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i; Abstract: Experiments and theoretical modelling have been carried out to predict the
19 performance of a solar-powered liquid desiccant cooling system for greenhouses. We
20 have tested two components of the system in the laboratory using MgCl, desiccant:
21 (i) a regenerator which was tested under a solar simulator and (ii) a desiccator which
22 was installed in a test duct. Theoretical models have been developed for both
23 regenerator and desiccator and gave good agreement with the experiments. The
24 verified computer model is used to predict the performance of the whole system
;2 during the hot summer months in Mumbai, Chittagong, Muscat, Messina and
07 Havana. Taking examples of temperate, subtropical, tropical and heat-tolerant
58 tropical crops (lettuce, soya bean, tomato and cucumber respectively) we estimate
29 the extensions in growing seasons enabled by the system. Compared to
30 conventional evaporative cooling, the desiccant system lowers average daily
31 maximum temperatures in the hot season by 5.5-7.5°C, sufficient to maintain viable
32 growing conditions for lettuce throughout the year. In the case of tomato, cucumber
33 and soya bean the system enables optimal cultivation through most summer months.
34 It is concluded that the concept is technically viable and deserves testing by means
gg of a pilot installation at an appropriate location.
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Notation

List of symbols Units Definition
A Km parameter
A, m” parameter
A m? regenerator surface area
a - absorptivity
C., Jkg' K’ specific heat capacity of air
s, J kg latent heat of evaporation
I, W m? solar irradiance
K. W m2 K Overall heat loss coefficient of greenhouse
cover
m, kgs™ air mass flow rate
m,,. kg s™ water rate of absorption
m,, kg s™ rate of evaporation
T, °C air temperature
Tomb °C ambient temperature
T b °C ambient wet bulb temperature
Ton °C temperature inside greenhouse
Ty °C temperature of cooling water
V. m®s’” ventilation rate
w m width of greenhouse
X m distance from inlet
X kg kg™ mass concentration
Greek variables
Y - plant transpiration coefficient
n - effectiveness
L., kg m™ absolute density of air
T - transmissivity of greenhouse roof
@ kg kg™ absolute humidity
Abbreviations: EvCool - evaporative cooling

LDCS - liquid desiccant cooling system
NTU - number of transfer units
RH - relative humidity




O ~Jo Ul W

OO UTUTUTUITUTUTUTUTOTUT D BB DB DD DEWWWWWWWWWWNNNNNNNNNNNNNNERE P PR PR
G WNHFRFOW®OW-JdNTEdWNHFRO WO -JNTDdWNROWOW®O-JdNTTEWNROWOW-JOHUDdWNROWOW-IOU D WN R, O W

Introduction

Energy is closely linked to food. In the US, for example, food production and
processing accounted for 15.7% of the total energy consumption in 2007 [1]. In
addition, the use of energy resources from fossil fuels is a major contributor to
climate change which is likely to hinder agriculture and threaten food security in the
future. In its fourth assessment report, the Intergovernmental Panel on Climate
Change (IPCC) noted that temperature increases of just 1 to 2 °C would be sufficient
to reduce crop productivity in low latitudes, especially in regions subject to seasonally
dry or tropical climates [2]. Moreover, the low latitudes are home to many developing
nations whose populations are expected to grow by some 70% by 2100 [3]. The
combination of climate change and increasing food demand make it very important to
research intensive means of growing food that can help adapt to warming conditions.
Technologies that can achieve this using only renewable energy inputs are especially
interesting.

One approach that could aid adaptation to climate change is the provision of
artificially cooled environments for the cultivation of crops. The use of greenhouses to
provide protected growing environments is increasing around the world. Some
greenhouses are cooled using evaporative cooling (pad and fan) or fogging systems.
These systems are limited, however, with regard to the lowering of temperature
achievable.

A previous study put forward a concept for an enhanced greenhouse system
making use of solar energy and liquid desiccant [4]. Desiccant cooling is a well
established refrigeration method though more commonly realised with solid rather
than liquid desiccants. The latter have the advantage of allowing larger amounts of
air to be handled. In addition, it is possible to move the liquid desiccant to a solar
regenerator by pumping. Therefore, liquid desiccants are particularly interesting for
solar applications requiring large amounts of low-grade cooling.

The earliest reported experiments with liquid desiccant cooling were those of
Baum et al. [5] and Kakabaev et al. [6] based on the theoretical work of Kakabaev
and Khandurdyev [7]. Since then research has focused on the investigation of the
performance of the regenerator and the desiccator, essential components of any
liquid desiccant cooling systems (LDCS). Several authors investigated the various
types of solar liquid regenerator by performing experiments [8-13] while others
investigated the different types of structures used in desiccators [14-28]. Liquid
desiccant cooling technology has been investigated extensively for applications such
as cooling of human dwellings, commercial buildings and hospitals [29-32]. The
chemical compounds used as desiccants are lithium salts (LiCl, LiBr), calcium
chloride or mixtures of LiCl, CaCl, and triethylene glycol.

However, some of the above compounds are expensive, scarce or toxic. It has
been shown that magnesium chloride (MgCl,) is an interesting non-toxic compound
for use in greenhouse cooling applications especially for installations near the sea
coast [33]. Magnesium chloride is the second most abundant salt in seawater and is
the principal constituent of bitterns, the supernatant brine that is a by-product from
solar salt works. Seawater bitterns have properties similar to those of pure solutions
of magnesium chloride and so they have potential as liquid desiccants [34].

Thus, though a number of authors have investigated solar-powered liquid
desiccant cooling systems, so far very few have focussed on the greenhouse
application or on the use of MgCl, as the desiccant. The aim of the current study is to
investigate the technical feasibility of these ideas with the help of experiments and
modelling. The specific objectives are: (i) to build and test prototypes of the
regenerator and desiccator in the laboratory; (ii) to compare the results with the
predictions of theories based on studies from the literature that used other liquid
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desiccants; (iii) using a computer model based on the theory, to predict the
performance of the cooled greenhouse at large scale in a range of hot climates
represented by some coastal cities (Mumbai, Chittagong, Muscat, Messina, Sfax and
Havana); and (iv) thus reach conclusions about what is technically possible with the
system with regard to lowering of temperatures and the extensions of the growing
seasons of typical crops. In contrast to the earlier preliminary study [4], this work
takes into account the properties of a specific liquid desiccant (MgCl,). In addition, it
includes experimental verifications carried out in the laboratory, and detailed
modelling of mass and heat transfer enabling the sizing of the main components to
be calculated.

1. Theory

This section introduces the system and its components and describes the theory that
has been used to model each component and thus provide the basis for the
predictive model.

1.1 System concept

The concept of the cooled greenhouse system is shown schematically in Fig 1. The
essential parts of the system are the regenerator, the desiccator, and the greenhouse
including the evaporative pad. There are three process fluids: air, liquid desiccant
and cooling water. The desiccator and evaporative pad are both wetted porous
media, permeable to air. Atmospheric air enters the system through the desiccator
where it is dehumidified as it comes in contact with the liquid desiccant. The lowered
humidity means that the cooling effect of the evaporative pad downstream is
enhanced. As a result of absorbing water from the air, the liquid desiccant becomes
less concentrated. The solar regenerator provides the necessary latent heat to drive
off water from the liquid desiccant and thus restore its concentration and desiccant
property. The solar regenerator may be placed on the greenhouse roof or on the
ground. After leaving the regenerator, the concentrated desiccant is returned to the
desiccant pad. To remove the latent heat of condensation and the heat of dilution of
the liquid desiccant, the desiccant pad includes cooling tubes carrying cooling water
provided at the ambient wet bulb temperature. This cooling water may be supplied
from the sea or from a cooling tower. The air is drawn through the system by an
exhaust fan.

1.2 Regenerator

The regenerator is of open type, consisting of a tilted black surface exposed to the
sun with desiccant solution running over it. This is the simplest and cheapest
arrangement and therefore considered potentially interesting for the greenhouse
application where large areas will be required. Following a survey of theories that
have been presented in the literature [5, 7-13, 35-49], it was decided to adopt the
theory of Collier [35] which has already been applied successfully by other
researchers [7, 11, 50]. This approach applies heat and mass balance to a
differential control volume at some position x from the inlet of the regenerator to
formulate an ordinary differential equation, the solution to which gives an expression
for the rate of evaporation per unit area of the surface. The regenerator theory is
presented in detail in Appendix A and reference [51].
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1.3 Desiccator

Fig.2 shows the detailed arrangement of the desiccator which contains several
sections of porous medium (CELdek®) each inserted between bundles of cooling
tubes. Based on the relevant inputs (ie. conditions and flow rates of the inlet air,
liquid desiccant and cooling water) the theoretical model predicts the mass flux of
water absorption and the properties of the fluids at the outlet. The approach is based
on the work of Liu and associates [21-23, 52] and that of Khan [53, 54]. It makes use
of a computational model which the divides the desiccator into finite control volumes
(Fig. 2b). The following assumptions are made:

1. The desiccator operates under steady state conditions and heat losses to the

surroundings are negligible.

2. The properties of air change in the y direction only (see Fig. 2b).

3. The properties of the desiccant solution change in the x direction only (see

Fig. 2b).

4. The specific heat capacities of air and desiccant solution are considered

constant inside each finite control volume.

5. The liquid desiccant is perfectly mixed and uniformly distributed to each finite

control volume. The same is true of the air.

To calculate the heat and mass transfer coefficients at the surface of the liquid
desiccant, the model uses widely used correlations for Nusselt and Sherwood
numbers developed specifically for CELdek® Although the adopted correlations were
originally developed for a desiccator that utilised LiCl, in principle they are applicable
to other liquid desiccants — including MgCl, — by use of the appropriate constants and
solution properties. To achieve this general applicability, Chung et al. [16] formulated
dimensionless groups (i.e. ratio of liquid and mass flow rates, Prandtl and Reynolds
numbers, packing volume and size, mass fraction of the desiccant in solution) on the
basis of the Buckingham Pi theorem.

Appendix B details the governing equations used in our model. These equations
are applied to each finite control volume using a one-dimensional analysis, thus
enabling simplification and integration of the differential equations.

The heat and mass transfer occurring at the cooling tubes needs to take into
account heat transfer to the cooling water flowing inside the tubes. Therefore a
different model was developed based on the effectiveness—NTU method assuming
that the properties of water change only in the z direction. This finite volume model
for the cooling tubes is also presented in Appendix B. This approach requires
iterations in order to compute the water temperature at the outlet of the cooling tubes.
Therefore, a simple iterative scheme is employed to solve the equations for the first
section. When the outlet values of the first section are obtained, a second iterative
procedure starts for the second section and when a solution is obtained
(convergence criterion 0.5%) the computer program (implemented in gPROMS®)
continues to the next section and so on until the last section. For each finite control
volume, local properties and coefficients of heat and mass transfer are used. A
wetting factor (the ratio of wetted surface area per volume) is used to account for
imperfect wetting due to channelling flow patterns observed in pilot experiments.
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1.4 Greenhouse and evaporative pad

The theory used here was developed by Kittas [55] who obtained a high correlation
coefficient (R?=91%) between theory and experiments with an operational
greenhouse using evaporative pads. The model can therefore predict the
temperature inside a cooled greenhouse.

As the air travels through the greenhouse, it becomes hotter. The temperature T,
at position x from the inlet is given by the following equation

A A
Tgh('x) = Tamb +|:_77.(7;mb _Ta.mb,wb)_A_l:|.eXp(_ AZ .X)+A—l Eq (1)

2 2
where A; and A, are coefficients determined by

Alzf'(.l_7)'[R'W Eq. (2)
Va.pa'cpa
and
K -W
A, =—F Eq. (3)
Vu'pa'cpa

n is the cooling pad effectiveness taken to be 0.8, x is the distance from the inlet of

the greenhouse (see Fig.1), K. is the coefficient of heat loss from the greenhouse
cover, 7 is the plastic roof transmissivity assumed equal to 0.60, y is the plant

transpiration coefficient equal to 0.45, Va is the ventilation rate, 7, , ., is the wet bulb

ambient temperature and W is the width of the greenhouse. The evaporative cooling
pad was assumed to have an effectiveness of 0.8 based also on reference [55].
These equations were used to predict the temperatures at the outlet of the
greenhouse, where temperatures were highest, as this represented the worst case
as regards the performance of the cooling system.

For all components of the system, the properties of humid air and MgCl, solution
were determined using published formulae or by polynomial equations based on
experimental data found in the literature [56-60].

2. Experiments

This section describes the materials and methods of experiments carried out in the
laboratory with the regenerator and the desiccator.

2.1 Regenerator

The experimental regenerator, shown in Fig.3, consisted of a flat rectangular plate
inclined at 2.5° to the horizontal and measured 0.73 m long in the direction of flow, by
0.84 m wide, giving an active area of 0.61 m. Its surface consisted of a 6mm-thick
black neoprene foam sheet providing thermal insulation, covered by a woven black
mulch sheet for better spreading of the solution over the surface. Magnesium
chloride solution (ie. liquid desiccant) was pumped to a polythene distribution pile at
the top of the regenerator. This pipe extended over the width of the regenerator with
21 holes of 2 mm diameter spaced at 30 mm intervals.

At the regenerator outlet, the concentrated solution was collected in a rectangular
transparent plastic tank. A height gauge enabled the volume of solution in the tank to
be measured; thus the mass of evaporated water could be determined with an
accuracy of £14 g.
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To simulate sunlight, an array of 90 daylight simulation bulbs (50 W) was
arranged in a triangular pattern with pitch 109 mm. Translucent paper was used to
diffuse the light of the lamps and hence achieve better distribution of light at the
surface of the regenerator giving a coefficient of variation of 9%.The array of lamps
was supported on a horizontal frame. A pyranometer (Kipp & Zonen CMP 11) was
used to measure the irradiance at the regenerator surface which was varied by
changing the height of the lamp array.

The solution and ambient air temperatures were measured using platinum
resistance detectors (PT100 +£0.03 °C @ 0 °C) connected to a PC which recorded
readings every 1 s. The regenerator surface temperature was measured in 9
positions using an infrared digital thermometer with an accuracy of +2%. The
positions of the temperature measurements can be seen in Fig.3.

To monitor the concentration throughout the regeneration process, samples of
the MgCl, solution were taken from the tank at predefined time intervals. This was
achieved by measurement of the refractive index using a refractometer (+ 0.00004
RI) from which concentration was found by means of published tables [61]. The
relative humidity and ambient temperature in the laboratory were not controllable but
they were monitored (using a Testo 400 probe) and varied within a range of 27—
38.5% RH and 19-26 °C respectively.

The volumetric flow remained constant during each experiment and was
measured at the outlet using a volumetric cylinder and a stop watch, giving an error
of £1.3%. Each experiment was continued until the system reached steady state
condition, i.e. when a constant evaporation rate was achieved, or until crystallisation
started to occur. Thus the experiments lasted for between 180 and 525 minutes.

The effectiveness of the regenerator was calculated as the ratio of the latent heat
needed to evaporate water from the solution to the absorbed solar energy.

W - h,
n =“—i-100% Eq. (4)

I-a-

Four different series of experiments were carried out at irradiance levels of
1:=400, 600, 760 and 970 W m™. Each series consisted of three experiments, each at
different solution mass flows per regenerator area of: 0.0033, 0.0064 and 0.0104 kg
s” m? The initial concentration of the MgCl, solution varied in a small range of
0.293-0.334 kg of solute / kg of solution corresponding to 40.8-53.4% equilibrium
relative humidity of air brought into contact with it.

2.2 Desiccator

The experimental desiccator (Fig.2) was constructed with four sections of porous
medium each one sized 0.1x0.1x0.3 m. Each section consisted of specially
impregnated and corrugated cellulose paper sheets with different flute angles, one
steep (60°) and one flat (30°) that have been bonded together (CELdek® 7090-15).
The sections were inserted among 5 banks of cooling tubes, each having 10 copper
tubes (15mm outside diameter) carrying tap water. The strong MgCl, solution
entered through two manifolds at the top and flowed downward through the
desiccator under gravity thus wetting the porous medium. A tank at the bottom was
used to collect the magnesium chloride solution which flowed through a tube to the
regenerator as described above. The more concentrated solution flowing out of the
regenerator was collected in a tank from where the peristaltic pump returned it to the
inlet of the desiccator. The desiccator was fitted inside an insulated duct. Two air
sampling tubes for measuring the dry- and wet-bulb temperatures of the incoming
humid air and the outgoing dehumidified air were attached to the duct. For this
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purpose a fan (60mm diameter) was fitted inside each sampling tube that drew air
out of the rig and recycled it back to the duct; a pair of platinum resistance
temperature detectors (PT100) was placed at the fan inlet of each tube. One of each
pair was covered with a wick which was kept wet by immersing its end in water.
Similar detectors were also used for measuring the solution temperature and the
cooling water temperature at the inlet and the outlet of the desiccator.

Before entering the duct, the process air was heated and humidified before by an
environmental chamber that allowed the automatic control of the heat and water
vapour supply to the air stream. The air passed horizontally through the desiccator ie.
in cross flow configuration. It was drawn out of the duct using a centrifugal blower
providing a volumetric flow of 85.5 m*h. To measure the air flow accurately (+ 1.5%)
an orifice plate setup was constructed according to BS EN ISO 5167-1:2003 [62] and
attached to the blower outlet. An inclined manometer was used to measure the
pressure difference across the orifice plate with a reading error of +2.5 Pa.

The performance of the desiccator was mainly assessed under humid conditions
(RH 67-75%). Some experiments were carried out under drier conditions (RH 60—
63%) but showed a significant drop of the performance and are not reported here
(see ref. [51] for more details). Table 1 shows the conditions of the five experiments
of this study. The initial concentration of the MgCl, solution was in the range 0.34-
0.36 kg of solute / kg of solution, corresponding to 39%-32% equilibrium relative
humidity, as these high concentrations would be needed to provide liquid desiccant
cooling for greenhouses.

The water rate of absorption 1, was calculated by the following formula
mabs = ma ) (a)in B a)out) Eq (5)

where o, and o, , are the absolute humidities of the inlet and outlet air respectively.

The enthalpy effectiveness and moisture effectiveness of the dehumidifier
describe the heat and mass transfer performances. They were calculated as the
change in enthalpy (or absolute humidity) across the dehumidifier, as a fraction of the
maximum change possible if the air were brought into equilibrium with the desiccant
solution.

3. Results

This section presents the results from the experiments and makes comparisons with
the predictions of the theoretical models for the regenerator and the desiccator.

3.1 Regenerator

Fig.4 shows an example of the results from one experiment for the conditions of
irradiance of 760 W m? and 0.0062 kg s m? mass flow of desiccant per area of
regenerator. Based on the entire series of similar experiments, Table 2 presents the
effectiveness (averaged over the duration of the experiment) for each experiment
and compares the corresponding predicted values form the model. It can be seen
that the relative error was less than 7%. %. More experimental results for various
irradiance and mass flow conditions similar to Fig.4 can be found in Appendix C (see
Fig. C1-5).

Fig. 5 illustrates the average effectiveness for the three experiments carried out
at each value of irradiance. It also shows the corresponding range of concentrations
of MgCl, solution. The first four bars of Fig.5 correspond to strong desiccant solution
(concentrations 29-36%) and for these the average effectiveness was 41%. The last
two bars of Fig. 5 show for comparison the effect of a weak desiccant solution and
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pure water on the performance of the regenerator which gave higher effectiveness
values of 64 and 65% respectively.

3.2 Desiccator

Results from the desiccator experiments were also compared with the model
predictions to verify the model accuracy. Performance of the desiccator was

indicated by the mass flux (per wetted surface) of absorbed water, m,, . which ranged

from 172-216 g h™ m? and was predicted with an error of less than 13% (Fig.6).
Average errors in the predictions air outlet temperature, the outlet liquid desiccant
temperature, cooling water outlet temperature, and outlet relative humidity were 5%,
9%, 5%, and 4% respectively. The constants determined for use in the Nusselt and
Sherwood correlations were as indicated in Appendix B.

Moisture effectiveness ranged from 50-65.6% while the enthalpy effectiveness
varied from 54-67%. Both moisture and enthalpy effectiveness values were
predicted with an average error 8%. Though the effectiveness values increased with
the flow of liquid desiccant, they reached a plateau for mass flows of higher than 90
kg h™ per m? of desiccator face area (Fig.7).

4. System model and predictions

The whole system model combines the above theoretical models of the regenerator,
the desiccator and the greenhouse with evaporative pad. It applies mass and energy
balance to the nodes connecting these components. At each moment in time the
system is assumed to be in steady state (ie. it is a pseudo—steady state model) since
thermally stored energy is likely to be small compared to the flow of solar energy over
time periods during which sunlight varies significantly.

The equations were coded and solved using gPROMS® process modeling
software. The model enables prediction of the temperature and humidity inside the
greenhouse given environmental conditions (temperature, humidity and solar
irradiance) and design parameters including component sizes and flow rates of the
fluids in the system. For convenience, results are presented here on the basis of a
greenhouse of plan area 1000 m2. Table 3 shows the values of the main parameters
used in the simulations.

The climatic data required for the analysis were obtained from Meteonorm
Version 4.0 software. Cooling systems are usually employed in the hot season during
the hottest hours of the day which are normally between 10:00hrs and 17:00hrs.
Therefore, the hottest 3 months (with temperatures exceeding 30°C) were chosen for
each location and then the average hourly data over each month of ambient
temperature, relative humidity and irradiance were fed into the model. Climate is
hotter in low latitudes and more humid in coastal areas. Therefore, we focussed on
coastal locations in the tropical and subtropical regions where the climate is most
likely to be hot and more humid. Another reason for choosing coastal areas was that
the greenhouse would be closer to sources of seawater and seawater brines to be
used in the system.

For hot climates, the conventional method of cooling greenhouses currently is by
evaporative cooling (ie. pad-and-fan systems). Therefore, simulations of the
proposed liquid desiccant cooling system (LDCS) in comparison to evaporative
cooling (EvCool) were carried out under the climatic conditions of the following six
cities: a) Sfax, b) Messina, c) Havana, d) Chittagong, e) Muscat, f) Mumbai. The
results are illustrated in Fig.8 which shows the temperature drops below ambient



O ~Jo Ul W

OO UTUTUTUITUTUTUTUTOTUT D BB DB DD DEWWWWWWWWWWNNNNNNNNNNNNNNERE P PR PR
G WNHFRFOW®OW-JdNTEdWNHFRO WO -JNTDdWNROWOW®O-JdNTTEWNROWOW-JOHUDdWNROWOW-IOU D WN R, O W

achieved inside the greenhouse, averaged over the daytime from 10:00 to 17:00 hrs.
Fig. 9 shows the predicted regenerator size for each city during the hot season.
Based on these results, the usefulness of the LDCS in facilitating cultivation
during the hottest 3 months of the year is shown in Fig.10 for lettuce, soya bean,
tomato and cucumber respectively. These provide example of temperate, subtropical,
tropical and heat-tolerant tropical crops respectively. Table 4 shows the assumed
ranges temperatures for viable and optimal cultivation for each of these crops.

5. Discussion and Conclusions

To investigate the feasibility of a MgCl, liquid desiccant system for greenhouse
cooling, we have developed appropriate theories for the regenerator and desiccator
and verified them through laboratory scale experiments. The regenerator was of
open plate type; the desiccator was of cross flow configuration and consisted of
CELdek® porous medium. The theories presented here are adapted from existing
theories that were previously applied successfully to systems that were of similar
design but used different desiccants. Specifically, our theoretical model of the
regenerator is based on the work of Collier [35]; and our model for the desiccator is
based on the works by Liu et al [21-23, 52] and Khan [53, 54], and on the
dimensionless mass and heat transfer correlations of Chung et al [16]. Our study has
shown good agreement between the experimental and predicted values of the mass
flow rate of water evaporation/absorption, with errors of less than 7% and 13% for the
regenerator and desiccator respectively.

The accuracies of these predictions are similar to those reported by others. Thus
the 7% accuracy obtained for the regenerator is comparable to the accuracy of 9.3%
reported by Kumar and Devotta [11] in a study using LiCl and an open regenerator.
As regards the desiccator, Table 5 compares this study with two other recent studies
that also used cellulose porous media though different types of desiccant to that used
here. All three desiccator studies show errors in prediction of moisture and enthalpy
effectiveness of about 8—-10%.

The accuracies of these models are adequate for the purpose of prediction of
greenhouse growing conditions. Thus, the models have been combined with a
greenhouse model in order to simulate the performance of the proposed liquid
desiccant cooling system (LDCS) under different climate conditions. The simulations
showed that LDCS would lower the greenhouse temperature by 5.5-7.5°C in places
such as Mumbai, Muscat, Chittagong, Havana, Messina and Sfax, compared to
evaporative cooling. They also showed that the required regenerator area can vary
significantly (from 500 m? to 4000 m? per 1000 m? of greenhouse plan area)
depending on the location and time of year, with larger variations at more humid
places (Chittagong, Mumbai and Havana). In some cases the large size of open
regenerator may not be practical and future work may need to consider alternative
designs e.g. using glazed covers.

We consider now the implications for each of the different crops studied. During
the hottest 3 months of the year, the model predictions show that:

— For lettuce, which represents a temperate crop, the LDCS enables continuous
cultivation either providing viable growing conditions (at Muscat, Havana,
Chittagong and Mumbai) or optimal ones (at Messina and Sfax). In contrast,
conventional evaporative cooling does not provide low enough temperatures
for optimal growing conditions during the hottest 3 months at any of the
locations studied.

10
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— For tomato and cucumber (representing tropical and heat-tolerant crops
respectively) the LDCS provides temperature conditions for optimal growth at
all locations, although in Sfax and Chittagong it provides more cooling than
needed. In comparison, evaporative cooling is adequate to provide only viable
growing temperatures (apart from in Messina where it provides optimal
conditions) during the hottest 3 months.

— For soya bean, which is classed as a sub-tropical crop, LDCS provides
temperatures that never exceed the optimum range, but in some locations
(eg. Messina and Sfax) produces more cooling than needed. Similarly,
evaporative cooling can achieve optimum temperatures at all locations
studied except Muscat where it provides enough cooling for only viable
growing conditions.

At times of year when LDCS provides lower temperatures than needed, it could
be switched off or run in evaporative cooling mode only. With appropriate control of
this kind, the system could enable year-round cultivation of all the crops and at all the
locations studied. At some locations the system has capacity to cope with increased
temperatures in the future. The findings of this study deserve further investigation
and testing by means of a pilot greenhouse installation at an appropriate location.
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Appendices

Note to Editor: these Appendices are intended as supplementary on-line
material

Appendices A and B show the details of the equations used in the theoretical models.
Appendix C shows supplementary experimental results from the regenerator.

Appendix A. Regenerator

The mass flow rate of evaporation per unit width of the regenerator surface is given
by:
) r
mgg, E'K2+hm'([)0_l)amb) Kix
mev = € ™
KI - Kz

K] —K2 B S.,in
Eq. (A.1)
where:
K - ~A+JA’ -4B K - —~A-JA’-4B
1 2 H 1 2
and
A: UL +hm'b+hfg 'a'kP
Cps Xs,in Cps
_UL-b-hm
Xs,in'cp

where m; is the liquid desiccant mass flow rate per unit width, 1, is the salt mass

flow rate per unit width, 4, is the mass transfer coefficient based on pressure

gradient, P, and P,,;, are the initial vapour pressure of the solution and the ambient
pressure respectively, U, is the overall heat loss coefficient, X_. is the initial liquid

s,in

desiccant concentration and C, is the specific heat capacity of the liquid desiccant.

The following linear expression is used to approximate the variation of vapour
pressure with temperature and concentration over small intervals:

b
P=aT+—+c Eq. (A.2
. sty g.(A.2)

S
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a, b and ¢ are calculated from experimental values [59] — see Table A.1. The
detailed derivation of the above analytical solution can be found in ref. [51].

Table A.1 The empirical values used in equation A.2 for MgCl, aqueous solutions

Temperature Concentration Average a b c

range (°C) range (kg/kg %) percent error
20-25 28-34 2 76 793 | -23710
25-30 28-36 4 99 1084 | -31600
30-35 28-36 4 135 1493 | -43760
35-40 28-36 5 136 1494 | -43920

U, is expressed as the sum of the radiant heat transfer coefficient and the convective
heat transfer coefficient at the regenerator surface:

UL = htad +hconv Eq (A3)
Based on the Stefan-Boltzmann law the radiation heat transfer coefficient can be

expressed:

o-e (1 -13)
= Eq. (A4
™ (T_Tamb) q( )

where o is the Stefan-Boltzmann constant, ¢ is the emissivity, Ty, is the effective
sky radiation (in this analysis we used T,,; instead because all the experiments were
conducted indoors).

= Eq. (A.5)

where M is the average Nusselt number, & is the themal conductivity of air and L.
the characteristic length.

Regarding #,, the following equations were applied:

ho— Eq. (A.6)

see ref [63]; where R is the air gas constant and /4y is the mass transfer coefficient
based on concentration gradient.

h, = ——w Eq. (A7)
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see ref [57]; where Sh is the average Sherwood number, D, is the binary diffusion
coefficient of water vapour in air and L. is the characteristic length

Thus by knowing correlations of the average Nusselt number Nu and the average
Sherwood number S/ we can predict 4., and 4. According to the literature simple
empirical correlations for Nu and Sh in natural convection are of the form:

Nu=C-(Gr-Pr)
Sh=C-(Gr-Sc)'

where Gr, Pr and Sc are the Grashoff, Prandtl and Schmidt numbers respectively.C
and » are constants that depend on the geometry and orientation of the surface, the
flow regime and thermo-physical properties of the fluid [56].

Published empirical correlations of heat and mass transfer are available for
geometries such as a flat plate [57]. Correlations for a flat plate were used by Collier
[35] for a regenerator model. However his study was theoretical without comparison
to experimental data. In practice, differences are likely to arise due to factors such
as:

a) surface roughness

b) non-uniform surface wetting

c) solution flow patterns

d)laboratory environment not fully controlled (varying ambient RH and

temperature)

In this work there was a significant departure from the published correlations so new

ones were used based on experiment. To derive these, an energy balance was
considered:

Qsolar + Hin = Hout + Qloss + Hev Eq (A8)

All the variables were determined experimentally except O, ...

Ooter =g - A1 - 4 Eq. (A.9)
Hy, =mg, -C, T, Eq. (A.10)
Hy, =M, -C, T, Eq. (A.11)
H, =M, -h, Eq. (A.12)

where [, is the reflected light at the liquid surface. The angle of incidence was

taken to be 15° and then the well established Fresnel equations were used to
calculate the reflectance which was assumed specular. It was found that only 3.3% of
the irradiance was reflected.

By substituting (A.9), (A.10), (A.11), (A.12) in (A.8) Q,... was calculated:

Ou=U, -(T.-T,,) Eq. (A.13)

Hence for each experiment a total heat loss coefficient U; was calculated and then
the average Nusselt number was calculated from equations (A.3), (A.4) and (A.5).
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The Rayleigh number was in the range of 10*-10"; hence the flow of air was in the
laminar region in all the experiments carried out.

Based on the general empirical correlation for natural convection over a horizontal
flat plate and using solver function in Excel (setting the percent error of the predicted
average Nusselt number to be 0) the following Nusselt number correlation was
derived

Nu = 0.54 - Pr*®. Gr:#! Eq. (A.14)
The mass rate of evaporation can be expressed:
m

h = o Eq. (A. 15
° pa '(a)int _a)amb)' A ( )

where p_is the density of the air, ®,,,and ®,,, are the moisture content at the

nt
interface of the solution-air and the moisture content of the ambient air respectively;
A is the total area of the regenerator.

Substituting (A. 15) in (A. 7) and solving for Sh yields:

S My, - L,
pa 'Dw—a '(a)int _a)amb)'A

Eq. (A.16)

which gives the experimental Sherwood number. Since there is an analogy between
heat and mass transfer, the Sherwood number correlation was derived following the
same method as with Nusselt number above

Sh=0.54-8c"% . G2+ Eq. (A.17)

tot

All the physical properties of air and water used in this model were calculated based
on well known formulae published in literature or were calculated using polynomial
regression based on experimental data [56, 57].

Once the mass rate of evaporation m,, has been calculated, it is used to predict the

effectiveness of the regenerator which compares the evaporation rate with that
achievable if all the incident solar energy were converted into latent heat of
evaporation.

e Eq. (A.18)
=4 45
The effectiveness is a key non-dimensional parameter in describing the performance
of the regenerator.

The model presented here predicts the mass flux of water evaporation occurring at
the regenerator assuming that the whole surface area of the regenerator is wetted.
To account for ineffectiveness due to bad wetting, salt deposition and solution flow
patterns, the model deviations were calculated and then the average one for given
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irradiance and solution mass flow (see table A.2) was used as a constant to correct
the predicted values.

Table A.2 Average model deviation for the mass flux of evaporated water.

Constants
]R
. 400 600 970 760
ms,in
0.0021 0.94 0.80 0.78 0.84
0.0041 0.62 0.71 0.68 0.71
0.0065 0.63 0.64 0.63 0.62

Appendix B. Desiccator

The partial vapour pressure water vapour in the ambient air is higher than the partial
vapour pressure of the liquid desiccant at its surface; this drives mass transfer. If we
define as the wetted area of packing per volume (m? m®) to be

g =2 Eq. (B.1)

where « is the wetted surface area and V is the volume. Then if we take a control
volume (see Fig.2) the mass transfer equation can be defined in an algebraic form as

m, -Aw,,, = h, -(a)TS’Sat —a)a)-aw X0y Eq. (B.2)
where £, is the mass transfer coefficient, @y, is the absolute humidity of the air in
equilibrium with the desiccant solution, @, is the absolute humidity of the air; ox, oz

and oy are the height, length and width of the control volume respectively.

Heat transfer takes place between the air and the liquid desiccant surface. This can
be expressed:

AT, , =h -(T,-T,)-a, & & & Eq. (B.3)

where /_ is the heat transfer coefficient.

The enthalpy change of air can be defined from the enthalpy equation of moist air as

Ah, ., =Cp, AT, ,, +hfg Ao, , Eq. (B.4)
If we define the Lewis number as
h
Le=——F¢ Eq. (B.5)
hy -Cp, - p,

and the Number of Transfer Units (NTU) based on mass to be
h, - L-W-H-a,-p,
M

where L =03 m, W=0.1m, H= 0.1 m for our experimental set up, then if we
combine equations (2), (3), (4), (5) and (6) we arrive at the following equation

Aha,l-2 = NTU ’ Le ’ |:<hTs,sat - ha )+ hfg ’ (é B lj ’ (a)Ts,sat - a)a ):| ’ % Eq (B7)

NTU = Eq. (B.6)
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where /, is the specific enthalpy of air in equilibrium with the liquid desiccant and
oy, . is the saturated water content of the air at the surface of the liquid desiccant.
The air temperature change AT, ,, can now be found by substituting Eq. (B.7) in Eq.

(B.4) and solving for AT, .

The law of conservation of energy states (since there is no work generation, the
potential and kinetic energy changes are zero and assuming there is no heat loss)
that the total enthalpy change of air should be equal to the total enthalpy change of
the desiccant solution and can be expressed as

ma 'Aha,1—2 = ms 'Ahs,l—z +hs 'Ams,l»z Eq (88)

The law of conservation of mass between the air and the solution for the control
volume is

_ma ’ Aa)a,l—Z = A]/hs,l—z Eq (Bg)
the enthalpy change of the desiccant solution is given by
Ahg,, =Cp,-AT, Eq. (B.10)

If we combine Eq. (B.7), (B.8), (B.9) and (B.10) and if 4, =Cp, -T, (Ts is reference
temperature) then

1, {NTULe-{(hM ~h, )+h, -[2—1)-(wm —o, )];J;}—Cps T, -1, -Aa,,
e

AT, =

’ Cp, -m

S S

Eq. (B. 11)
The law of conservation of mass for the solution states
d(rm, - X,)=0=dm - X +dX_ -1, =0 Eq. (B.12)
which by integration becomes

m
a
—Awy .,

AX, ., = Xs,l Le™ -1 Eq. (B.13)

where X is the concentration of the liquid desiccant (kg of solute per kg of solution).

Note that equations (B.7) and (B.11) are equivalent to those presented by Liu et al.
[21]. This physical model describes the process of heat and mass transfer that takes
place in the packing material of a cross flow desiccator. The experimental cross flow
desiccator constructed in the lab utilises (CELdek® 7090-15). Therefore, suitable
predictive correlations of Nusselt and Sherwood numbers are needed for calculation

of the heat and mass transfer coefficients 4, and A, respectively. The Nusselt and

Sherwood correlations found in the literature were developed based on the special
geometrical characteristics of CELdek® in a similar dehumidifying process where
LiCl solution was used as the liquid desiccant [16]. We verified their validity for our
system based on our experimental results. Thus, in this work the Nusselt formula
was used as originally presented in reference [16] and the Sherwood formula was
slightly modified.

. N\04
Nu=2.78-10"° -Pr%-Rel-ﬁ-(l -Xx,)* [m ] Eq. (B.14)
ma
. N0
1
Sh=225-10"-S¢/* -Re -(1- X, )" (m—j Eq. (B.15)
ma
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Thus the mass and heat transfer coefficients can be calculated by the following

formulas:
Sh-D, ,

T

C

Eq. (B.16)

where D, is the binary diffusion coefficient of water vapour in air and L is the
characteristic length

Nu -k
h, =2 Ca Eq. (B.17)
LC
where Kk, is the thermal conductivity of air.
Finite volume model for cooling tubes
The mass transfer coefficient is now expressed (in kg m?s™”) as
1
6-D,., i\
hy =| ——————| -p, Eq. (B.18)
w-p,-0-l

where D, , is the mass diffusivity of water vapour in air, . is the liquid desiccant

mass flow rate per unit width, p, is the solution’s density, / is the length of the tube
surface and ¢ is the solution film thickness given by (see reference [64])

1

3.y g "

o=|—7F— Eq. (B.19)
Ps " &

where . is the dynamic viscosity of the solution and g is the gravitational

acceleration.

The energy balance equation of the control volume is now:
m, -Ah,, +m - Ah o, +Amg, -h+my A, =0 Eq. (B.20)

If we substitute equations (B.4), (B.9), (B.10) and consider that Ak, =Cp,, -AT,, |,
in equation (20) and solve for AT, ,, then it yields

AT ma Cps 7—'s 'Aa)a,l—Z _ms Cps 'A]—;,I—Z _ma hfg 'Awa,l-z _mw pr .ATW,I—Z

a,l-2

m, -Cp,
Eq. (B.21)
AT, ., and AT, ., are calculated by an effectiveness-NTU model as described

S.

below.

In the experimental setup, embedded cooling tubes were connected vertically in
groups of ten. With each group considered as a cross flow heat exchanger and
assuming that each tube is constantly and totally wetted by the solution, then heat
exchange takes place directly and only between the solution and the surface of each
cooling tube. The water is assumed to be perfectly mixed in each cross sectional
area of each element. Following the well-known effectiveness-NTU method [57] the
effectiveness of a cross flow heat exchanger (single pass) with C.,;, (mixed) and C.x
(unmixed) is given by

g=l—exp{—CL-(l—exp(—Cr-NTU)} Eq. (B.22)
r

where Cr is the heat capacity ratio
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NTU is determined from the expression

vry =Yo 4

Eq. (B.23)

Chin =C, =m-Cp, Eq. (B.24)

U, is the overall heat transfer coefficient (W m? K™) computed for local properties

and heat transfer coefficients, given from the following formula [56, 57]:
-1

nl 2
1 1 n
Uy=||—|+| — |+| ——L— |+4-Rf Eq. (B.25)
hy) \h,) | 2780k,

where 6/ is the length of the tube, r, its external diameter and r; the internal
diameter, k., is the thermal conductivity of copper, 4, is the heat transfer coefficient
for external flow of solution at the tube surface based on [65]:

_0.687-Rel'" Nu, -k

sol
h, L. Eq. (B.26)
with the Reynolds number given by
Re = & Eq. (B.27)
3 D
72' . 5 . ﬂs

(see reference [20]). Nu, is the Nusselt number for external flow determined from the
expression
Nu, =(0.35+0.34-Re® +0.15-Re***) . Pr.”? Eq. (B.28)
as in [66].
h,, is the heat transfer coefficient of the internal flow of water defined as
Nug -k

=— Eq. (B.29

w D 9. (B.29)

Nuy, is the Nusselt number, which for fully developed internal laminar flow (

h

Re, <2300) in tubes with uniform heat flux is considered constant

Nu, =4.36 Eq. (B.30)
Pr, is the solution Prandtl number defined by

Cp -
Pr = % Eq. (B.31)
The temperature of the solution at the outlet is
,Tsout =Tsm _g.(TSm _Twm) Eq (B32)

The temperature of water at the outlet is
& ms,tube ’ Cps ’ (Tsin - Twin)

T, =T." + : Eq. (B.33)
mw,tube . pr
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Appendix C. Experimental measurements from the regenerator

600 400 W m2, 0.0060 kg s™ m? T 0.36
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% 5
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o X
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Fig. C1: Mass flux of evaporated water and liquid desiccant concentration at 400 W

m? irradiance and 0.0062 kg s flow of liquid desiccant per m? of regenerator.
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Fig. C2: Mass flux of evaporated water and liquid desiccant concentration at 600 W

m? irradiance and 0.0067 kg s flow of liquid desiccant per m? of regenerator.
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Fig. C3: Mass flux of evaporated water and liquid desiccant concentration at 970 W

m? irradiance and 0.0067 kg s™' flow of liquid desiccant per m? of regenerator.
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Fig. C4: Mass flux of evaporated water and liquid desiccant concentration at 760 W

m? irradiance and 0.0101 kg s™" flow of liquid desiccant per m? of regenerator.
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Fig. C5: Mass flux of evaporated water and liquid desiccant concentration at 400 W

m? irradiance and 0.0106 kg s™" flow of liquid desiccant per m? of regenerator.
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Fig. C6: Mass flux of evaporated water and liquid desiccant concentration at 600 W

m? irradiance and 0.0104 kg s™ flow of liquid desiccant per m? of regenerator.
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Fig. C7: Mass flux of evaporated water and liquid desiccant concentration at 970 W

m? irradiance and 0.0104 kg s flow of liquid desiccant per m? of regenerator.
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Fig. 1. Schematic of the proposed liquid desiccant cooling system and greenhouse
with evaporative pad. The desiccator pad includes cooling tubes, fed with water at

the ambient wet bulb te

mperature T, ;,.
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Fig. 2. a) Cross-sectional view of the desiccator and b) a finite control volume within
the porous medium (CELdek®).



Figure 3

106 cm

A
v

wd 06

136 cm

P
<

v

T :PT100 positions
Ts : Surface temperature and outlet reading positions

Fig. 3. a) Side view and b) plan view of the regenerator rig. The number tags indicate
the following : (1) bulb, (2) diffusion paper, (3) distribution pipe, (4) mulch sheet, (5)
neoprene foam sheet, (6) half round gutter, (7) plastic tank, (8) height gauge, (9)
peristaltic pump, (10) silicone tubing.



Figure 4
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Fig. 4. Experimental measurements from the regenerator. Mass flux of evaporated
water and liquid desiccant concentration at 760 W m™ irradiance and 0.0062 kg s™
flow of liquid desiccant per m? of regenerator.
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Fig. 5. Average experimental effectiveness of the regenerator at different values of
irradiance and liquid desiccant concentration.



Figure 6
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Fig. 6. Desiccator results. Experimental and predicted values of m,  against the

ratio of air mass flow to liquid desiccant mass flow. Numbers 1, 2, 3, 4 and 5 indicate
the experiments carried out under the conditions shown in table 1.
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Fig. 7. The calculated experimental enthalpy and moisture effectiveness against the
mass flow of the liquid desiccant per face area of desiccator.



Figure 8
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Fig. 8. Temperature decrease predicted with liquid desiccant cooling system (LDCS)
compared to evaporative cooling (EvCool) in five cities under dry (low) and humid
conditions (high) at the outlet of a 1000 m?.



Figure 9
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Fig. 9. The predicted regenerator size (m?) under the climatic conditions of various
locations for a 1000 m? greenhouse. The ranges indicated by the bars correspond to
the varying cooling requirement by month.
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Fig. 10. Comparison of liquid desiccant (LDCS) and evaporative cooling (EvCool)
systems when applied to a 1000 m? greenhouse for growing lettuce, tomato,
cucumber and soya bean during the hot season for each location.



Table 1

Table 1. Experimental inlet conditions for the desiccator, used in the verification of
the theoretical model.

Air Temp. Liquid desiccant Cooling water RH Liquid desict_:ant Mass f_Iow Mass_ flow
Exp Temp Temp. Concentration of air of desiccant
°C °C °C % kg kg™ kgs” kgs™
1 347 29.2 18.3 69.1 0.3568 0.0263 0.0021
2 34.9 337 17.9 70.6 0.3481 0.0263 0.0028
3 34.7 30.3 15.3 66.8 0.3414 0.0263 0.0036
4 35.2 31.2 18.4 69.5 0.3446 0.0263 0.0042
5 35.2 31.8 16.8 67.1 0.3439 0.0263 0.0062




Table 2

Table 2. The predicted and experimental values of the regenerator effectiveness with
the relative errors at various irradiance levels and mass fluxes of liquid desiccant.

Mass Flux of Effectiveness Relative
Irradiance liquid
desiccant Predicted | Experimental Error

Wm? | (kgs'm? % % %
0.0034 38 37 0.6

400 0.006 40 38 6.5
0.0106 38 37 2.5

0.0033 47 46 2.7

600 0.0067 43 42 2.5
0.0104 44 42 4.4

0.0031 45 43 3.5

760 0.0062 43 43 0.2
0.0101 37 36 1.0

0.0033 42 42 1.1

970 0.0067 46 43 6.9
0.0104 42 41 2.0




Table 3

Table 3. The parameters used for the model predictions. Regenerator size was as
shown by Fig.9.

Parameter Value
Greenhouse plan area 1000 m?
Thickness of desiccator 0.2m
Height of desiccator 1.11m
Thickness of evap. pad 0.1m
No of tubes per tube bundle 20

(height interval 0.1 m)

Specific volumetric flow rate of air* 503x 10" m’s"' m?

Specific mass flow rate of liquid desiccant* | 9.00 x 10° kg s m™

Specific mass flow rate of cooling water* 0.335kgs"' m?
* per face area of the desiccator




Table 4

Table 4. Growing temperatures for four different crops (°C).

Crop Minimum Optimum range Maximum
Lettuce® 7 17 23 28
Tomato® 17 27 29 32
Cucumber® 18 27 29 35
Soya bean® 20 25 30 40

@ From ref [4]
® Form ref [63]



Table 5

Table 5. Comparison of the model accuracy in predicting enthalpy and
moisture effectiveness against similar published studies of desiccators using
cellulose structured packing, showing also the main experimental parameters.

Experimental parameters This study Lilfszﬁ al Mac;c[’;;t
Type of liquid desiccant MgCl, LiBr CacCl,
Air inlet temperature (°C) | 34.7-35.2 24.7-35.4 31.7
Air inlet absolute humidity (kg/kg) | 0.016-0.027 | 0.010-0.021 | 0.02157
ERH of liquid desiccant (%) 32-39 17-41 33
Accuracy of model prediction
% error in enthalpy effectiveness t * n.a.
% error in moisture effectiveness + * +10




