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Abstract

Heat transfer to and mass transfer from NaCl-watepldts are
investigated both numerically and experimentallynéw model
is presented and used to simulate saline water letrop
evaporation. The model is robust enough to be egpfor
various initial concentrations and conditions of tkroplet,
ambient conditions, and dissolved media properiies. model is
validated using experimental data obtained inshisly on top of
those already available in the literature. The erpental
apparatus as well as the processing routines toatiptmeasure
droplet evaporation at a range of ambient conditicare
presented. Data were collected for droplets withnétral radius
of 500 um at three temperatures 26, 35°C, and 45°C and
three air velocities 0.5 m/s, 1.5 m/s, and 2.5 to/provide a
comprehensive validation dataset. Based on expetainamd
simulation data, a correlation is presented thptwas the start
time of solid formation. This time plays an impataole in
cooling tower design as it shows the time thatathier surface of
the droplet dries. Using the validated model, ish®wn that for
500 um radius droplets with 5% initial mass concentratihe
start time of reaching the final size is 24.9% lgass evaporation
time of a pure water droplet. Also, the net energguired to
evaporate the droplet falls by 12.2%compared tau pvater
droplet. Using saline water in spray-cooling haw twajor
effects: the energy extracted from the air per droplet volume
is reduced (which can be compensated for by intrgathe
liquid flow rate). Moreover, compared to the tinaken for the
evaporation of a pure water droplet, the periochwiet surface
is shorter as a result of crust formation arourel ghline water
droplet. This allows a shorter distance betweenyspbzzles and
heat exchangers.

Introduction

Improving the efficiency of dry cooling towers hasvays been a
challenge for designers. For instance, in arid sag@duction
capacity losses of about 50% are predicted [1]efibance the
performance of dry cooling towers, hybrid methodssuggested
to decrease inlet air temperature. Two hybrid m#share
available in dry cooling systems: evaporative sp@gling of the
inlet air, and using water deluge to cool the Spray assisted
dry cooling towers are more efficient and cost affe in arid
areas as they do not require a large volume ofrwaidiquid
spray cooling systems small droplets increase tirgact area
with the air resulting in higher total heat and mdsnsfer.
Applying spray cooling in dry areas, however, faaasobvious
challenge of fresh water scarcity. However, as kerrative,
saline water might be available in spray-assisted aboling
towers (hybrid). For example, in arid areas in Qusésnd,
Australia a large volume of water is produced ia froduction

of natural gas from coal-bed methane. Methane testrom
coal if pressure is decreased in the undergrousdrveir by
water pumping [2]. Therefore, saline water will deailable as a
valuable source for spray cooling systems. There, ar
nonetheless, some dissolved and insoluble maté&midfgs water.
Kinnon et al. showed that NaCl is the main salthe saline
water from coal-bed methane production [3]. Accogdio those
authors, NaCl constitutes about 84% (mass basedheofotal
dissolved salt in Bowen Basin in Queensland. Duéntilagities
between the physical properties of NaCl and theradissolved
salts, NaCl may be considered as the main dissalatdn saline
water.

To simulate the evaporation process from solid-&ioirig
droplet, researchers have suggested two [4, 5]threb-stage
models [6-9]. In general, the evaporation of drtplean be
described as follows (see “figure 1"):
1. The droplet is warmed/cooled to be close to ambient
conditions,
2. Evaporation takes place during an isothermal phase,
3. First particles form at the bottom of the dropl&0]
and grow to cover the upper part,
4. The remaining water is then evaporated followed by
complete drying.

The slow formation of the crust is considered i tiathematical
modelling by Sadafi et al. [11]. In their four-seagnodel they
showed that the droplets shrink even after presafcesolid

particles on the surface which results in a bettgeement with
the experimental results compared to former mdddls

Using microscope digital camera, Sadafi et al. nwad the
droplet size at low air velocities to note that treplets shrink
after crust formation in slow evaporation undemdtd room
conditions [11].
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Figure 1. Stage of evaporation of a solid contajnimter droplet



Theoretical Modelling

The four-stage model developed by Sadafi et al. \Wek used in
this study.

Four-Stage Model

According to this model, during the first stageegfporation, the
temperature of a saline water droplet adjusts pyageh the wet-
bulb temperature. Evaporation in this stage is igixé
compared to the later stages. Next, the seconé stags and the
droplet size decreases. This stage is an approdynabthermal
process with a nearly constant evaporation rate. wsger
evaporation continues, solid concentration risesh® critical
concentration which, in turn, depends on the splidperties.
Once the critical concentration is reached, thedtktage kicks
off and solid crystals are formed in the lower prthe droplet.
Then, they start to extend up to the droplet sidethe third stage
progresses.

Finally, the fourth stage starts once a solid cfoishs around the
entire droplet. This solid crust then grows in kimess until all
the liquid is evaporated. This crust is assumedbeca porous
medium allowing the diffusion of water vapour thgbuits pores.
Assuming axisymmetric shape for the droplet, homogs
properties, and neglecting directional forces (gmvity) [12],
the energy equation for the droplet is [9]:
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whereT is the temperature (of the droplet in the first aecond
stages or of the crust or wet-core during the fostage). The
following boundary conditions are applied for thiestf and
second stage:
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whereR is the droplet outer radius in the first and secstage.
The following conditions apply for the fourth stage
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whereR(t) is the radius of the interface between the wegcor

and the crust.

As latent heat is dominant, compared to sensikég, iee energy
balance equation applied to the first and secoagdest and the
wet-core in the fourth stage can be simplifieddp [

hfgrhv = h(Tg - T)Ad (4)

Changes in the droplet radius in the first two stagyed the wet-
core radius in the fourth stage is determined lyirsgp “equation
(5)” [9]. To calculate the wet-core radius in tloufth stage, the
effective surface area in the right hand side afuaion (5)”
must be adjusted to include the porosity:
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The vapour mass flow rate from the wet-core infthath stage
is obtained using “equation (6)” as describedLit]]
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Here, it is assumed that the vapour diffuses thmcaugumber of
Stefan tubes. The argument in the logarithmic tshaws the
vapour mass concentration gradient through the .pdte

multiplier is the density of the vapour times thapwour diffusion

coefficient and the pore cross-sectional area.

To calculate the heat and mass transfer coeffianhtthe gas-
liquid interface when gas is forced to flow ovendeaaround) the
droplet, the correlations from Ranz and Marshal] |ir2 used:
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In the model developed by Sadafi et al. [11], thiedt stage is
introduced by a adding a weighting factor “z” toetd the
equations of evaporation and drying (second andHystages.
Here, z is the volume fraction of the wet volumethie whole
particle. It is equal to unity at the beginningtbé third stage
and goes to zero at the end of this period. Detaiflsthe
calculation of droplet properties in different stagare presented
in [11].

A Lagrangian formulation of the flow field is uséa solve the
governing equations for the first and second stafjegrid with
64 cells in the radial direction is implemented anéixed time
step of 0.1 s is used for the transient impliciugon. For the
fourth stage, a uniform grid distribution with si@gé4 um in the
radial direction is implemented and an adaptiveetistep with
initial value of 0.05 s is used to obtain the tians implicit
solution. Results obtained using shorter (half) tisteps and
spatially-refined grids are found to be within 1% those
obtained from the baseline. The obtained resutts fthe model
are validated in [11].

Experimental Study

In this section, the experimental results for watkpplets
containing NaCl are presented and compared withetHiaam
theoretical model.

Experimental Setup

A variable speed fan is used to provide a wide ean§ air
velocities. Before passing through an aluminium flow
straightener, the air stream is heated using aehe@he heater
resistive wires are automatically controlled usinfgedback loop
to achieve a prescribed temperature as measurethebywo

thermocouples (to  measures
temperatures). The droplet is suspended in thengharsing a
filament and its size is continuously measured byieroscope
digital camera as described in [11].

As the evaporation progresses (especially afted $ormation)

the photo capture may be inaccurate because tipéetifoses its
axisymmetric shape. This is because the camera capyures
one view of the droplet outline at a time. Therefan the case of
a concave or convex shape on the droplet surfaeeadtual size
is missed by the camera. To overcome this issuenapater

dry-bulb and  wet-bulb



controlled low speed (less than 5 rpm) servo m&toused to
rotate the filament and the droplet during the expent. This
ensures that the pictures of the droplet can bentalkom
different angels.

Test Conditions

Since the objective of this research is to study ¢kaporation
behaviour of droplet solution in dry cooling towerglevant
conditions are chosen for experimental tests. Aicglpdry
cooling tower in Queensland operates at around 480Gt
summer days. However, this temperature can beHass25C in
some periods of a year. Therefore, three tempestof 25, 35,
and 45°C are selected for the ambient air temperature.tddys
the influence of air flow rate on convection heahsfer three air
speeds of 0.5, 1.5, and 2.5 m/s were chosen tdatienypical air
velocities inside cooling towers. As NaCl is repdrte be the
main solid in the saline water [3]; NaCl solutionghwinitial
mass concentration of 5% was chosen. A range dftivel
humidity values were chosen as it varies througliogityear. A
micropipette with the accuracy of 0.01 pL was ugedenerate
droplets with initial diameters of about 1 mm.

Data Collection/Processing

Droplet diameter was continuously monitored andmed using
an optical microscope and video camera to measeretianges
in the droplet size during the experiment. Using $kervo motor
allows estimating a more accurate size for the ldtojpy

averaging images taking at different angels. Theimim and
maximum frequency of the servo motor is 0.1 Hz dndiz,

respectively, whilst the photos are captured ab®.Blz. The
uncertainty of radius measurements is less tha¥b 2vh servo
speeds of 0, 3, and 6 rpm (using the procedurame@nded by
Moffat [13]). Each experimental test was repeatetbast three
times. The results fell within the respective utaiety bounds,
thereby demonstrating that our laboratory studresrepeatable
with a high level of reliability. Following the pecedure
recommended by Moffat [13], the uncertainty in meamy the

droplet size is found to be less than 3.68%.

Experimental Results

“Figure 2" to “figure 4" show the predicted as welk the
experimentally-measured radius of the droplet wiiea air
temperature is set at 2&. Note that the predicted final sizes of
the droplets are 26@m, 259um, and 267um for 0.5, 1.5, and
2.5 m/s air velocity, respectively.
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Figure 2. Radius of the droplet for 25

“Figure 3" shows the experimental data and simdla&sults for

35 °C gas temperature at different air stream velocitigse
predicted final sizes are in a good agreement wite
experimental results.

As shown in “figure 4” the predicted final solides for different

air velocities in 45°C perfectly correspond to those measured in
the experimental tests. Moreover, as the air vilaatreases the
agreement between the model prediction and expetahdata
improves.
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Figure 3. Radius of the droplet for 35
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Figure 4. Radius of the droplet for 45
Discussion

From a design analysis point of view, predicting #tart time of
solid formation (beginning of the fourth stage) ttee most
important factor. This timetu, gage, iS the time needed for the
droplet to reach its final size and the completg ot of the
droplet surface. As such, it is an important patem& monitor
in order to avoid corrosion of the heat exchangefases and
particle deposition.

Applying dimensionless analysis, a proper combamtf the
parameters will make all the recorded data to pseon a single
line as shown in “figure 5”. In this figure the gtéme of solid
formation (beginning of the fourth stage) is pldttegainst the
variable f. The data show thig§, ¢age is a linear function of f and
can be expressed as follows:

moRgA

"1,0.4 0.6~0.2 (9)
k2*(Tg — Tup )h*6cd

tath stage = 2.3599 X 101t

In this equation the initial radius, mass, and emti@tion in
addition to the dry bulb and wet-bulb temperaturgss



conductivity, and the convection heat transfer ficieht are
grouped. The heat transfer coefficient is a fumctid Nusselt,
Prandtl, and Reynolds numbers which incorporatesnfigence
of air velocity in the above correlation. Also, tirdluence of
relative humidity is taken into consideration tmjbu'[he(Tg -

Twb) term.
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Figure 5. Presented correlation to determine dolichation time

In addition to the experimental and model resudtdditional

experimental tests for 3% and 10% initial conceitrs and

different temperatures were performed to show #meeplity of

“equation (9)” in “figure 5”. The lowest measuregh g.g had

10% initial concentration, 2.25 m/s air velocityyda83.5°C air

temperature. The initial radius of the droplet fiois test is 520
pum. The experimental value Of, gage is 49 s whilst the model
predicts 44.9 s.
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Figure 6. Fraction of the final radius to initighdius of the droplet
(MATLAB results)

“Figure 5”, demonstrates that “equation (9)” iwvery reliable
prediction of tyn ¢age €Specially for higher air temperatures,
velocities, and initial concentrations. The R2 valiee the
correlation is 0.9684 and the maximum error is 26hich is
related to 5% initial concentration, 3%, and 1.5 m/s air
velocity. The experimental results show a betteeagent with
predicted values for smaller droplet sizes and towet-bulb
temperatures (lower relative humidity).

“Figure 6” shows the fraction of the final soliddias to the
initial radius of the droplet. Due to higher voluroé NaCl for
5% initial concentration, the final size of the idoparticle is
proportionally larger than that observed for 3%.shswn in this

figure, the gas temperature affects the final sgehe crystal in
slower evaporation forms with more porosity. Theref the final
size of the dried solid in 2% in larger than 38C, and they both
are larger than 45C gas temperature for the same initial
concentration.

Conclusions

A robust mathematical model was presented thatbeaapplied
for a wide range of initial and boundary conditidagredict the
behaviour of evaporation of saline water dropldisis model

was validated with a comprehensive set of experiaieiests.

These tests were performed for different air veiesj gas
temperature and initial concentrations. Based orexiperimental
data and model a correlation, relating the timerakt formation
to droplet and ambient conditions was created. @htens

from the study are that replacing pure water bynealvater in

cooling systems has two important effects: loweat foapacity of
the cooling water, and shorter time with wet sugfathe first

effect can be compensated by using a larger volafmeater

whilst the second effect allows a decrease of tistamce

between the nozzle and heat exchanger. As the ntuwerk

focuses on droplets in isolation, further work eeded to study
the behaviour of droplets in spray cooling syste8ecifically

the total displacement, corrosion levels and déjoosof solid

particles need to be investigated.
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