of the ED stack
have been discussed in detail in the above section. From the results of the compart-
ment and the flow through the Ed stack, it can be concluded that the water flow is not
equally distributed in the compartments of the Ed stack. Most of the compartments
in the lower region of all the stages are stagnant. Also from the experimental analysis
of individual compartments, it is observed that zero velocity pockets were observed
which reduces the effective area of membrane for transport of ions.

In summary, the efficiency of the ED stack decreases due to both non uniform flow
through the compartments (stagnation of the compartments) and water if finding
least resistant path to flow inside the compartment (reduces the effective area of
membrane). Thus to increase the performance of the Ed stack, new designs are pro-
posed for both ED stack inlet header and individual compartment inlet and outlet

openings.

6.5.1 Trapezoidal Inlet Header for ED stack:

For equal distribution of water flow through all the compartments of the ED stack, it is

proposed to change the geometry of the inlet header for all the stages. It was difficult
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to fabricate the experimental model with in stipulated time, only CFD methodology

is adopted for analysis of proposed design.

a) Existing design b) Proposed design
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Figure 6.8: Velocity and pressure contours for existing and proposed designs of ED
stack

Thus the geometries of the inlet header of the first stage for existing and proposed

trapezoidal are given in Figl6.§(a and b). Further CFD tool was used to study the
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flow patterns. The results of the proposed design are compared with the existing
design of the inlet header.

The velocity and pressure contours for existing and proposed designs for first stage
are presented in Figl6.§(c-f). It is observed from Fig[6.§(c) that the flow through the
most of lower side compartments is stagnant and the velocity in the outlet header
approaches to zero. The similar results are also reported in Figl6.2 While the velocity
contours for the new proposed design are presented in Fig(d). It is observed that
the improvement in the velocity at the lower section of the outlet header compare to
the existing design. Hence the flow occurs through the all compartments of the new
proposed design. Similar results for pressure contours are observed and presented in
Fig[6.§](e and f), where the pressure continuously decreases from inlet to outlet of the

compartment with new proposed design.

6.5.2 Flow Pattern inside the Proposed Compartments (Ex-

perimental results)

The visual observations of the existing compartment are shown in Figl6.4|(a-d). Sim-
ilarly, the experiments with new proposed inlet and outlet openings were conducted
and the photographs captured are presented in Fig.(a—d). Thus the comparison
of Figl6.4(a-d) and Plate Figl6.9(a-d) shows that the flow velocity of the coloured
solution is maximum along the length of the compartment and similarly gets equally
spread in lateral direction with the proposed design of the compartment. Thus the
flow behaviour in the proposed design is better than the existing one because of equal
distribution of inlet and outlet openings and the angular opening of inlets which

increases the velocity vector in the perpendicular to the length of the compartment.
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Figure 6.9: Flow visualization in the proposed compartment of ED stack

6.5.3 Flow Analysis of the Proposed Compartment using CFD

The velocity contours along with velocity magnitudes of the last compartments of all
three stages for existing and new proposed design are presented in Figs[6.10]
The velocity contours of the last compartments of first, second and third stages are
presented in Figl6.10|(a), Figl6.11](a) and Figl6.12{(a), respectively. It is observed that
the flow velocity of existing design in all three compartments is higher compare to
the respective proposed design compartments as shown in Fig[6.10(b), Figl6.11|(b)
and Fig[6.12(b).

Also from the velocity magnitude for existing and proposed compartments is graphi-
cally presented in Figl6.10|c), Fig[6.11|(c) and Figl6.12|(c). The velocity in the existing
last compartment of all three stages is around 0.6 m/s, 0.8 m/s and 0.9 m/s, while
it is observed around 0.3 m/s, 0.4 m/s and 0.5 m/s for the proposed last compart-
ments of first, second and third stages, respectively. Thus it can be concluded that
the velocity in the last compartments of all stages of the existing ED stack is nearly
double than the velocity in the compartments of proposed design. This shows that

the maximum area in the compartment is covered with moderate velocity. Thus this
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increases the effective area of the membrane and may enhance the efficiency of the

ED stack.
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Figure 6.10: Velocity and pressure contours for last compartment of the first stage
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Chapter 7

Conclusion

7.1 Concluding Remarks

The ED stack is generally used in various industrial processes namely, water purifica-
tion, efluent treatment, desalination of chemicals, recovery of valuable chemicals, etc.
As per the industries requirements the design of the ED stack varies significantly for
its effective use. The compartments are formed by alternate arrangement of cation
and anion exchange membranes. The arrangement of compartments in parallel and
group of parallel compartments in series is preferred for handling huge amount liquid
in the ED stacks. Thus the arrangement of compartment plays vital role for equal
distribution of liquid in the compartments. Apart from this the geometries of the
inlet and outlet openings of the compartment for liquid flow also plays important
role to decide the effective area of membrane and thus affects the performance of
ED stack. Thus to improve the performance of the ED stack efforts have been made
experimentally and using the CFD methodology for the analysis of flow inside the
compartments of the ED stack. Boundary conditions for the present investigations
are decided based on the experimental results. The simulation techniques available
with FLUENT based on Navier-stokes code is used to compute the flow characteris-

tics of the compartments. Based on the experimental results, theoretical calculations

99



CHAPTER 7. CONCLUSION 100

and CFD analysis following conclusions can be drawn.

a. The velocity at the inlet and outlet points of the compartment predicted using
CFD is well in agreement with the theoretically results. However, large vari-
ations in velocities inside the compartment area are observed between results
obtained by CFD and theoretically. As the equal mass flow rate from all the
compartments was consider during the theoretical calculations, while in CFD
the velocities in the compartment areas was calculated using the available codes.

The visual flow observations in the compartment are also well in agreement with

CFD results.

b. Based on the results of existing ED stack, new proposed design for the inlet
header is proposed which flow velocities through all compartments is in narrow
range. This reveals that the flow is through all the compartments and less

chances of stagnation of liquid in the compartments.

c. Similarly, for better flow distribution inside the compartment new proposed inlet
and outlet opening are proposed. This increases the effective membrane area of
the compartment which enhances the transport of ions and thus increases the

performance of the ED stack.

d. Based on these conclusions it can be summarized that the proposed designs in
the ED stack and in openings of compartment can either reduce the size of ED
stack which reduces the initial capital cost and maintenance cost or enhances

the performance of the stack.

7.2 Future Scope of Work

The present problem requires good understanding of CEDI unit with its flow arrange-
ment and fluid mechanics involved. In the present investigation, flow characteristics

for only treated compartment are analyzed using FLUENT. The following studies
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need to address the problems associated with ED stack with greater attention for

detail and systematic approach require for its cost effectiveness.

e Two dimensional approaches is used in the present investigation, additional

efforts are required to solve the problem with three dimensional mode.

e The flow characteristics for both treated and rejected compartments may be

carried out with their common consequence on the ED stack.

e The compartments parallel and series arrangements like number of parallel com-
partments and number of stages can be changed to minimize the stagnant com-

partment.

e Mathematical model can be developed for optimization of the numbers of com-

partments and stages.
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