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ABSTRACT

Multi-stage flash (MSF) process is the most widely used technology in large scale desalination plants
which utilizes low quality steam produced in nuclear power plant. The objective of this study is
to analyze the performance of brine heater used in 4,500 m®/d capacity MSF desalination plant at
Nuclear Desalination Demonstration Plant (NDDP), Kalpakkam commissioned in 2008. The effi-
ciency of brine heater, after 12 y of service, was investigated by analyzing the influence of volu-
metric flow rate and scale thickness on heat transfer rate. The tube side pressure drop increases
steeply as a function of volumetric flow rate of cold fluid. A maximum pressure drop of 17.1 kPa
was developed at an optimized flow rate of 1,500 m’/h. The overall heat transfer coefficient
increases gradually as scale thickness decreases and reached an ultimate of 4,395.3 W/m? K at a scale
thickness of 0.00005 m. For small scale thickness, the percentage reduction in overall heat trans-
fer coefficient increased steeply and attained a saturation limit at 0.00025 m scale thickness. The
overall heat transfer coefficient increased from 623.4 to 646.3 W/m?K as the volumetric flow rate
increased from 750 to 1,500 m*/h. This study shows that the thermal efficiency of brine heater has
not declined significantly after prolonged years of service under different operating conditions.

Keywords: Multi-stage flashing, Brine heater, Heat transfer coefficient, Scale thickness, Stage number

1. Introduction

Multi-stage flashing (MSF) is a thermal desalination
process in which heated liquid is subjected to a lower pres-
sure to produce vapor after being flashed. MSF units are
generally coupled with nuclear power plants to utilize the
waste heat generated from the plants. The feed water for
MSF process requires less pretreatment but produces water
of high purity. Built-in energy recovery systems are used
to utilize the heat to a maximum extent. The permeate
produced by MSF has very high purity because the total
dissolved solids concentration is in the range of 5-20 ppm.

* Corresponding author.

The system comprises of three sections namely heat input
section which includes the brine heater, heat recovery and
heat rejection sections which are coupled with the flash-
ing modules. The system is composed of 1-10 Modules in
which 1-9 Module consists of 36 stages and tenth module
alone consists of 3 stages. Therefore, the system totally con-
sists of 39 stages in which the feed is passed through all the
modules. The feed (pre-treated coolant water from atomic
power station which consists of nearly 35,000 ppm) passes
through the 9th to 1st module after mixing with recircula-
tion brine, where temperature of the feed is increased from
32°C to 113°C as it exits the 1st module. The feed water for
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Nuclear Desalination Demonstration Plant (NDDP) is sup-
plied from Madras Atomic Power Station (MAPS). Both
high pressure steam and low pressure steam is also pro-
vided by MAPS. The high pressure steam is used to cre-
ate vacuum whereas low pressure steam is used for brine
heater system. Low pressure steam generator utilizes 11.2%
moist steam from high pressure turbine exhaust to produce
low pressure steam which is supplied to brine heater as
heating source. High pressure steam is generated by steam
generating equipment to produce saturated steam at 15 kg/
cm? gage pressure which is utilized in steam jet ejector to
create vacuum in the whole system.

The pre-treated coolant water, consisting of 35,000 ppm
total dissolved solids (TDS), from MAPS is used as feed
to MSFE. The main objective of pretreatment is the removal
of non-condensable gases from the feed. The bicarbon-
ates present in feed water are converted to CO, gas using
hydrochloric acid treatment process. Calcium bicarbonate
dissolved in feed water is treated with HCI to convert it
into calcium chloride with the evolution of carbon dioxide
gas. Sodium hexametaphosphate (SHMP) is added to feed
water as anti-scaling agent to minimize the fouling of heat-
ing tubes. The non-condensable gases are removed from
the feed using de-aerator chamber to prevent the forma-
tion of thin gas film on the surface of tubes. Otherwise the
film formation will decrease overall heat transfer coefficient
and reduces the quantity of heat transferred and recovered.
Almost 34% of brine water desalination plant follows MSF
distillation technique and this method is widely followed in
the Middle East countries to minimize the salt concentration
in sea water [1]. The type of brine heater used for heat input
is 1,2 — shell-and-tube heat exchanger which utilizes satu-
rated steam at 128°C as shell side fluid and brine as tube
side fluid. The temperature of brine solution increases from
113°C to 121°C in the heat exchanger. The performance ratio
(PR) of MSF plant depends on the number of stages. For a
brine temperature of 106°C, the PR ranges between 79% and
327% [2]. The heat exchanger design algorithm developed
by Kern was used to calculate the design variables for brine
heater. Heat duty, area of heat transfer, number of tubes, and
velocity of tube side fluid, individual heat transfer coeffi-
cient for shell side and tube side, overall heat transfer coef-
ficient and tube side pressure drop was calculated using the
design algorithm proposed by Kern. The thermo-economic
optimization of shell and tube heat exchanger depends on
mass flow rate recovery [3]. Different tube geometries and
configurations are used to improve the heat transfer coeffi-
cient on the shell side and tube side of heat exchanger. The
shell side heat transfer coefficient is enhanced by rotational
motion of twisted circular tube because secondary flow is
induced and boundary layer is destroyed [4]. A general-
ized disjunctive programming (GDP) model was developed
for the optimization of shell and tube heat exchanger to
minimize the total capital cost. This model involves with
selection of four tube-side techniques and three shell-side
techniques for design optimization [5]. Shell-and-tube
heat exchangers are widely used in organic Rankine cycle
(ORC) systems. The purchased cost and exergy loss of heat
exchanger is affected by the factor whether the organic
fluid flows either through inside or outside the tubes [6].
The total heat transfer rate and pressure drop along a shell

and tube heat exchanger depends on segmental porous
baffles and baffle cut. A considerable amount of pressure
drop is produced when low baffle cuts are used but low
baffle cuts provide the highest heat transfer rate [7].

A steam jet ejector used in MSF unit at NDDP plant is
used for both vacuum generation and de-aeration purpose.
The constant pressure model was used to design the steam
jet ejector based on the assumptions: isoentropic expan-
sion of motive steam occurs in nozzle and isentropic com-
pression of mixture occurs in diffuser section, both motive
steam and entrained vapors are completely saturated, flow
in ejector follows adiabatic condition and at steady state.
The major design parameters calculated using algorithm
for steam jet ejector are saturation temperature, compressed
vapor pressure, throat area of nozzle and ratio of areas of the
nozzle throat to the nozzle outlet. For the design and rating
of steam jet ejectors semi-empirical models are developed
to express the entrainment ratio as a function of the expan-
sion ratio. The motive steam pressure at the nozzle exit as a
function of the evaporator and condenser pressure admits
the complete design aspects of ejector [8]. The efficiency of
ejector depends on the mechanism of fluid flow and heat
transfer. The entrainment ratio, pressure lift ratio and the
performance rests on nozzle position. The optimal nozzle
position guarantees for minimum friction losses and kinetic
energy losses [9]. Computational fluid dynamics (CFD) tech-
nique is applied to analyze the influence of mixing cham-
ber geometry on the performance of steam jet ejectors. The
optimum length and convergence angle of mixing chamber
affects the internal flow characteristics of steam ejector [10].
Pressurized vapor is used as motive flow in steam ejectors
for running in steam cycles. The thermal energy consump-
tion is mainly affected by motive fluid flow pressure [11].
The fluid flow dynamics in the primary nozzle of steam ejec-
tor is modeled either based on ideal gas modeling or wet
steam modeling. The ejector primary nozzle is simulated
for different values of area ratios. The nozzle static pressure
obtained using wet steam simulation is higher than value
obtained using ideal gas model. The nozzle momentum flux
for both ideal gas and wet steam models are almost same
except near to the nozzle throat where nucleation occurs
[12]. The performance of steam ejector depends primarily on
three geometrical factors namely the area ratio between the
nozzle and constant area section, nozzle exit position and
constant area section length. The optimal area ratio depends
on operating conditions. The flow rate in the primary nozzle
is fine-tuned by providing a spindle like arrangement in the
primary nozzle [13]. A model based on perturbation proce-
dure of linearized and axisymmetric supersonic flow is used
to evaluation of the entrainment ratio of double choked
ejectors. The developed model is applicable for the three
regions namely: primary flow nozzle, secondary flow chan-
nel and region of interaction between the supersonic noz-
zle jet and the secondary flow. The model entrainment ratio
deviated from experimental data in the order of 7% [14].

The performance ratio of MSF unit depends on flashing
temperature range and magnitude of heat transfer coef-
ficient. A comparative study between once through long
tube (MSF-OT-LT) with atmospheric deaerator, and brine
recycle cross tube (MSF-BR-CT) evaporators concludes that
the heat transfer area of MSF-OT-LT system is 34% lesser
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than MSE-BR-CT system. The lower friction loss in the
tubes reduces the pumping power of the MSF-OT-LT sys-
tem by 40% [15]. A comparative study between MSF once
through (MSF-OT) system and MSF-OT combined with
thermal vapor compression (MSF-OT/TCV) indicates that
the thermal performance ratio of the process was affected
by vapor entrainment and compression in different stages.
An increased thermal performance ratio, between 42% and
57%, was observed for MSF-OT/TCV configuration over
the conventional MSF-OT configuration [16]. The design
of MSF brine circulation (MSF-BC) system was performed
using mass balance, energy balance, and heat transfer and
performance parameters equations. For a temperature dif-
ference of 4.5°C per stage the distilled water produced is
131.42 ton/h utilizing a heat transfer area 5,154.2 m?. The
design criteria for MSF-BC unit have successfully met the
water requirement of steam power plant [17]. The mathe-
matical model for MSF process elucidates the relationship
between fluid flow rate, temperature of fluids, surface area
for heat exchange and rate of brine recirculation. The model
equations are developed based on the assumptions such as
constant heat transfer surface area and dynamic variation
of water physical properties with operating temperature
and salinity [18]. ChemCAD simulator program is most
suitable to develop steady state desalination process. The
simulation results obtained from this model matches with
actual industrial data [19]. The yield of MSF plant depends
mainly on the number of stages and quantity of fuel used
for heat recovery and boiler section. Approximately 1.2 L of
fuel is required per 3,785 L of water produced [20]. The ther-
mal efficiency of MSF unit is increased by retrofitting the
existing plant setup to utilize solar power. As a result of this
17.8 MW of fossil energy is conserved by using the thermal
energy from solar radiation. The steam consumption used
for heating the brine water is minimized [21]. The energy
requirement in MSF plant is reduced by integrating with
thermal vapor compressor. The thermal performance effi-
ciency for this integrated system rises from 8.58% to 12.96%
and a 33% reduction in steam consumption is achieved. The
energy consumption per unit mass of pure water produced
is reduced [22]. In general the heat exchange capacity of
brine heater slackens after it was used continuously because
of scale formation, stress related mechanical failures and
corrosion issues. An analysis of thermal efficiency of heater,
after prolonged years of service, is very important from
energy-economy conservation point of view. The result of
this analysis helps to schedule maintenance activities, repair
and replacement of faulty heat exchanging equipment. The
literature analysis reveals that the working efficacy of brine
heater which was under prolonged use under different
operating conditions was not examined so far. Furthermore
the studies conducted so far have recommended using inte-
grated system for energy conservation and management in
thermal desalination process. Hence this work is carried
out is to analyze the working efficiency of existing brine
heater in the desalination plant after decades of service. An
attempt has been made in this study to analyze the perfor-
mance of operating brine heater in MSF plant. The efficacy
of brine heater is tested by analyzing the influence of volu-
metric flow rate and scale thickness on overall heat transfer
coefficient. A brine heater design algorithm based on Kern

method is used to design a brine heater theoretically and
the equations are solved using MS Excel software package.
The results obtained from MS-Excel simulation is compared
with the data collected from the actual brine heater in the
plant.

2. Preface to the desalination plant under study

The Nuclear Desalination Demonstration Plant (NDDP)
located at Kalpakkam (near Chennai), Tamil Nadu, India is
the world’s largest hybrid seawater desalination plant cou-
pled to an existing nuclear power plant. The NDDP plant
has a total production capacity of 6,300 m® potable water/d
from seawater. Out of this total water produced, the MSF
plant contributes 4,500 m®/d and the remaining 1,800 m?/d
is produced by reverse osmosis process. The desalina-
tion process in a MSF plant utilizes low grade steam from
the nearby nuclear power plant as source of energy. The
distilled water produced in this plant is mainly used for
drinking purpose and for cleaning of accessories in nuclear
plant. NDDP is set up by Department of Atomic Energy,
Government of India adjacent to Madras Atomic Power
Station (MAPS) primarily to utilize the low quality steam
produced from the turbine of MAPS. The construction,
operation and maintenance of NDDP at Kalpakkam was
undertaken by Bhabha Atomic Research Centre (BARC),
Trombay based on the past operational experience of MSF
and reverse osmosis plant at Trombay. The desalination
plant at NDDP is a hybrid type which couples MSE-RO pro-
cess to produce 6,300 m*/d distilled water. The NDDP plant
is coupled to 2 x 170 MWe pressurised heavy water reactors
at the Madras Atomic Power Station (MAPS), Kalpakkam.

In this MSF plant, the boiling point of water is increased
up to 121°C by raising the pressure of water by 2 bar. The
superheated water is then allowed to cool at the rate of 2°C
drop per stage for all the 39 stages, and the cooled water is
allowed to flash evaporate and condense as pure water at
reduced pressure condition. In 2012, the cost of producing
distilled water using MSF technology is 10 paisa per litre,
and 6 paisa per litre in the case of reverse osmosis. The cost
of power consumed, steam utilized, chemicals procured,
maintenance and annual depreciation accounts for the pro-
duction cost in MSF plant. The MSF desalination process
plant has three distinct sections namely the heat rejection
section, the heat recovery section and the heat input section
(i.e., brine heater). Fig. 1 shows a typical schematic diagram
of the MSF desalination plant under consideration in this
study. In this plant the seawater gets heated up asitis passed
through tube bundle of the heat reject section. A portion of
this heated brine water is treated with chemicals to enhance
the quality and to use as process feed. The brine from the
last reject stage is recycled and passed through tube bun-
dles of the heat recovery section where it is heated by the
condensation of the flashing brine in the stages. The brine is
then further heated up in the brine heater to a maximum of
121°C by steam in the brine heater, which is the heat input
section of the plant. The hot brine from the heater outlet
is then fed to first stage of the recovery section. The first
stage is maintained at a pressure, which is slightly below
the saturation pressure corresponding to 121°C. As a result
the brine flashes in order to attain equilibrium with the
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Fig. 1. Schematic process flow sheet for MSF plant under study.

prevailing pressure. The vapor so formed is condensed on
the outside of the tube bundle (through which the re-circu-
lating brine is flowing) forming distillate. When compared
with standalone desalination plants, the energy consump-
tion in MSF process coupled with nuclear power plant is
reduced by about 50% but it is still considered as one of
the energy intensive process. A detailed thermal analysis for
MSF plant is necessary to under the process economics and
identifying the optimal values of process parameters.
There are four major components namely tube bundle,
product tray, brine pool and vapor space are present in any
stage of MSF plant. The brine solution initially flashes from
brine pool, then condenses on the tube bundle and finally
collected in the product tray. The brine entering to next
stage flashes to reduce its temperature to equilibrium with
stage pressure because the next stage is at lower pressure.
Similarly, distillate flowing in the product tray also re-flashes
to achieve vapour - liquid equilibrium. The distilled water
from last reject stage is pumped out as product. MSF pro-
cess plant comprises of three sections namely heat input sec-
tion (includes brine heater), heat recovery and heat rejection
sections which are coupled with the flashing modules. The
system considered in this study consist of 1-10 modules in
which 1-9 module consists of 36 stages and 10th module
alone consists of 3 stages. Therefore, the MSF system under
study totally consists of 39 stages in which the feed is passed
through all the modules. The feed (pre-treated coolant water
from MAPS which consists of nearly 35,000 ppm) passes
through the 9th to 1st module after mixing with recirculation
brine, where temperature of the feed is increased from 32°C
to 113°C and finally exit from the first module. The exhaust

]

BLOW DOWN—*

steam from MAPS is the primary source for low pressure
(LP) steam and high pressure (HP) steam for MSF plant. The
HP steam is used to create vacuum for the whole system
because this system works under the principle of flashing
(heating the liquid by reducing the pressure at isothermal
conditions). The LP steam is primarily used for brine heater.
This is produced by LP steam generator which utilizes 11.2%
moist steam from HP steam generating turbine exhaust unit
after passing through moisture separator to produce satu-
rated steam at 128°C which is supplied to brine heater. HP
steam is generated by HP steam generating equipment using
0.2% moist steam at 40 kg/cm? abs steam line to the hogging
ejector at MAPS, which produces saturated steam at 15 kg/
cm? gauge which is supplied to the steam jet ejector. The
pre-treatment of feed is done by acid dosing method to min-
imize the dissolved solids and suspended solids concentra-
tion of coolant water emerging from MAPS.

De-aerator is used to remove non-condensable gases
from the feed. These gases are removed because they form
film-like layers on the outer surface of tubes thereby increas-
ing heat transfer resistance. In view of this the amount
of heat transferred and heat recovered is reduced. The
de-aerator unit is maintained at a pressure of 0.94 kg/cm?
to execute this process. A two-stage steam jet ejector is used
for vacuum generation as well as for de-aeration purposes.
A motive steam of pressure 15 kg/cm?(abs) is utilized in the
steam jet ejector. In the first stage 240 kg/h of steam is uti-
lized and to the second stage 270 kg/h of steam is employed.
The ejector generates a suction pressure of 0.06 kg/cm? (abs)
for water vapor load of 225 kg/h and non-condensable gas
load of 60 kg/h. The brine heater is used as heat input source
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for MSF plant. The heat exchanger type used is 1,2 shell-and-
tube heat exchanger with saturated steam at 128°C as shell
side fluid and brine solution as tube side fluid. In this oper-
ation the latent heat of steam is exchanged to relatively cold
brine solution. Because of this, the brine solution flowing
inside the tubes is heated from 113°C to 121°C. The material
of construction for the shell is carbon steel and the tubes are
made with Cu-Ni (90:10) to provide high heat transfer and
prevent deleterious corrosive effects of scaling impurities.
The brine heater has 2,160 tubes each of length 4.5 m, 19 mm
outer diameter and thickness 1.25 mm. The brine heater is
insulated with a jacket to prevent heat loss to the surround-
ings. The flashing chamber consists of a orifice submerged
in brine pool, demisters, tube bundle and distillate tray. The
size of the submerged orifice can be varied to control the
flow rate inside the chamber. After the vapors are flashed
from the surface, they make use of the latent heat required
from the bulk of the brine itself, cooling down the solution
and the demisters which is made of meshed pads and the
support is used to remove the entrained brine fluid vapor
droplets from the vapor is which is being flashed. This is
necessary to reduce the salinity of the product and to reduce
scaling. The condensation occurs on the outer surface of the
tubes and the steam loses its latent heat to the feed seawater
which consequently gets heated up. Hence a major fraction
of the heat energy is recovered and retained this process.

3. Modeling basis for brine heater and steam jet ejector

Based on energy balance and mass balance for brine
heater, numerous steady state mathematical models have
been developed to exhibit a functional relationship between
the design variables and different operating conditions. Kern
design procedure and equations are used in this study to eval-
uate the thermo-hydraulic performance of a heat exchanger.
This method is most suitable for the “rating program” of a
heat exchanger because it determines heat flux, rate of heat
transfer rate and temperatures of outlet stream for specified
inlet fluid flow rates, inlet temperatures, and the pressure
drop for an existing heat exchanger. Kern method is simple
to apply because the calculation steps in this procedure are
analogous to equations for flow in circular tubes. In a brine
heater the temperature of re-circulating brine increases due
to heat of condensation of inlet steam. This re-circulating
brine enters the heater from the first stage of the heat recov-
ery section. The tube flowing through the tubes are heated
up by the condensation of steam on the outside surface of
exchanger tubes. For a brine heater, the mathematical mod-
els are developed based on heat balance for tubes and heat
balance for brine solution. The model studies the dynamic
variation of tube wall temperature and brine solution tem-
perature as a function of time. The variables such as enthalpy
of steam, enthalpy of saturated solution, heating surface
area, heat capacity and flow rate of streams influences the
heat flux and temperature of brine solution. The design vari-
ables for a brine heater are calculated using Kern method in
Microsoft Excel office software package. The MSF simplified
model is used in this study to assess the system performance
and to acquire design parameters. This model assumes con-
stant heat capacity for all liquid streams, uniform tempera-
ture drop across each stage for flashing brine and feed sea

water and negligible effect of non-condensable gases on heat
transfer process. The following mathematical equations are
proposed for MSF simplified model:

Overall material balance equation is defined by:

M, =M, +M, )

where M, (kg/s), M, (kg/s) and M, (kg/s) is mass flow rate of
feed seawater, distillate and brine respectively.

Component mass balance based on salinity concentra-
tion is

XM, =X,M, ©)

where X, and X, is the mole fraction of salt in feed and brine
respectively.

Assuming a linear temperature distribution for the flash-
ing brine and the seawater flowing inside the condenser
tubes, the number of stages (1) is calculated using;:

T
n=at 3)

where T (°C) is temperature of brine leaving the pre-
heater and T, (°C) is temperature of brine leaving the last
stage.

Condenser temperature in stage “i" is calculated using;:

t=T +(n-(i-1))At €

where T, (°C) is temperature of feed seawater.

Using the principle of conservation of energy in each
stage, the amount of flashing vapor formed in stage ‘i’ is
calculated as:

D,=M,y(1-y)"" ()

where y is the specific ratio of sensible heat to latent heat
and M, is defined already in Eq. (1).

Application of energy balance for recirculating brine
and heating steam yields the model equations for tube wall
and for brine solution.

Heat balance for tube is defined by:

T, aWS(E,, -E,,)-hA (T, -T,,) ©
o C,W,,

Heat balance for brine solution is expressed as:

aTB,i _ 0“h1Al (TW,l - TD,]) B WR] (TB,l - Tc,1) @)
ot CBWRSl WRSl

where T, (°C) is tube wall temperature, W (kg/s) is amount
of water produced, S (kg/s) is mass flow rate of steam,
E, (J/kg) is enthalpy of saturated liquid, E, (J/kg) is enthalpy
of saturated steam, C, (J/kg K) is specific heat of tube mate-
rial, h, (W/m? K) is convective heat transfer coefficient and
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W,, (kg/s) is flow rate of brine from stage 1. Egs. (6) and (7)
are solved simultaneously using fourth order Runge-Kutta
method to obtain the temperatures T, and T,, respectively.

Scale formation and fouling of equipment has detrimen-
tal influence on the performance of MSF plants. Sea water
contains dissolved salts and finely suspended solids which
is responsible for scale deposits and tube fouling. The major
scale forming compounds in sea water mainly includes cal-
cium carbonate, calcium sulfate and silica. The precipitation
of calcium carbonate scale is favored at elevated tempera-
ture and decreased level of carbon dioxide concentration.
The scale formation due to calcium sulfate is most likely
to occur at high temperatures. Severe scaling may occur if
the ionic concentration of calcium and sulfate exceeds the
saturation solubility limit in the feed sea water. Silica scal-
ing occurs at high temperature and higher concentrations.
The influence of silica scaling is prevented by maintaining
its aqueous phase concentration below the saturation limit.
Scale deposit on one side or both sides of the tubes provide
extra resistances to heat flow and reduce the overall heat
transfer coefficient and rate of heat transfer. The effect of
scale deposit on heat transfer rate is accounted by adding
a term 1/(dA-h,) to the standard form heat exchanger equa-
tions. If scale formation is assumed to occur on both inside
and outside surface of the tubes, the overall temperature
drop across the tube is defined by the expression,

AT:dq1+1+i“’+1+1 (8)
dAhy dAh  dAk, ~ dAAR, dAh,,

where k (W/m K) is thermal conductivity of tube material,
x, (m) is tube wall thickness, d A_L (m?) is logarithmic mean
area and i (W/m? K) is the heat transfer coefficient.

The conventional steam jet ejector has three main parts
namely the nozzle, the suction chamber and the diffuser.
Two models namely, constant pressure model and constant
area model, are developed to analyze the performance of
steam jet ejector. The models are categorized based on the
methodology of mixing the motive steam and entrained
vapor. Literature survey reveals that the design models of
stream mixing at constant pressure are more widely fol-
lowed common in literature because the performance of
the ejectors designed by constant pressure model is more
superior to the constant area method. Also the simulated
results from constant pressure model very well match with
the experimental data. The model equations developed
for a steam jet ejector is based on overall material balance,
entrainment ratio, compression ratio, expansion ratio,
Mach number calculation, pressure lift in the diffuser and
the area ratio of the nozzle throat and diffuser constant
area. The model equations for designing brine heater and
steam jet ejector are explained in section 4 in this study.

4. Design algorithm for brine heater and steam jet ejector

The brine heater was designed using the Kern method
which correlates data for standard exchangers by a simple
equation similar to expressions for fluid flow in pipes and
tubes. However, this method is applicable only to fixed baf-
fle cut (25%) and cannot adequately account for leakages

in baffle-to-shell and tube-to-baffle. The design procedures
for 1,2 shell-and-tube heat exchanger was carried out in
Microsoft excel package. The design formulas and equa-
tions are fed into Microsoft excel office software and the
brine solution inlet and outlet temperature was used as
preliminary input data for subsequent calculations. All the
thermo-physical properties were calculated at the mean
temperature of fluid. An energy balance equation is used to
calculate the heat duty.

Q=mC,AT ©)

where Q (J/s) is heat duty of brine heater, m (kg/s) is the
mass flow rate of brine and AT (K) is the temperature dif-
ference inlet temperature and outlet temperature of brine
solution. The heat exchange area is calculated using:

Uu-LMTD
where A (m?) is the surface area available for heat trans-
fer, U (W/m? K) is the overall heat transfer coefficient and
LMTD (K) is log mean temperature difference. The total
number of tubes is calculated with:

(11)

where 7, is number of tubes necessary for achieving desired
thermal eff1c1ency, (m) is the tube outer diameter and
L (m) is the length of tube. The velocity of tube side fluid is
calculated using:

_4m(np/nt)

T d’2 Py (12)
where m (kg/s) is the mass flow rate of fluid, n is number
of tube passes, 1, is number of tubes, d, is the inner diame-
ter of tube and p, is tube side fluid density. The heat trans-
fer coefficient for the shell-side in the Kern Method can be
estimated from:

h o= 0. 36k Re ODSPrl/S
| D

e

(13)

where k_(W/m K) is the thermal conductivity of shell-side
fluid, Re is the Reynolds number for the shell-side, Pr, is
the Prandtl number for the shell-side fluid and D, is the
equivalent diameter on the shell-side. For fully developed
turbulent flow in tubes the heat transfer coefficient is calcu-
lated using Dittus-Boelter correlation which is defined by
the expression.

_0.023(Re, )" (Pr,) K
=
q

(14)

where K (W/m K) is thermal conductivity of tube material.
The pressure drop due to friction is calculated using the
expression:
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p_fGLn

15
Y (15)

i

where AP, (Nm?) pressure drop due to friction, f is the
tube side friction factor, G, (kg/s) is mass flow rate of tube
side fluid, L (m) is length of the tube, n is number of tube
passes and d, (m) is inner diameter of the tube. The pressure
drop due to change in direction of tubes is evaluated by:

2
AP, = 4nVip (16)
2
where V, (ms™) is tube side fluid flow velocity and p, (kg/m®)
is the density of tube side fluid.

In the present study, the steam jet ejector in MSF sec-
tion is used for vacuum generation and de-aeration. The
algorithm based on constant pressure model was used for
the design of steam jet ejector. The model equations used
to design a steam jet ejector is defined as in [23].

Overall material balance:
m,+m, =m 17)
where m,, m, and m_is the mass flow rate (kg/s) of primary
steam, entrained vapor and compressed vapor mixture
respectively.

- (18)

P

Entrainment ratio =

3

P
Compression ratio = F‘ (19)

e

where P_is compressed vapor pressure (Pa) and P, is the
pressure of entrained vapour.

Mach number is used to explain the isentropic expansion
of the primary fluid in the nozzle region.

(v=1/v)
2n, P
MPZ = 71 (;J - 1
Y- 2

where M is the Mach number, P (Pa) is the pressure, 7y is the
isentropic expansion coefficient and 1), is the nozzle efficiency.

The saturation temperatures are calculated using the
correlation:

(20)

38927 -273.15
(In(P/1,000) - 9.48654)

T= [42.6776 - @1)

where P (kPa) is saturation pressure. The nozzle throat
area is defined by the expression:

a ﬂ RT}7 y +1 (y+1)/(y-1)
1T p 2
>\,

where m, (kg/s) is mass flow rate of motive steam, y is isen-
tropic expansion coefficient and 1), is the nozzle efficiency.

(22)

The area ratio of the nozzle throat and the nozzle outlet is
defined by the expression:

s L (v-1) /G
2= || |1+ LMiz
A\ M| y+1 2

where A, is the area of the nozzle outlet.

The steady state performance of MSF plant is judged by
the key parameters namely salinity ratio (SR) and gained
output ratio (GOR). SR is defined as the ratio between TDS
in circulated brine water and TDS in sea water whereas the
GOR is the ratio between mass flow rate of product water
and mass flow rate of steam. For the MSF plant under
study the mass flow rate of distilled water is 52.08 kg/s and
steam flow rate is 6 kg/s. The GOR at steady state operat-
ing condition is 8.68 which indicate that the MSF plant is
working efficiently.

(23)

5. Results and discussion

The model equations for designing a brine heater are
defined in Eqs. (9)-(16). These equations are simulated
using MS Excel built-in algorithms and functions and
a comparison of model results with plant data’s are pre-
sented in Table 1. The validity of Kern design equations
and simulation results are tested by analyzing the % error
between model predicted value and actual plant data. In
all the observed cases, the simulated results matches with
actual data collected in MSF unit. The % error is less than
5% which is in the tolerable limit and also confirms the
prediction ability of design equations. The design algo-
rithm depicted in Fig. 2 explains the major design variables
required and calculated variables for a steam jet ejector. The
input variables such as entrainment ratio, mass flow rate of
compressed vapor mixture, pressure of compressed vapor,
entrained vapor pressure, motive steam pressure, isentropic
expansion coefficient, efficiencies of the nozzle and diffuser.
The stream temperatures are calculated using the standard
equations. Using these stream temperatures as input vari-
ables, the flow rate of motive steam and entrained vapor
is calculated using the design equation. The cross section
area of ejector and area ratio is calculated using previous
block output variables. The simulated design variables for
single stage steam jet ejector are reported in Table 2. The
design equations defined in Egs. (17)—(23) are solved using
MS Excel default mathematical functions. The nozzle area
at the throat and at the outlet are obtained as 3.38 x 10-* m?
and 8.39 x 10~ m? respectively. In Fig. 3 the effect of volu-
metric flow rate of cold fluid on total tube side pressure
drop is reported. The tube side pressure drop increases
continuously as function of volumetric flow rate. This is
in accordance with the statement, the higher the flow rate
through a tube the greater is the pressure drop. The pres-
sure drop varies directly with volumetric flow rate. As the
volumetric flow rate of fluid increases, the friction resis-
tance between fluid layer close to wall and the wall surface
increases. This is responsible for an increase in pressure
drop as the volumetric flow rate increases. Since a tube of
uniform cross section is used, an increase in volumetric
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Table 1

Comparison between actual plant data and simulated values for brine heater obtained from solving the model equations using MS

Excel in-built algorithms and expressions

Parameter Actual design variable Simulated results from % error
in MSF plant MS Excel package

Mass flow rate of steam (kg/s) 6 6.03 0.497%

Number of tubes 2,160 2,168 0.369%

Overall heat transfer coefficient (W/m? K) 2,544 2,485.17 2.37%

Heat duty of the brine heater (k]/s) 13,155 13,143.5 0.0875%

‘ (model value — experimental value) ‘

Note: % error = -100.

(model Value)

[ Input Design Variables ]

h 4

[ Calculate Stream Temperature ]

Calculate Area Ratio and
Cross Section Area of the

Fig. 2. Design algorithm for steam jet ejector.

flow increases the fluid flow velocity. There is a possibil-
ity of turbulent zone formation at high fluid velocity which
causes the degradation of hydrodynamic boundary layer
developed at low volumetric flow rate. The maximum pres-
sure drop obtained was 17.1 kPa at a flow rate of 1,500 m?/h.

The functional relationship between volumetric flow
rate of cold fluid and overall heat transfer coefficient was
studied and reported in Fig. 4. It was observed that as the
flow rate increases, the overall heat transfer coefficient also
increases for various scale thickness. It may be attributed to
the shifting of flow behavior from laminar flow to turbu-
lent flow as the flow rate increases. The turbulent mixing of
molecules produces eddy current which causes more inter-
action and frequent collision between the thermally ener-
gized liquid molecules. The thickness of thermal boundary
layer at the tube wall decreases and heat exchange occurs
directly between tube wall and bulk liquid phase without

Table 2

Simulated design variables obtained for single stage steam jet
ejector using MS Excel in-built algorithms and mathematical
functions

Parameter Magnitude
Vapour flow rate (kg/h) 285

Steam flow rate (kg/h) 1,850
Suction pressure (kg/cm? abs) 0.06
Discharge pressure (atm) 1

Nozzle throat area (m?) 3.38 x107°
Nozzle outlet area (m?) 8.39 x 10
Diffuser constant area (m?) 0.172

any boundary layer resistance. The transfer coefficient
increases gradually for small scale thickness. For a scale
thickness of 0.00005 m, the overall heat transfer coefficient
gradually increases from 3,482.5 to 4,395.3 W/m? K. The
increase in heat exchange coefficient is attributed to less
resistance offered by small thickness of scale deposit. It was
inferred that, as the scale thickness increases, the overall
heat transfer coefficient decreases and the trend line makes
negligible slope with horizontal reference axis. When the
scale thickness is 0.0004 m the trend line almost resembles
like a straight line parallel to horizontal axis. This means
that the slope of the trend curve is zero which indicates that
the overall heat transfer coefficient remains constant even
though the volumetric flow rate increases for a large scale
thickness. The presence of dirt and dissolved salts in water
is responsible for fouling of tube interiors and develop-
ment of scales. From the observed results it is concluded
that as the scale thickness increases, the overall heat trans-
fer coefficient decreases. It is due to the thermal resistance
offered by scale deposit and temperature drop across the
scale layer increases.

Fig. 5 analyzes the influence of scale thickness on
overall heat transfer coefficient for a fixed flow rate of
1,500 m?/h. It is elucidated from the trend curve that as
scale thickness increases, the overall heat transfer coeffi-
cient decreases. The reason is attributed to the thermal con-
ducting ability of scale substances. Since they are mainly
produced from dissolved salts, the scale layers have poor
thermal conductivity and rate of heat exchanged through
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Fig. 4. Volumetric flow rate of cold fluid affecting overall
heat transfer coefficient at different scale thickness.

the layer is very less. This causes a large temperature drop
across the layer which decreases the overall heat exchange
coefficient. This is in compliance with the standard state-
ment; the overall heat transfer coefficient varies inversely
with temperature drop. Due to scale deposits, the thermal
resistance increases due to which the heat flux across the
tube and scale decreases. The effect of scale thickness on
percentage reduction in overall heat transfer coefficient
is reported in Fig. 6. From the trend, it is concluded that
the percentage reduction increases steeply for small vari-
ation in scale thickness. Almost 78.4% of response vari-
able is attained within a short range of scale thickness
0-0.001 m. For larger scale thickness, the variation is less
significant as the trend curve resembles like a straight
line parallel to x-axis. When the scale thickness increases
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from 0.0002 to 0.0005 m, the percentage reduction rises
meagerly from 87.9% to 94.8%. This concludes that large
scale thickness is not having significant influence on
percentage reduction in overall heat transfer coefficient.

In Fig. 7, the simultaneous effect of scale thickness
and volumetric flow rate of brine solution on overall heat
transfer coefficient is reported. The overall heat transfer
coefficient decreases as scale thickness increases for var-
ious volumetric flow rates. At higher flow rate and for
small scale thickness, the decrease is rapid whereas for
large scale thickness the overall heat transfer coefficient
almost attenuated and reached a plateau. The decreas-
ing trend is due to the thermal resistance offered by scale
material. A thick scale offers more thermal resistance
rather than scale having less thickness. The functional
relationship between brine flow rate and steam flow rate
is reported in Fig. 8. The steam flow rate varies randomly
with respect to input flow rate of brine solution. But when
a trend line is drawn through the points predicted using
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least square principle, the steam flow rate increased with
respect to increase in brine flow rate. The average of
response variable is 3.467 kg/s. The maximum value of
dependent variable is 4.323 kg/s and the minimum value
is 2.776 kg/s. The range of the output variable is 1.547 kg/s.
The trend pattern shows that the data points are distrib-
uted equally above and below the average value.

The effect of brine flow rate on brine temperature is
depicted in Fig. 9. It was observed that both inlet and out-
let temperature of brine varies randomly with respect to
brine flow rate. The average temperature reached by brine
solution at the outlet is 116.1°C. The maximum tempera-
ture attained at outlet is 118°C and minimum tempera-
ture attained is 114°C. The random variation in outlet
temperature is due to sudden change in pressure in each
stage of MSF unit and flow velocity of inlet brine solu-
tion. Fig. 10 expresses the variation of temperature in
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Fig. 9. Effect of brine flow rate on brine temperature.
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Fig. 10. Temperature in heat recovery section affected by stages.

heat recovery section as function of stage number. It was
observed that the variables temperature in recovery sec-
tion and stage number is inversely related. As the stage
number increases, the temperature in heat recovery section
decreases linearly. This is attributed to the loss of enthalpy
by process streams in the initial stages. The low tempera-
ture at the last stage is maintained because the feed water
carries away the latent heat of the condensed steam. As the
fresh hot brine enters the stages an equal amount of steam
is formed as the pressure in the chamber remains constant.
At the last stage, the brine and condensate temperature is
almost same as the ambient temperature. Fig. 11 depicts
the influence of stage number on mass flow rate of prod-
uct. A linear decrease in trend was observed between the
variables. The mass flow rate of product decreased as
the stage number increases. The brine which enters heat
recovery section initially absorbs latent heat of condens-
ing vapors and then latent heat of steam. The heated brine
introduced into the first stage flashes off and produces
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condensed form of distillate. The enthalpy needed to flash
off the brine solution decreases from stage to stage and
this accounts for decrease in mass flow rate of products
at the last stage. The variation of temperature difference
with respect to stage number is reported in Fig. 12. It was
inferred that as the stage number increases, the tempera-
ture difference increases first, reach a peak value and then
decreases. The similar pattern is continued for higher
stage numbers also. The average temperature difference
was found to be 0.421°C.

6. Conclusions

The performance of brine heater and steam jet ejec-
tor used at NDDP Kalpakkam was analyzed. The influ-
ence of major variables on brine heater design and
operation is studied. The effect of volumetric flow rate
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of brine on tube side pressure drop and overall heat
transfer coefficient was studied. It is inferred that the
tube side pressure drop increases continuously as func-
tion of volumetric flow rate and also the overall heat
transfer coefficient increases with respect to volumetric
flow rate. The overall heat transfer coefficient remained
constant for a scale thickness of 0.0004 m even though
the volumetric flow is increased. At this condition, the
average heat transfer coefficient obtained was 781.97 W/
m? K. The scale thickness had a significant influence on
the rate of heat exchange and enthalpy loss in streams.
The overall heat transfer coefficient decreased as the
scale thickness increased from 0.0001 to 0.0005 m. But
the scale thickness seems to have prudent influence on
percentage reduction in overall heat exchanger coeffi-
cient. The rapid increase was observed for small change
in scale thickness (0-0.00005 m) whereas the response
variable does not change much for large change in scale
thickness (0.00005-0.00055 m). This study concludes
that the brine heater designed based on Kern method is
efficient for utilizing in MSF unit and steam jet ejector
output is comparable to that of the actual plant data.

Symbols

A —  Heat exchange area, m?

C, —  Heat capacity at constant pressure, J/(kg K)

d, —  Outside diameter of tube, m

d, — Inside diameter of tube, m

D, —  Equivalent diameter of shell side, m

f —  Tube side friction factor

h, —  Shell side heat transfer coefficient, W/m? K

K —  Thermal conductivity of tube material, W/m K

L —  Length of tube, m

LMTD —  Log mean temperature difference, K

m —  Mass flow rate of brine, kg/s

M, —  Mass flow rate of distillate produced, kg/s

n —  Number of stages

n, —  Number of tubes

n, —  Number of tube passes

P —  Saturation pressure, kPa

APf —  Pressure drop due to friction, N/m?

Q —  Heat duty of brine heater, J/s

AT —  Temperature difference of brine solution, K
—  Overall heat transfer coefficient, W/m? K

v, —  Velocity of tube side fluid, m/s

x, —  Tube wall thickness, m

Greek

P, —  Density of tube side fluid, kg/m?

Y —  Isentropic expansion coefficient

n, —  Nozzle efficiency

Subscripts

f —  Friction related variable

S —  Shell side fluid conditions

e —  Entrained vapor flow rate

4 —  Motive steam flow rate

c —  Compressed vapor flow
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