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Abstract

In recent times, liquid desiccant air conditioning has become an inquisitive phenomenon among
researchers being one of the best alternatives for conventional vapor compression refrigeration
system (VCRS) in hot and humid climates, for large scale applications, because of its energy
efficient and eco-friendly nature. It is revealed that membrane based liquid desiccant air
conditioning system (LDAS) considered as energy efficient technology for air dehumidification
which independently handles the air latent load and required sensible cooling of air will be taken

care by other systems like VCRS or Indirect evaporative cooling system.

Several researchers investigated the effect of desiccant material with different operating
parameters on the different system configuration types considering the dehumidification rate and
energy exchanger effectiveness as performance parameters. However, identification of the
potential liquid desiccant at optimum operating parameters for a given air conditioning
application has not been addressed in open literature which is essential in attaining the energy
savings. This research gap is fulfilled in this study considering the solution heater load, solution

cooler load and chiller load as primary performance indices.

In this study, dehumidifier and regenerators are considered as counter-flow type liquid air
membrane energy exchangers (LAMEE) which comprises of series of alternate solution and air
channels separated by membrane which is impermeable to liquid but not water vapor. As the
solution and air output parameters at each channel outlet in full scale LAMEE will be same,
control volume which covers half width air channel, membrane and half width solution channel
of full scale LAMEE has been chosen to investigate the heat and mass transfer processes at each

given solution inlet condition.

Considering dehumidifier air inlet condition and dehumidification rates are fixed, initially effect
of different solution operating parameters of a given solution on the performance indices were

studied to identify the suitable liquid desiccant operating parameters. LiCl solution is considered



as liquid desiccant and its operating parameters considered are, solution concentration, Cs=0.25,
0.3, 0.35 and 0.40 and heat capacity ratios, Cr'=2.5, 3, 4 and 5. The results indicate that system
chiller load (Qcnier) decreases with increase in solution concentration (Cs) as well as with
decrease in heat capacity ratio (Cr). This implies Qcniler is 0.29kW to achieve 0.61kW cooling
load at Cs =0.40 and C,"=2.5. Solution heat addition rate (Qadd) per kW cooling capacity (Qcc) at
this solution condition is found as 0.85kW. Therefore it can be observed that, any given solution
with maximum safe concentration (just below saturation concentration) requires lesser chiller
load (Qchirer). In addition to this, as Qcnitler 1S found to decrease with heat capacity ratio, optimum

heat capacity ratio needs to be determined for any given solution.

As ambient condition changes frequently, it is required to precisely control the desiccant solution
operating parameters to suit the required conditioned space load. Initially, optimum liquid
desiccant heat capacity ratio (mass flow rate) were found for the liquid desiccant air conditioning
system (LDAS) at peak ambient condition. Later, effect of two control strategies which are
dehumidifier solution inlet temperature (DSIT) control strategy and dehumidifier solution inlet
mass flow rate (DSIM) control strategy on the performance indices were studied at different
ambient conditions. It is seen that required chiller load is nearly same at both control strategies
but little drop (3-14.5% variation) is observed at DSIT strategy at low ambient conditions.
However, considerable drop in solution pumping power due to the significant reduction in
solution mass flow rate and its pressure drop at DSIM strategy suggests that it is found as energy
efficient control strategy.

Lastly, considering the commonly used potential solutions LiCl, CaCl,, LiBr and KCOOH
solutions at their maximum safe concentrations (0.40, 0.35, 0.55 and 0.75 which are just below
their saturation concentrations), performance indices were analyzed at different heat capacity
ratios (Cr'=4.0, 3.0, 2.5, 2.0 and 1.5). At their corresponding optimum C,”, Qadq is observed to be
low for CaCl, whereas high for LiBr compared to other solutions that are considered. Solution
pumping power and Qchilier are observed to be lesser for LiBr solution. At their corresponding

design (optimum) parameters, even though LiBr solution investment cost is found to be 30%



higher than LiCl solution, its operating cost (pumping power) is nearly 26%-40% lesser than the
LiClI solution which suggests that LiBr solution at C;'=2.5 is efficient solution among four. Later,
at observed optimum heat capacity ratio for each solution, same considered performance indices
were estimated at different ambient conditions by adopting a DSIM control strategy to suit the
required conditioned load, which frequently varies according to changes in ambient conditions.
Even though ambient condition varies, performance parameters for all solutions follow the same
trends as they followed at the fixed peak ambient condition. The analysis done in this study
therefore suggests that the LiBr solution is an appropriate solution to achieve energy savings due
to its low chiller load requirement and its low operating cost. The drawback of the LiBr solution
is high investment cost and requires little high Qadd than LiCl solution. The CaCl. solution
requires lesser Qagd but its operating cost and Qchilier are very high. The LiCl solution followed by
the KCOOH solution are next to the LiBr solution in attaining energy savings.

The methodology followed in this study is beneficial for LDAS designers in choosing the suitable
liquid desiccant at its corresponding operating parameters to design an energy efficient LDAS for

any given air conditioning application.
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Chapter 1

Introduction

1.1.Background

Air conditioning demand is rising high with respect to time due to yearly raise in global
temperatures caused primarily by industrial pollution, deforestation, heavy usage of automobiles
and leakage of global warming potential and ozone depletion potential gases into the atmosphere.
It is reported that air conditioning equipment for commercial buildings itself consumes 50-60%
of total energy consumption of the buildings according to TERI (The energy and resources
institute). Conventional vapor compression refrigeration systems (VCRS) serve this function
which is energy intensive because of its overcooling of air for dehumidification and overheating
of air to attain its supply condition. Energy consumption is even higher in most hot and humid
climates. Desiccant material by virtue of its low vapour pressure can absorb the moisture from air
thus it can handle latent heat independently and efficiently in humid climates. This property
makes the desiccant air conditioning system as one of the best alternatives to independently
handle the latent load in hot and humid climates and also to attain energy savings. Solid desiccant
systems consists primarily a rotating wheel coated with desiccant salt absorbs the moisture from
air when air is passing through the wheel. To independently handle the latent load and sensible
load, few researchers working on hybrid solid desiccant - vapor compression air conditioning

system [1]-[3]. But liquid desiccant systems have many advantages over solid desiccant systems



such as low pressure drop, high energy storage ability, higher dehumidification potential and
requires low grade heat sources for regeneration[4]. Thus liquid desiccant air conditioning system
(LDAS) considered as energy efficient technology for air dehumidification which independently
handles the air latent load and required sensible cooling of air will be taken care by other systems
like VCRS or indirect evaporative cooling system. LDAS is becoming attractive due to many
advantages, such as effective utilization of low-grade heat sources, and less harm to the
environments. This technology has been used in industrial and agricultural industries, such as
moisture control in textile mills, post harvests and low-temperature crop drying in stores. It is

playing a progressively prominent role in air conditioning systems [5].

There is voluminous literature survey available which is mainly focused on the different
configurations of dehumidifier, performance (coefficient of performance, moisture removal rate,
sensible effectiveness, latent effectiveness & total effectiveness) investigation of
dehumidification system and regeneration system at different air & solution conditions and
performance comparison of LAMEE by using different desiccant solutions. Identification of
suitable desiccant material for a given LDAS application requires special attention in design of
energy efficient system. Research in this direction is mainly concentrated on the influence of
different desiccant solutions at different operating parameters on dehumidification and
regeneration performance considering dehumidification rate, effectiveness and COP as the
performance indices. All their studies are mainly attentive to the influence of desiccant solution
on dehumidifier/regenerator performance but not on other primary components of LDAS. This
analysis is not helpful in choosing the right desiccant material since impact of desiccant solution
on solution pumping power, solution heater load, solution cooler load and chiller load are not
taken into consideration. This research gap motivates us to study on the identification of suitable
liquid desiccant material at optimum concentration and heat capacity ratio (mass flow rate) with
solution heater load, solution cooler load and chiller load as primary performance indices. This
study helps the researchers in designing the energy efficient desiccant air conditioning system for

a given LDAS air conditioning application.



The objectives in this study are listed as below

1.2. Objectives:

To study and identify the suitable combination of desiccant solution operating parameters
(concentration and heat capacity ratio) for energy efficient liquid desiccant air
conditioning system.

To study the two desiccant solution control strategies to suit required latent load at
different ambient conditions and to find optimum control strategy.

To study the selection methodology for choosing the energy efficient desiccant solution

among commonly used potential desiccant solution for a given load.

1.3. Scope

a.

Design the system component specifications and model the analytical solution for the
governing equations and its validation.

For a given desiccant solution, find the behavior of thermal energy requirements of the
system at different operating parameters for a given air conditioning application.

Identify the suitable desiccant solution at optimum operating parameters for a given air
conditioning application.

1.4. Thesis structure

Chapter 2 presents the detailed literature survey which describes the efforts by the other

researchers in this field. Chapter 3 explains the system component specifications, modelling the

analytical solution for governing equations and performance indices. Validation of considered

analytical model is also included in chapter 3. Chapter 4 presents the investigation of effect of

operating parameters on the thermal energy requirements for the given liquid desiccant air

conditioning system application. This chapter explains the behavior of thermal energy

requirements for the system such as solution heater load, solution cooler load and chiller load are

analyzed at different operating parameters (concentration and heat capacity ratio). This chapter



concludes that system thermal energy requirements decreases with increase in solution
concentration as well as with decrease in heat capacity ratio and concentration for a given
desiccant solution. It is known that frequent change in ambient conditions requires precise control
of the desiccant solution operating parameters to suit the required conditioned space load.
Chapter 5 delineates the selection approach of efficient control strategy for a given air
conditioning application which leads to energy savings as well as thermal comfort. Chapter 6
explains the methodology for choosing the suitable desiccant solution among commonly used
potential solutions such as LiCl, CaCl;, LiBr and KCOOH solutions at optimum heat capacity for
energy efficient membrane based liquid desiccant air conditioning system (LDAS). Chapter 7

outlines the key conclusions of this study and recommendations for future work.



Chapter 2
Literature survey

This study focuses on the methodology to identify the suitable liquid desiccant at optimum
operating parameters for the design of energy efficient liquid desiccant air conditioning system.
This also includes the selection methodology of efficient desiccant solution control strategy to
suit the conditioned load which varies according to the ambient condition. Thus this literature
part is divided into two sections one of which addresses fundamental understanding of different
desiccant material, desiccant air conditioning, and different system configurations while the other
sections addresses the different desiccant solution control strategies, effect of different desiccant

materials and different operating parameters on the system performance.

2.1. Fundamental understanding of different desiccant materials, liquid desiccant air

conditioning system, different system configurations

Before go through the detailed literature survey on the efforts carrying out on the performance
improvement of liquid desiccant air conditioning system, it is required to have basic
understanding of this system and its components. This section thus addresses the fundamental
understanding of different desiccant materials, desiccant air conditioning function, different types
of system configurations and performance parameters used in this field.

Desiccant air conditioning principle was introduced nearly 80 years back in 1930s. Desiccant
materials have affinity to absorb the moisture from the air where driving force is difference

between vapor pressures of air and desiccant material. This natural property of desiccant



materials made them to adopt in the alternative dehumidification system/ air conditioning system.
As long as the desiccant surface vapor pressure is lesser than that of the ambient vapor pressure,
desiccant absorbs the moisture from the air. Once the desiccant material is saturated and reached
the equilibrium in vapor pressure with ambient air, moisture absorption stops. In order to reuse
the desiccant material, it has to reject the moisture which it absorbed. To achieve it, its vapor
pressure has to be raised which is done by heating it so that it rejects the moisture to the ambient
air/ room return air supplied over the desiccant material. Both solid & liquid desiccants are
employed in industries for dehumidification.

2.1.1. Solid desiccant material and its function in dehumidification system

Solid desiccant is as hygroscopic salt which has high affinity for moisture. Solid desiccant
materials includes silica gel, LiCl salt, activated alumina, molecular sieve etc. Solid desiccant air
conditioning system consists primarily a rotating wheel coated with solid desiccant powder
absorbs the moisture from the air when it passes through the wheel on the dehumidification side

as indicated in schematic diagram (Fig. 1.1).
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Fig. 1.1: Schematic figure of rotary desiccant wheel [6]



Air gets dehumidified and which is to be sensibly cooled to meet the required supply condition.
This can be done by coupling the solid desiccant air conditioning system with the sensible heat
exchanger/ evaporative cooler. To independently handle the latent load and sensible load, few
researchers working on hybrid solid desiccant vapor compression air conditioning system[2], [3],
[7]1-[9]. To reconcentrate the desiccant wheel, hot air is passed through the regeneration side of
the rotating wheel where desiccant desorbs the moisture to the exhaust air due to vapor pressure
difference. Thermal energy required for regeneration of rotary desiccant wheel is supplied either
by electrical heater or solar/waste heat.

Even though solid desiccant materials can be used for dehumidification applications, but its use is
limited compared to liquid desiccant materials. This is since liquid desiccant systems have many
advantages over solid desiccant systems such as low pressure drop, high energy storage ability,
higher dehumidification potential, flexibility for using multistage dehumidifiers with single
regenerator, and requires low grade heat sources for regeneration. Thus liquid desiccant air
conditioning system (LDAS) considered as energy efficient technology for air dehumidification
which independently handles the air latent load and required sensible cooling of air will be taken

care by other systems like VCRS or indirect evaporative cooling system.

2.1.2. Liquid desiccant material and its function in dehumidification system

Liquid desiccants includes glycols and solutions of halide salts such as lithium chloride (LiCl),
calcium chloride (CaCly), lithium bromide (LiBr), potassium formate (KCOOH), triethylene
glycol and mixture of salts. The strength of a liquid desiccant can be measured by its equilibrium
vapor pressure, which is water vapor pressure that is in equilibrium with liquid desiccant
material. The vapor pressure exponentially increases with the temperature of the solution and also
increases as the water is absorbed by the desiccant solution. The behavior of liquid desiccant can
be easily controlled by varying its temperature or concentration or both. A good liquid desiccant
should have large saturation absorption capacity, low regeneration temperature, non-volatile,

non-corrosive, non-toxic, non-flammable, low viscosity, high heat transfer, inexpensive and



stable. Thus liquid desiccant air conditioning system (LDAS) considered as energy efficient
technology for air dehumidification which independently handles the air latent load and required
sensible cooling of air will be taken care by other systems like VCRS or indirect evaporative
cooling system. LDAS becoming attractive due to many advantages, such as effective utilization
of low-grade heat sources, and less harm to the environments. This technology has been used in
industrial and agricultural industries, such as moisture control in textile mills, post harvests, and
low-temperature crop drying in stores. It is playing a progressively prominent role in air
conditioning systems for hot and humid climates.

The earliest used liquid desiccant is Triethylene glycol but its use is limited due to its high
viscous and volatile nature [10]. Halide salt solutions such as LiBr and LiCl solutions can dry air
to 6% and 15% relative humidity, respectively but these solutions are naturally corrosive. Halide
salts are relatively expensive in nature[11].

Formate salts are observed less viscous in nature. Even though potassium formate is a relatively
weaker desiccant as compared to LiCl or LiBr but it can dry the air below 30% relative humidity
and it can be a good alternative desiccant for many applications. A good and cost effective
alternative to LiCl is CaCl; but it is a weak desiccant as compared to LiCl. CaCl, solution of 42%
concentration will dry air to about 35% RH while a 43% LiCl solution can dry air to a 15% RH.
Morillon et al. [12] measured the vapor pressures CaCl,, LiCl, and LiBr solutions. Although
CaCl> salt is readily available and the cheapest desiccant but it has high vapor pressure at the
same temperature and same concentration than other halide salts. Ertas et al. [13] proposed a low
cost composite desiccant as an alternative to high cost LiCl which is a mixture of LiCl and CaCl,. The
CaCl, has 20 times lower cost as compared to LiCl. They showed that 43% solution of the 50/50
mixture of these two desiccants will behave like 40% of pure LiCl. It may be noted that 43%
concentration CaCl, solution by weight will have the same properties as the solution of 34% LiCl.

A number of composite desiccant materials have been developed in the past few years to improve

their performance. Aristov et al. [14] have developed composite desiccant materials



compromising of silica gel/SiO2 and inorganic salt (CaCly, LiBr, SrCl,, and NaSQas). Their results

showed that these composite materials have lower desorption temperature.

2.1.3. Dehumidifier/regenerator (energy exchanger): Dehumidifier/ regenerator is a solution-
air enthalpy exchanger where moisture is absorbed by desiccant or moisture removed from
desiccant based on the vapor difference between desiccant and air. According to type of solution-
air surface contactors, dehumidifiers/regenerator can be categorized into direct solution-air
contact based energy exchangers and indirect solution-air contact based energy exchangers.
Direct solution-air contact based energy exchangers includes packed type, liquid film desiccant
type and spray tower pad type while the indirect solution-air contact based energy exchangers
includes membrane based energy exchanger.

2.1.3.1. Direct solution-air contact based energy exchangers

In this type energy exchangers, desiccant solution falls from nozzles/ distribution system placed
at top of the tower through gravity and air passes from bottom of the dehumidifier for counter
flow type configurations whereas it passes across the solution flow direction (perpendicular) in
cross flow configurations. The air gets contacted with desiccant and moisture absorbed by the
desiccant due to the vapor pressure difference. Air gets heated by losing its moisture content
which raises the solution temperature. This process is nearly constant enthalpy process follows
adiabatic line of ambient air condition. Moisture absorption potential got reduced for desiccant
solution as the process continues because of its increase in temperature as well as reduction of its
solution concentration. Therefore the targeted dehumidification cannot be achieved. To overcome
this drawback internally cooled dehumidifiers are introduced in which cooling water flows in the
tubes of dehumidifier which absorbs heat from solution & air and makes the process nearly
isothermal. Moisture absorbed desiccant solution gets diluted at the outlet of dehumidifier. To
continue this process desiccant solution has to be concentrated which can be done by removing
moisture content contained by it. Solution will lose moisture content to ambient air if the solution

equilibrium vapor pressure is higher than the ambient air. For achieving this, heat source like



solar energy/ waste heat energy/ electric heater/ boiler can be used which heats the solution until
required vapor pressure is achieved. Hot solution will be sent to regenerator where solution gets
contacted with ambient air and loses its moisture to air. Afterwards, concentrated hot solution has

to be cooled to initial dehumidifier supply temperature to continue the process.
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Fig 1.2. Conceptual schematics for (a) adiabatic and (b) isothermal packed beds [15]
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Fig 1.3. Conceptual schematics for (a) adiabatic and (b) isothermal spray towers [15].
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Figs. 1.2 shows the adiabatic and isothermal (internal cooling) packed bed type energy exchanger
[15]. In these exchangers, solution distributed from the top and flows over the packing and where
solution gets contacted with air which is flowing from bottom of the bed/ across the bed. These
exchangers can act as either dehumidifier or regenerator based on the vapor pressure difference
between solution and air. When the solution has lesser vapor pressure than air, solution absorbs
moisture from the air and also gets heated due to the phase change heat. Due to this solution
heating, solution absorption potential decreases. To prevent this, isothermal energy exchangers
are introduced where cooling water flowing in the tubes continuously cools the solution such that
its dehumidification potential will not decrease. Bansal et al. [16] compared the experimental
performances of both type dehumidifiers. It was found that the effectiveness of the internally-
cooled packed bed is 28-45% higher than the effectiveness of the adiabatic packed bed.
Entrainment of liquid droplets with the air stream (called carryover) is a drawback of the packed
bed design especially when it is operated under high flow rates. Thus, a mist eliminator is to be

installed at the air exit to capture any entrained desiccant droplets.

Fig. 1.3 shows the adiabatic and isothermal (internal cooling) spray pad type energy exchanger
[15]. In these exchangers, the desiccant solution is sprayed as small droplets from distributors
located at the top of the spray tower. The heat and mass transfer occurs at the air-solution
interface. Unlike the packed-bed design, no contact surfaces are used to aid the solution
distribution in the spray tower. Risk of solution carryover with the supply air is more in spray pad
tower compared to packed bed due to larger contact interface area and absence of packing. Providing
the internal cooling in the spray tower leads to significant (e.g. 20%) enhancement in its

effectiveness as in packed bed tower [17].
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Fig 1.4: Falling film type energy exchanger schematic for (a) crossflow (b) parallel and (c) counter flow
arrangements[18]
There are few more direct contact based energy exchangers in which falling film type is also one
of them used for dehumidification/regeneration. In the falling-film design as shown in fig 1.4,
solution film is distributed over plates or tubes, and the air flows over the solution film[18].
Lower air-side pressure drop compared to the commonly used packed bed is one of the main
advantages. Also, there is a lower risk of solution droplets carryover in this design compared to

the spray tower design.

These direct contact based energy exchangers can also be categorized based on the air stream
flow direction which are parallel flow, counter flow and cross flow configurations. It was
observed from that the counter flow configuration has the highest effectiveness under
dehumidification and regeneration conditions, compared to other configurations[19].

Desiccant droplets carryover with supply air is a common problem with direct-contact
dehumidifiers/regenerators, and may be very noticeable at high solution and air flow rates. By
installing mist eliminator at the air exit, it can be eliminated which results in additional air side

pressure drop and raises the operating and initial costs. To resolve these problems, indirect
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contact based energy exchangers are introduced which completely eliminates this carryover

problem.

2.1.3.2. Indirect solution-air contact based energy exchangers

These are recent developed desiccant dehumidifiers/regenerators using predominantly in LDAS.
Isetti et al. [21] first time introduced membrane based energy exchanger where membrane is
impermeable to liquid but not to vapor, to act as a porous barrier between solution and moist air.
Later, several researchers working on different types of this membrane based systems for
enhancing the performance. As shown in Fig. 1.5, air and solution streams in this type of

configurations are separated by a hydrophobic semi permeable membrane which permits only

membrane material

vapor transfer

liquid air/vapor mixture

L
liquid-gas interface

Fig. 1.5. A conceptual representation for moisture transfer between air and liquid streams through a semi

permeable hydrophobic membrane[20]
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water vapor but not liquid through it[20]. Due to this membrane characteristic, desiccant droplets
carryover problem can be completely avoided in this design. Different types of indirect contact
based systems are there in which one of them primarily used for LDAS is liquid-to-air membrane
energy exchanger (LAMEE). LAMEEs are categorized into two types which are flat plate
LAMEE and hollow fiber LAMEE.

Desiccant solution
flow outlet

Solution outlet
header

Air flow inlet

~

Air flow outlet

Solution inlet
header

Desiccant solution
flow inlet

Fig 1.6. Flat plate LAMEE configuration[22]
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Fig 1.7. Hollow fiber LAMEE configuration[23]

In flat plate LAMEE, air and solution flows in alternative rectangular channels which are
partitioned by a hydrophobic membrane. Fig 1.6 shows the counter flow flat plate LAMEE [22].
On the other hand, hollow fiber LAMEE design is similar to shell and tube heat exchanger, where
solution flows in hollow fiber semi permeable membrane tubes and air flows outside the tubes
within the shell (Fig.1.7 ) [23]. As mentioned earlier, to enhance the dehumidification potential,
internally cooled flat plate LAMEEsS are also introduced, where cooling water tubes are inserted

in the solution channels to maintain the solution temperature in the operating limits[24].

So far, different types of desiccant materials, dehumidifier/ regenerator configurations and their
functioning are discussed. Research in this field is predominantly concentrated on the effect of
different operating parameters such as desiccant material, desiccant solution parameters and air
parameters on the dehumidification/regeneration performance. Performance indices considered to
analyze the dehumidifier/regenerator performance are effectiveness, moisture removal rate and
thermal coefficient of performance (ratio of attained cooling load in dehumidifier to the heat

supplied to the regenerator).
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2.2. Effect of desiccant solution and air operating parameters on performance

M. Radhwan et al.[25] did a parametric study on performance of counter flow packed bed
dehumidifier/regenerator with CaCl> solution as liquid desiccant. It is found that during the
dehumidification process the desiccant solution temperature is increased along the bed when both
air and solution are have the same temperature and this raise in temperature is proportional to the
air inlet humidity ratio. The results also indicated that the desiccant solution inlet temperature has
a strong effect on the bed performance along the bed during both dehumidification and
regeneration while air inlet temperature has a negligible effect during the regeneration process. A.
Ertas et.al [26] investigated the effect of desiccant solution temperature, concentration and flow
rate on the performance of counter flow packed regeneration tower at different ambient
conditions. Desiccant solution considered in their study is a mixture of 50% Licl Solution and
50% CaCl> solution by weight. It is seen that COP of a LDAS is lower in hot and humid climates
than in moderate climates. The change in desiccant solution concentration in regenerator is a

strong function of solution inlet temperature, and a weak function of air inlet temperature.

Isetti et al. [21] theoretically and experimentally dealt with a new approach where they used a
membrane, impermeable to liquid but not to vapor, to act as a porous barrier between solution
and moist air. They found that considerable moisture transfer between solution and air flowing
across the membrane can be achieved and re-concentration of the liquid desiccant can be

efficiently carried out in a membrane desorber.

Fumo et.al [27] experimentally as well as mathematically studied the influence of design
variables such as air and desiccant solution flow rates, air temperature and humidity, and
desiccant solution temperature and concentration on the performance of packed tower
dehumidifier and regenerator with LiCl solution as desiccant solution. They observed that
dehumidification process is greatly influenced by desiccant solution concentration and flow rate,

air flow rate and air humidity whereas regeneration rate is strongly influenced by desiccant

16



solution and concentration, air flow rate. Both experimental results and simulation results are in

good agreement.

Yonggao et.al [28] experimentally studied the effects of the cooling water temperature, the air
flow rate and the desiccant solution temperature on the internally cooled plate fin based
dehumidifier performance and the cooling efficiency (ratio of actual solution temperature
difference to the maximum solution temperature difference). The results indicated that the
cooling efficiency decreased with the increasing of the cooling water temperature and both low
desiccant solution temperature and internally cooling leads to better dehumidification
performance. Effects of the air flow rate and the desiccant inlet temperature on internally heated
regeneration performance are also discussed and compared with the performance of adiabatic
regeneration process. It was found that the regeneration efficiency of internally heated
regeneration was higher than that of the adiabatic regeneration. Yonggao et.al [29] also presented
a mathematical model to predict the performance of this internally cooled plate type
dehumidifier/regenerator and compared with the experimental results. It is observed that the

errors were within 5% and indicated acceptable accuracy.

Khizir Mahmud et. al [30] tested Mgcl> based Run around membrane energy exchanger
(RAMEE) which consists of two LAMEEs one for dehumidification and other for regeneration
under different operating parameters in both summer and winter conditions. During summer test
conditions, system total effectiveness (actual change in air enthalpy to maximum change air
enthalpy during dehumidification) increases with increasing desiccant solution flow rate, but
decreases as the air flow rate increases. Under winter test conditions, the total effectiveness varies

little with variation in the air and desiccant solution flow rates.

Qiu et. al [31] experimentally examined the performance of potassium formate (HCOOK) based
novel dehumidifier under the different parameters such as air flow rate, air relative humidity
(RH) and desiccant solution concentration. It is noticed that lower air flow rate leads to high
dehumidification rate but in a practical application, the optimum air flow rate has to be
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determined considering RH and energy saving requirements into account. The air inlet RH has a
large effect on system performance. The drop in RH could be over 25% using strong HCOOK
solution to dehumidify highly humid air (>75% RH). However, it does not dehumidify efficiently
the air with a RH lesser than 43% even if strong HCOOK desiccant solution is used.

Zhang et.al [32] investigated the effect of air velocity and desiccant solution flow rate on the
performance of packed column dehumidifier/regenerator using lithium chloride solution as a
liquid desiccant. They observed that increasing the flow rate of either the desiccant solution or air
will improve the mass transfer rate in dehumidifier/regenerator. And also it is found that higher

desiccant solution temperature resulted in lower overall mass transfer coefficient.

Hemingson et.al [33] numerically studied the steady state performance of RAMEE under wide
range of outdoor air conditions. Their results indicate that heat transfer effects latent
performance and moisture transfer effects the sensible performances in the RAMEE. This is
because, humidity ratio of the desiccant solution is temperature dependent and the latent energy is

released/absorbed as the water phase change occurs.

Zhang et.al [34] deduced analytical solution to heat and mass transfer in hollow fiber membrane
contactors for LDAS. The model is validated by experiments and found that it can provide
convenient accurate tool for component design and optimization. With the model, the effects of
varying operating conditions on LiCl based system performance are investigated and it is noticed
that the sensible and moisture effectiveness decrease with increase in air flow rates. This is due to
decrease in total number of transfer units NTU (which decreases the heat/mass transfer area) with
increase air flow rate. Thus NTU is found as dominant factor which affects the heat/mass transfer
performance of the dehumidifier. Pahlavanzadeh et.al [35] theoretically and experimentally
investigated effect of various operating parameters on number of mass transfer units NTUn, for LiCl
based packed bed column dehumidifier. They observed that increase of NTUn causes enhanced
performance of the system. With their study, it is found that NTUn, can be raised by increase in

dimension and porosity of the packed bed columns, increasing the mass flow rate, temperature,
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and humidity ratio of the air and reducing the mass flow rate, temperature and concentration of

the desiccant solution.

Ghadiri Moghaddam et.al [36] experimentally and numerically investigated the effect of heat and
mass transfer directions for the air and desiccant solution flows, and the effect of different desiccant
solution types and concentrations on the LAMEE effectiveness. It is found that sensible effectiveness
increases with solution to air heat capacity ratio (C*) for the cooling and dehumidification process.

They also noticed that varying concentration is one way to control air outlet humidity ratio.

Abdel-Salam et.al [37] conducted parametric study on the steady state performance of membrane
based LDAS using TRNSYS energy simulation platform. Results indicate that the dehumidification
rate can be effectively controlled by regulating the temperatures of the desiccant solution entering the
regenerator and dehumidifier. Increasing C,* is favorable for the cooling capacity and system COP,
especially when C,* increases from 2 to 4. According to the results, they recommended that the NTU

and C,* are to be within 5-10 and 3-5, respectively.

Kassai et.al [38] numerically investigated the influence of desiccant solution flow rate (C/*) and
regenerator air inlet temperature on the dehumidifier air outlet humidity ratio for the RAMEE system.
They reported that until C/* <1, increase in regenerator air inlet temperature leads to enhancement in
dehumidification rate. The reason is that the solution concentration change increases when the
regenerator air inlet temperature increases which causes to better dehumidification rate. But at C,*
>1, regenerator air inlet temperature shows negative impact on dehumidification capacity. Thus,
heating the regenerator air flow is not recommended to enhance the dehumidification rate. Kassai
[39] also investigated the effect of C,* (less than 1) on the steady state performance of LAMEE for
winter conditions. It is reported that total effectiveness of the LAMEE decreases with C/* in the

mentioned range.

G. Ge et.al [40] experimentally and analytically investigated the influences of the different dependent
operating parameters on the moisture flux ratio (ratio between the actual moisture removal rate

(MRR) with respect to the membrane overall mass transfer conductance) and sensible and latent
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effectiveness of LAMEEs used as dehumidifier and regenerator. In their study, LiCl solution is used
as desiccant solution and operating parameters considered are air and solution inlet parameters, NTU,
C:*, solution operating ratio (it characterizes the closeness of the solution concentration to the
solution thermodynamic saturation conditions at the solution temperature), etc.in the selected range. It
is found that air flow rate, air humidity ratio, desiccant solution temperature, and solution
concentration are most influential parameters on moisture exchange rate in dehumidifier and
regenerator. In addition to these parameters, solution flow rate also considerably influences
regeneration performance. They also reported that NTU and C.* directly influence the performance

parameters considered in their study.

Mohan et.al [41] examined the effect of varying room air temperature and specific humidity on the
performance of the hybrid liquid desiccant vapor compression system where packed column used as
dehumidifier and regenerator. LiCl considered as desiccant material and the solution to air flow ratio
considered very low (0.01). They found that increase of air temperature reduces dehumidification rate
and regeneration rate of liquid desiccant. On the other hand, an increase of room specific humidity
enhances dehumidification rate as well as regeneration rate of the desiccant solution. Ahn et. al [42]
conducted series of field tests on LiCl based hybrid liquid desiccant system and observed that the
cooling capacity dropped with increase in ambient temperature, while it increased as ambient

humidity increased. The COP also observed to be increased with increase in ambient humidity.

Bai et al. [43] experimentally investigated the impacts of concentration, solution to air mass flow
rate ratio, solution inlet temperature and NTU on CaCl, based membrane based liquid desiccant
dehumidification system performance. They noticed that both the total and latent effectiveness
increase with concentration, whereas nearly no difference is observed in the sensible
effectiveness. They also found that all effectiveness can be enhanced by reducing solution inlet

temperature.

Sabek et.al [44] carried out numerical investigation to find the impact of air and desiccant

solution properties on the LiCl based LAMEE . They noticed that the optimal inlet air and
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desiccant liquid velocities enhance heat and mass transfer rates as well as the sensible, latent and
total effectiveness. The inlet air humidity ratio and is found to have a great impact on the mass

and heat transfer rates in the LAMEE which increase under high values.

Wang et. al [45] analyzed the coupled heat and mass transfer process in a counter-flow adiabatic
structured packed tower with the air inlet humidity ratio varying broadly from 20 g/kg air to 16
g/kg air using KCOOH solution as the desiccant solution. The moisture removal rate within
dehumidifier increases with the air inlet humidity ratio and the increasing trend becomes
gradually flat when the liquid-air flow rate ratio is low. The optimal liquid-air flow rate ratio is
about 0.6— 1.0 when the air inlet humidity ratio is 30 g/kg air, and is about 2.5-3.5 when the air
inlet humidity ratio is 13 g/kg air. In high humid conditions, the dehumidification rate is more
significantly influenced by the liquid-air flow rate ratio and less influenced by the desiccant

concentration and temperature compared with the low humidity conditions.

The literature survey so far done shows that numerous studies are focused on the effect of various
operating parameters (ambient air conditions, solution to air mass flow rate ratio, concentration,
solution inlet temperature and number of heat transfer units (NTU)) on the energy exchanger
performance (dehumidifier or regenerator) for a given desiccant solution. It is observed that
dehumidification rate as well as regeneration rate is greatly influenced by NTU, solution inlet
temperature, solution flow rate, solution concentration, air temperature, air humidity ratio and air
flow rate irrespective of desiccant solution. In addition to this, few more studies have addressed
the effect of desiccant material at respective operating parameters on the performance of

dehumidifier/regenerator/ overall system (LDAS).

2.3. Effect of desiccant material on performance of dehumidifier/regenerator

Lof in 1955 introduced first liquid desiccant driven air conditioning system with triethylene
glycol (TEG) aqueous solution as the liquid desiccant [46]. However, it is gradually substituted

by some salt solutions which are LiCl aqueous solution and LiBr aqueous solution because
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boiling temperatures of water and TEG (temperature difference between solution and air is 200°C
at atmospheric pressure) are too close that the organic ingredient may vaporize into the processed
air. Even though TEG is not toxic, the organic ingredient in the supply air stream makes it
unacceptable for practical use in air conditioning [27]. Compared with glycol desiccant solutions,
salt solutions (LiCl, CaCl; or LiBr solution) won’t evaporate into air under ambient conditions.

The drawback of the salt solutions is their corrosive nature.

The physical properties of some desiccant solutions, including LiCl, LiBr and CaCl> solutions,
have been examined by many researchers [47], [48]. Among them, CaCl> solution is cheapest but
it has the poor moisture absorption potential because of its high vapor pressure at a given
operating temperature whereas LiBr solution is the costliest. Longo et. al [49] observed that
KCOOH solution compared to LiCl and LiBr solutions is poor in dehumidification performance
(low moisture absorption potential) whereas it performs better in regeneration tests (more %
change in solution concentration) at typical operating conditions. However, KCOOH is less
corrosive and expensive. Afshin et. al [50] investigated several possible desiccant solutions
(LiBr, LiCl, CaCl; and MgCl; solutions) to find the best suitable desiccant solution to be used in a
run-around membrane energy exchanger (RAMEE). They dealt effect of desiccant on total

effectiveness, operating cost and pumping energy and also discussed the risk of crystallization.

Liu et. al [51] compared mass transfer performance of two frequently used desiccant solutions,
LiCl solution and LiBr solution which have same solution temperature and vapour pressures.
Their results revealed that LiCl solution gives better mass transfer performance than that of LiBr
solution in dehumidification process while LiBr solution gives better mass transfer performance
than LiCl solution in the regeneration process. And also they concluded that the system COPs
(ratio of achieved cooling capacity in dehumidifier to the heat supplied to the regenerator) using
LiCl or LiBr solution are found similar, however, LiCl initial cost is 18% lesser than that of LiBr
solution in the present Chinese market. Koronaki et al. [52] theoretically studied the heat and
mass transfer performance in counter flow through structured packing at different parameters of

LiCl, LiBr and CaCl2 solutions. It was observed that that the moisture removal rate increasing
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with rising desiccant solution inlet concentration, air inlet humidity ratio, air and desiccant
solution flow rate; dropping with desiccant solution inlet temperature; and was nearly no
variation with air inlet temperature. The study has also revealed that LDAS using LiCl solution
seem to have superior performance than those using CaCl. and LiBr solutions, under the same
working conditions. Ghadiri Moghaddam et al. [36] studied the influence of LiCl and MgCl>
solutions at three different concentrations on the liquid to air membrane energy exchanger
(LAMEE) performance. 10% maximum variance is found for the LAMEE total effectiveness
with the different operating conditions. And also the results indicate that both the salt solutions
and concentration influence the LAMEE effectiveness, and varying the concentration is one way
to regulate the supply air outlet humidity ratio. Gurubalan et. al [53] numerically investigated the
impact of operating parameters in the LAMEE using different desiccant solutions such as LiBr,
LiCl and CaCl> solutions for hot and humid ambient conditions. Their results indicate that the
LAMEE can attain an enhanced dehumidification rate at high air flow rates and also with LiCl

solution.

Most of these studies are concentrated on the influence of different desiccant solutions on
dehumidification and regeneration performance considering dehumidification rate, effectiveness
and COP as the performance indices. From the literature survey, it is observed that research is
mainly concentrated on effect of desiccant material type, its operating parameters and air

parameters on the dehumidification/ regeneration performance.
2.4. Research gap and motivation

It is well known that ambient condition and room supply conditions are prerequisites to design air
conditioning system for a building. Hence, it is necessary to study the system performance for a
given ambient condition (peak) and required room supply condition. Accordingly, for a given air
conditioning application, we choose refrigerant type, mass flow rate, evaporator inlet temperature
and condenser inlet temperature at peak ambient condition and required room supply condition

for conventional air conditioning system. In the same manner, suitable liquid desiccant and its
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design parameters (mass flow rate, concentration, and inlet temperature) are to be chosen while
designing LDAS for an air conditioning application. As so far, no study in the literature has
addressed the methodology to identify suitable liquid desiccant and its design parameters for
LDAS application. LDAS design includes system components design as well as selection of
suitable liquid desiccant solution and its design parameters which are to be considered at peak
ambient condition. Few studies are focused on the design of optimum dimensions of flat plate
LAMEE channel but not addressed the choosing of energy efficient desiccant material and its
operating parameters[54]. This motivates us to present the methodology to identify the suitable
energy efficient liquid desiccant at corresponding optimum operating parameters for a given air

conditioning application.

It is known that any liquid desiccant at different combinations of operating parameters (heat
capacity ratio, concentration and temperature) can achieve required dehumidification rate for a
given ambient condition. But suitable liquid desiccant at corresponding optimum operating
parameters only can attain energy savings. Therefore to find the right liquid desiccant and
corresponding optimum operating parameters for energy efficient LDAS, this study has been
divided in to three sections as shown below.

Several works have been done on the influence of different air/solution parameters on
dehumidifier/regenerator performance considering effectiveness and moisture removal rate as
performance indices. In all their works, how the operating parameters effects the
dehumidification rate and effectiveness have been investigated. But this approach is not suitable
to design LDAS for an air conditioning application since optimum (design) solution parameters
have to be chosen based on other LDAS primary component loads which are the solution heater
load, solution cooler load and chiller load but not on the performance of
dehumidifier/regenerator. This is due to fixed dehumidification load to be considered at peak
ambient condition. Thus, to find the optimum parameters for a given solution, it is required to
analyze the effect of different operating parameters of corresponding solution on the solution

heater, solution cooler, chiller loads and solution pressure drop to attain the fixed
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dehumidification rate at fixed ambient condition. Based on these outcomes, optimum operating
parameters (design parameters) will be established for the given desiccant solution. In addition to
this, control performance of LDAS has also to be studied since frequent change in ambient
conditions requires precise control of the desiccant solution operating parameters (for a given
solution) to suit the required conditioned space load. Efficient desiccant solution control strategy
will be determined from this objective. With the optimum range of operating parameters and
efficient desiccant solution control strategy, influence of desiccant material type (commonly used
liquid desiccants) on the mentioned performance indices will be analyzed.

As explained above, this study has been divided into three sections (objectives) which are shown

below.

Identification of energy efficient liquid desiccant at optimum operating parameters for a
given LDAS application

A

v

\ 4

1. Finding the desiccant
solution design parameters
for a given liquid
desiccant at peak ambient
condition

2. Choosing the efficient
control strategy to suit the
conditioned load at
different ambient
conditions

3. Identifying the energy
efficient liquid desiccant at
corresponding optimum
operating parameters

This study will be beneficial for LDAS designers in choosing the appropriate desiccant solution

at optimum concentration and heat capacity for an energy efficient membrane based LDAS.
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2.5. Objectives of thesis

The following objectives are studied in this thesis.

e To study and identify the suitable combination of desiccant solution operating parameters for
energy efficient liquid desiccant air conditioning system.

e To analyze the two desiccant solution control strategies and choose efficient control strategy to
suit the required latent load at different ambient conditions.

e To identify the energy efficient desiccant solution among commonly used potential desiccant
solution for a given AC application.
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Chapter 3

System description and solution procedure

3.1. System description and control volume modelling

LDAS comprises of mainly 4 components namely dehumidifier, solution heater, regenerator and
solution cooler as shown in Fig. 3.1. Counter-flow type LAMEEs of the equal size are considered
as dehumidifier and regenerator in this study. As indicated in fig. 3.2a, LAMEE comprises of
series of alternate solution and air channels separated by membrane which is impermeable to
liquid but not water vapor. As the solution and air output parameters at each channel outlet in full
scale LAMEE will be same, control volume has been chosen in full scale LAMEE to find the

output parameters at different solution operating conditions.

Control volume which covers half width air channel, membrane and half width solution channel
of full scale LAMEE has been chosen to investigate the heat and mass transfer processes at each

given solution inlet condition. As shown in fig. 3.2b, in this control volume, channel widths and
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mass flow rates only need to be reduced to half in magnitude and two exterior walls considered as
adiabatic walls. Accordingly flow rates are halved for each channel. Since the air velocity in air
channel is considered 2.4m/s, air flow rate becomes 28 Cfm (Cubic feet/min) as per the
considered channel dimensions for full scale LAMEE. As a result, air flow rate in air channel for

control volume becomes 14 Cfm. Control volume dimensions are indicated in Table 3.1

I Room

Dry air to further cooling

Ambient air Fan Debumi - (0.010 Kgumte'kgaz) . Cooling Supply air
: coil
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Fig. 3.1: Schematic diagram of LDA
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Table 3.1. Specifications of LAMEE control volume

Parameter Value unit
LAMEE length x height (L x H) 1800 x 1000 mm X mm
Air channel width (84/2) 2.5 mm
Solution channel width (3s/2) 1.2 mm
Membrane thickness (dm) 0.265 mm
Number of transfer units (NTU) 6 --

Air mass flow rate (ma) 0.00812 kg st
Membrane thermal conductivity, km 0.065 (W m?)
Membrane water vapor resistance, Rm [55] 24 (sm?)

3.2. Solution procedure

The objective of the study is to present the methodology to identify the energy efficient liquid
desiccant at optimum operating parameters for a given air conditioning application. To
accomplish the objective, this study is divided in to three sub-objectives (chapters 4, 5 and 6).
Initially, at fixed dehumidification rate and given peak ambient condition, LDAS performance
has been examined at the different combination of solution parameters for a given desiccant
solution. The performance indices considered in this study are solution pressure drop, required
solution heat addition rate, required solution heat removal rate, and required chiller load (to
sensibly cool the concentrated solution leaving regenerator and dehumidified air leaving
dehumidifier). By analyzing these performance indices, optimum design solution parameters

(design parameters) can be chosen for energy efficient LDAS.

However, for a specific air conditioning application, it requires the proper control of the desiccant
solution parameters to suit the variations in space load due to frequent variation in ambient
conditions which leads to energy savings and thermal comfort. Thus, methodology to choose the

efficient solution control strategy (dehumidifier solution inlet temperature (DSIT) control
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strategy/ dehumidifier solution inlet mass flow rate (DSIM) control strategy) has been studied

later.

Finally, influence of commonly used potential desiccant solutions such as LiCl, CaCly, LiBr and
KCOOH solutions at their optimum operating parameters (design parameters) on mentioned
performance indices will be studied. Subsequently, performance indices will be analyzed at
different ambient conditions also for corresponding solutions by adopting efficient desiccant
solution control strategy. Based on these outcomes, energy efficient liquid desiccant at
corresponding optimum operating parameters can be selected for a specific air conditioning

application.

Table 3.2. Air ambient parameters (Mumbai summer peak condition) and other required

parameters

Air conditions Air parameters

Ambient peak condition Tamb = 35°C (DBT) Wamb = 0.031 KQwater KQair*

Supply air condition Tsup = 15°C (DBT) Wsup = 0.010 KQwater KQair*

Room condition Troom = 25°C (DBT) Wroom = 0.012 KQwater KGair :(RHsup = 50%)
Air flow rate Ma= (28/2) Cfm = 14 Cfm = 0.00812 kg s!

100% fresh air supply has been chosen as air conditioning application in this study. Mumbai
summer peak parameters are considered as inlet air condition for dehumidifier LAMEE as the air
is most hot and humid. Room return air which is 27°C Dry bulb temperature (considered 2°C
greater than room condition) and Wroom = 0.012 Kgwater KQair® is utilized as supply air for
regenerator LAMEE since it is relatively drier and cooler than ambient air. Both air flow rate and

supply point are considered to be fixed as indicated in Table 3.2. Air inlet condition (mass flow

31



rate, temperature, humidity ratio) at dehumidifier inlet is fixed at each different solution

condition. Since air heat capacity is fixed, C,” directly refers to solution heat capacity.

Considering fixed air outlet humidity ratio at dehumidifier LAMEE exit (0.010 KQwater KQair),
required dehumidifier solution inlet temperature at each solution condition which attains required
dehumidification rate will be found by trial and error method. Accordingly, variations in solution
outlet concentration, solution mass flow rate, solution outlet temperature and air temperature at
LAMEE exit will be found out. To achieve the solution outlet concentration at regenerator
LAMEE exit equal to the solution inlet concentration at dehumidifier LAMEE entry, required
regenerator solution inlet temperature will be found. Subsequently, variations in solution outlet

temperature, air outlet temperature and air outlet humidity at regenerator exit will be found out.

Based on these outcomes, the performance indices specified in section (3.3) will be established
from which LDAS performance can be analyzed. Zhang’s Analytical model [20] has been
adopted to determine the required solution and air parameters of LAMEE. Aqueous LiCl solution
has been considered as liquid desiccant solution in this study for which required thermo-physical

properties taken from the correlations established by Manuel R. Conde [28].

3.3. Assumptions
The below assumptions are considered in this study
Q) Heat and moisture transfer exchanges take place only between air and solution
streams.
(i) Both solution and air flows are fully developed laminar flows.
(iii)  Air condensation effect in LAMEE has been ignored in the present study.
(iv)  Membrane maldistribution in the LAMEE is ignored.
(V) Phase change heat (loss or gain) at the air-solution interface occurs only on the liquid
side.

(vi)  Heat and moisture transfer in flow direction are assumed negligible in both channels.
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(vii)  Thermal diffusivity as well as mass diffusivity considered as constant in the axial
direction of the air and solution channels

3.4. Governing equations for air and solution

Steady-state energy and mass conservation equations for each fluid (air and solution) in a

LAMEE (same for both dehumidifier and regenerator) are as follows (Egs. 1-4) [56].

m.  dT,

U(T,-T,)=0
H Cpa dx +U(L-T) (1)
ms _ dT,
FC”'S o -U(T,-T,)-U_ hy (w, —w,)=0 @
E%+Um(wa—ws)=0
H dx 3)
Mot &y, (w, - w) =0
H dx (4)

Where H, Mma, s, Xs, U and Un, are height of LAMEE, mass of air, mass of salt, solution mass

fraction, overall heat and mass transfer coefficients which are expressed as follows (Egs. 5-8)

ms

Mear =
1+ X, ; ©)
1-C,
== ©)
Where C = salt concentration
-1
U= (hi + i—m + hiJ
ba  Kmo Tk @
-1
U, (hi+ R, +hij
n.a s (8)
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where hc¢sand hea are convection heat transfer coefficients of solution and air and hmsand hma are

convection mass heat transfer coefficients of solution and air which are defined as below. And J,,

, km and R, are membrane thickness, membrane thermal conductivity, and membrane water vapor

resistance respectively.
Since hms is comparatively much higher than hma which does not make any difference in Um

value, it can be ignored in the formulation. Therefore Eq. 8 becomes

-1
0, (hi ij
©)

When the flow between two infinite rectangular parallel plates with constant heat flux across one
wall and insulated (adiabatic) on another wall is fully developed laminar, the Nusselt number
(Nu) is assumed to be 5.39 [57], and it is used to determine the convective heat transfer
coefficient by the definition

Nu.k
"D (10)
with this, convective mass transfer coefficient can be calculated by using below definition (Eq.
11)

h

-2

h, = cﬂ Le[?j
P (12)

where Le is Lewis number which is defined as the ratio of thermal and mass diffusivities
Please note that thermal diffusivity as well as mass diffusivity are considered as constant in the
axial direction of the air and solution channels.
It is known that thermal and mass diffusivities of water vapor in air varies with temperature. But,
the Lewis number is approximately equal to one for water vapor in air. Thus, Lewis number term

can be excluded in the eq.11.
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Egs. (1) - (4) are the governing differential equations for heat and moisture transfer in the
module. They can be solved by finite difference iterations, with known heat mass transport
properties. However they are difficult for common engineers to use. In contrast, analytical
solutions for above differential equations will be convenient and helpful for common designers to
use.

To simplify the governing equations, Zhang’s Analytical model [34] has been adopted to
estimate the required air and solution parameters of LAMEE. Normalized equations for the
governing equations (Eqgs. 1-4) which applicable to both dehumidifier and regenerator LAMEES
as followed (Egs. 10-13) [14] can be used.

*

dT,

~r=NTU (T.-7.)) (12)
L P (13)
dx C, C, c,, dx
dw, .
dXi = NTUm(Ws _Wa ) (14)
W, _ ogoq Er 9T, (15)
dx H. dx
Where T*, w” and x™ are dimensionless parameters which are defined as below
Dimensionless parameters for dehumidifier LAMEE are as follows (Egs.16-19)
. . * T _Td ai
Dimensionless temperature, T = —T ; (16)
dsi 'da,i
. WeW, L
Dimensionless humidity ratio,w’ = ——2_ - a7
Wy si =Wy a,i
Dimensionless length, x* :% (18)
. . « Wy si = Wi a,i
H" is an operating factor, H =2501 ————==~ (29)
dsi 'da,i
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Dimensionless parameters for regenerator LAMEE are as follows (Eqs.20-23)

. T-T.
Dimensionless temperature, T :ﬁ ; (20)
. W=W,

Dimensionless humidity ratio, w = ——2— (21)
Wr,s,i _Wr,a,i

Dimensionless length, x* :% (22)
* : * Wi =Wrai

H" is an operating factor, H = 2501# (23)

where Tg,a and wq,a are the bulk temperature and humidity ratio of the air, and Tqs and wq,s are the
bulk temperature and equilibrium humidity ratio of the salt solution in dehumidifier LAMEE. Tr.a
and wrq are the bulk temperature and humidity ratio of the air, and Trs and wes are the bulk
temperature and equilibrium humidity ratio of the salt solution in Regenerator LAMEE. The i and
o represents inlet and outlets of dehumidifier/ regenerator. L represents length of LAMEE
channels (same for both LAMEES).

And below remaining all formulations are same for both LAMEEs which are defined as (Egs. 24-
27)

. msc,,
Heat capacity ratio, C,” =——>= ; (24)
Ma C
p,a
Slope of equilibrium iso-concentration line, E, :[?#J (25)
Number of Transfer Units, NTU = (26)
e J ( N
Number of Mass Transfer Units, NTU n A (27)

a

Where A= Air- Desiccant solution interface area
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Analytical solution: Equations (12), (13) and (14), (15) are the governing differential equations
for heat and moisture transfer in the module. Subtracting Eq. (12) from (13) yields

d(T."-T.)) NTU . _. H*  dw,” .

2= —(T, -T, )J+————2—-NTU(T, T,

dx C, (T-7) C c,, dx (T-7) (28)
Substituting eq.(14) in eq.(28), it becomes
d(T, -T,) 1 P H” . .
—s _al_(—__NTU (T, -T ——NTU, (W, —w,

™ (Cr ) (T, -T. )+Cr c.. ( ) (29)
Subtracting eq. (14) from eq. (15) yields
dW, —W,) o5, B dT. NTU,, (w, -w,") (30)

dx H. dx
Substituting egs.(13) and (14) in eq.(30), it becomes
dw, —w,) H” N E. NTU . _.
——__"al_NTU, (1-2501—; w,—w,") —2501— —=(T,"-T,

m ¢ C, .cp,a)( ) . C, ( ) (31)
Inorder to simplify the egs. (29) and (31), we define
é = (Ts* _Ta*) (32)
Y= (WS* —Wa*) (33)
Then the governing differential Egs. (29) and (31) will transformed into
d
o —agraw (34
44 (35)
ac =8, ¢ +a,y
With constatnts
1

a, = (C -—DNTU (36)

r
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*

a, = ':' NTU, (37)

C Ca
E, NT
a,, =—2501—T—— 38
& H. C, (38)
e
8, =NTU, (1-2501——) (39)
r *“pa

The set of egs. (34) and (35) have analytical solutions in the form as shown below

—C ok Jgx*
E=Ce™ +C,Le

(40)
y =-KCe* +K,C,e?° (41)
The roots of the characteristic Egs. of (34) and (35) are given as
/11’2 _ (an + azz) + \/(ail + a222)2 B 4(ana22 B a12a21) (42)
By satisfying the general set of Egs. (40) and (41) to Eq. (34), the coefficients of Ky and K> are
given as
=2 (@3
8y,
K, =Ptk (44)
a,

Similarly, by satisfying the general set of Egs. (40) and (41) to Eq. (35), the coefficients of K; and

Kz are given as

a
K =—2& (45)
' a,, _/11
a
K, =—2 (46)
‘ /12 —ady

Either Egs. (43), (44) or (45), (46) can be applied. In this study, Egs.(43) and (44) are used
3.4.1. For dehumidifier
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AtX'=0, T4ai=0; Wgai=0 47)
Egs. (40) and (41) become

*

E=T 40T aai =T 450 =C+C, (48)
=W, Wy, =W, =-K,C,+K,C, (49)
AtX'=1, Thasi=1; Wasi=1 (50)
Egs. (40) and (41) become

E=T 4T 4a0=1-T,, =Ce"+C " (51)
=W, Wy, =1-w,,, =-K,Ce"+K,C,e* (52)

Further, integrating Eq. (15) from x* = 0 to 1 which yields

~k

W*d,so Wd5|_2501H (Tdso ds,i) (53)
Overall heat balance equation in the LAMEE can be written as

M Cp,s (Td,s,i _Td,s,o) =Ma Cp,a (Td,a,o d al) + ma hfg (Wd a0 Wd al) (54)

Normalizing the above equation to

*
*

H * *
Td,s,i _Tdso _( )(Td ao dal )+( *)(Wd,a,o _Wd,a,i ) (55)
C,aCr

Substituting Egs. (48) to (52) into Egs. (53) and (55) respectively then
Eqg. (53) becomes

E E E
S)C, +(2501 L~ K;)C p+(1- 2501

* *

)=0 (56)

Eqg. (55) becomes

* *

H

1 a1 H Al 1 A2 A2 1
st — K eMC + L+ et - -K,e")C, +(==-1)=0 57
c o o KNGl £7)C, + (=D (57)

r p.a*~r r par=r .

(

Egs. (56) and (57) can written in the following form as
b,C, +b,C, + b13 =0 (58)
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b,,C, +b,,C, +b,, =0 (59)

Where the coefficients in the equations are

b, = K, + 250151 (60)
ET
b, = 2501 T K, (61)
b, =1-2501 & (62)
1 H
b, =1-—e"————K " 63
27 c c,.C. (63)
1 H
b, =1+ —e"* ————— K e* 64
2 C, c,.C. )
1
by, = - -1 (65)
Algebraic solution of the set of Egs. (58) and (59) are
C. = Dby~ (66)

b b12b21 - bubzz

Cz _ b11bzs — b13b21 (67)

B b12b21 - b11b22
At this step, the analytical solution of Egs. (34) and (35) are obtained. With these coefficients, air
outlet temperature and humidity can be calculated.

T ,.,=1-Ce"-C,e” (68)

d,a,0
WL, =1+K,Ce"—K,C,e* (69)

solution outlet temperature and humidity can also be calculated from Egs. (48) and (49)
3.4.2. For regenerator
In the same manner explained in section 3.4.1 for dehumidifier, air and solution outlet conditions

for regenerator also can be determined.
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3.5. Performance indices

With the air and solution output parameters for dehumidifier and regenerator determined in

section 3.4, following performance indices can be established.

> Cooling capacity (air cooling load attained in dehumidifier)

It can be defined as

Qcc = Qsen + Qlat = ma (hd,a,i - hd,a,o) (70)
Where Q,,, (Air sensible cooling attained in dehumidifier) = M. Coa(Toa0—Taai),

Q... (Air latent cooling attained in dehumidifier) = m, N Wy ai =Wy 00)

Ma = air mass flow rate, Cpa= air specific heat, Tqai and Tqao = Air temperatures at

dehumidifier inlet and outlets, wgai and wgao = Air humidity contents at dehumidifier
inlet and outlets, hyg = Phase change heat = 2501 kJ kg and h ,, &N, ,; = Air enthalpy at

dehumidifier outlet and inlets

> Desiccant solution pressure drop

It can be defined as follows

f LV p
Ap, (Pa)=—=—= 71
bs (Pa) == (71)
f, = % as flow is laminar, where fs = friction factor,
e
IOSVS DS
Re = Reynolds’s number = U—
S

ps= solution density, Vs= Solution average velocity, Ds= Solution channel hydraulic

diameter ps= Solution dynamic friction, L= length of channel
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Required solution heat removal rate for solution cooling

It is written as
Qrem =ms Cp,s (Tr,s,o _Td,s,i) (72)

where m = solution mass flow rate, cps = Solution specific heat,
Ta,s,i = temperature of solution at dehumidifier inlet
Trso = temperature of solution at regenerator outlet

Required solution heat addition rate for solution heating

It is given by
Qadd = ms Cp,s (Tr,s,i _Td,s,o) (73)

Trs,i = temperature of solution at regenerator inlet

Required sensible cooling for dehumidified air to meet supply condition (Tsup)
It is given by
Qsenz =Ma Cp,a (Tsup _Td,a,o) (74)

where Tsuyp = Required air temperature at supply condition (Table 2)

Ta,a0 = Air temperature at dehumidifier outlet

Chiller load for sensible cooling of hot concentrated solution and dehumidified air
It refers to

Qchiller = Qrem + Qsenz (75)

Power consumption for solution pumping

' *
P (KW) = ms Ap, *0.001 (76)

Ps
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3.6. Boundary conditions

Dehumidifier boundary conditions

Since main objective of this study is to achieve same dehumidification rate at different operating
conditions, moisture content at dehumidifier air outlet (wad,0) has to be fixed which is 0.01 kQwater
kgair-l-

Ta(x = 0) :Tamb :Td,a,i . Ta(x = L) = Td,a,o .

Wa (X - O) - Wamb - Wd,a,i , Wa(x = L) = Wd,a,o = 001 kgwater kgair_1

T(x=0)=T,., . T(x=L)=T,;
W,(x=0)=w,, . W (x=L)=w,;
C(x=0)=C,,,. C(x=L)=Cy;;
Non-dimensional form of boundary conditions are as follows
T, (x=0)=0; T, (x=L)=&uq

w, (x=0)=0; W, (X=L)=&,q

T, (x=L)=T,,;=1; w, (x=L)=w,,; =1

Regenerator boundary conditions

T.(x=0)=27°C: T,(x=L)=T,,,
W, (X =0) =0.012 Kgwater kgair ®; w,(x=L)=w,,,
T,(x=0)=T, ; T(x=L)=T,
w(x=0)=w,,, ; W(x=L)=w,g;
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Since solution concentration at regenerator inlet will be the same as solution concentration at
dehumidifier outlet and also solution concentration at dehumidifier inlet will be the same as

solution concentration at regenerator outlet, concentration at regenerator boundaries becomes as

C(X = O) = Cr,s,o = Cd,s,i . C(X = L) = Cr,s,i = Cd,s,co

Non-dimensional form of boundary conditions are as follows

T, (x=0)=0; T, (x=L)=¢&,,,
W, (x=0)=0; W (x=L)=¢&,,
T, (x=L)=T,,,=1; w, (x=L)=w, =1

As mentioned in this section, solution & air temperatures at dehumidifier & regenerator channel
outlets (Tdso , Trso, Tdao & Trao) and solution & air moisture content at dehumidifier &
regenerator solution outlets (Wgso0, Wrso, Wda0, Wrao) are the output parameters which vary in x-
direction. Considering the mentioned pre-defined boundary conditions, these output parameters
were determined analytically.

Sections 4.2.1 and 4.2.2 explained about the variation in these parameters along the x-direction

3.7. Validation of the current analytical model

Table 3.3: Ambient test conditions considered in the experiment [58]

Test Air parameters

F1 Tai=38.8°C (DBT); Wa,i= 0.0214 KQwater Kgair ™
F2 Tai=35.4°C (DBT); Wa,i= 0.0160 KQwater KQair™*
F3 Tai=36.3°C (DBT); Wa,i= 0.0176 KQwater kQair ™
F4 Tai=35.4°C (DBT); Wa,i= 0.0210 KQwater KQair™*

44



As mentioned earlier, control volume has been considered in this study with which full scale

LAMEE performance can be estimated. At given ambient test conditions as indicated in Table

3.3, current considered model is validated with existed experiment results published by [58].
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Fig. 3.3. Comparison of esen and eiat Obtained from current analytical model with existing

experimental and numerical results at different ambient conditions (F1-F4)

It is observed from Fig. 3.3 that the analytical results obtained for this control volume are in

acceptable agreement with that of full scale LAMEE. Dehumidifier’s sensible effectiveness

(esen,d) and latent effectiveness (iata) obtained from the current model are accurate within an error

of 1 to 5% and 1 to 9% to that of original numerical and experimental results respectively (Fig.

3.3). As the results are in acceptable range (since variation in the results is below 10%), the

current model is acceptable and can be used to predict the outlet parameters in this study.

Sensible effectiveness for dehumidifier LAMEE is given by Eq. 77 as follows

T

dao

T

d,a,i

Td,s,i =T

d,a,i

Cfsen,d =

(77)

Latent effectiveness for dehumidifier LAMEE is given by Eq. 78 as follows

_ Wd,a,o - Wd ai

glat,d -

Wd,s,i _Wd,a,i
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Chapter 4

Identification of optimum desiccant solution parameters for a given

liquid desiccant

4.1. Methodology

The objective of the thesis is to choose suitable potential liquid desiccant at corresponding
optimum operating parameters for a given air conditioning application. As mentioned earlier that,
first step to achieve the objective is to find the optimum solution operating parameters for a given

liquid desiccant. This chapter addresses this sub-objective of the thesis.

It is well known that ambient condition and room supply conditions are prerequisites to design air
conditioning system for a building. Hence, it is necessary to study the system performance for a
given ambient condition and required room supply condition. Suitable combination of desiccant
solution parameters may achieve the required dehumidification rate for a given ambient

condition. To meet the required humidity ratio, other components of the LDAS like regenerator,
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solution heater, solution cooler and economizer play a significant role. Hence, varying the
dehumidifier solution parameters will have an effect on the performance of all these components.
In this chapter, at fixed dehumidification rate and given ambient condition, LDAS performance
has been examined at the different combination of solution parameters. The performance indices
considered are solution pressure drop, required solution heat addition rate, and required chiller
load (to sensibly cool the concentrated solution leaving regenerator and dehumidified air leaving
dehumidifier). By analyzing these performance indices, optimum design solution parameters can
be chosen for energy efficient LDAS. The analysis made in this chapter helps LDAS designers in
selecting the suitable solution design parameters which could attain energy savings and also

required chiller design capacity can be estimated.

To supply cool and dry air to the conditioned room, initially, the ambient air (100% fresh air) has
to be dehumidified with the use of LDAS to required humidity content and then it has to be
sensibly cooled to supply air condition by another method (VCRS system/ indirect evaporation
cooling system). Different concentrated solutions at different heat capacities and temperatures
can be employed in LDAS to dehumidify the ambient air to same required humidity point, but air
might reach different temperatures. Selection of suitable solution operating parameters plays a
vital role in the design of an energy efficient LDAS which leads to energy savings. In this

chapter, LiCl solution has been considered as liquid desiccant.

Since solution concentration and its heat capacity are prominent factors to affect the LDAS
performance, various combinations of different heat capacities (Cr'=2.5, 3, 4 and 5) and different
concentrations (Cs =0.25, 0.3, 0.35 and 0.4) are considered to analyze the system performance by
fixing the air outlet humidity ratio at dehumidifier LAMEE exit as 0.010 KQwater KQair . LDAS
performance is evaluated at 16 different solution combinations which are listed in Table 4.1 as

below.
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Table 4.1. Different combinations of solution parameters (16 nos)

Sno Heat capacity ratio, Cr* Concentration, Cs
1 Cs=0.25
2 Cs =0.30
3 C*=2.5 Cs=0.35
4 Cs=0.40
5 Cs=0.25
6 Cs =0.30
7 C*=3.0 Cs=0.35
8 Cs=0.40
9 Cs =0.25
10 Cs=0.30
11 C*=4.0 Cs=0.35
12 Cs=0.40
13 Cs =0.25
14 Cs=0.30
15 Cr*=5.0 Cs=0.35
16 Cs =0.40

Analytical model developed by [34] has been adopted to evaluate the required air and solution
outputs of dehumidifier/ regenerator. Aqueous LiCl solution properties have been taken from the
correlations established by [47]. Based on this correlations, LiCl psychrometric chart has been

made and LiCl iso-concentration lines are indicated as shown in Figure 4.1.
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Fig. 4.1. Licl solution Psychrometric chart
4.2. Results and discussions
Air and solution parameters at outlets of dehumidifier and regenerator (single pair air-solution

channel LAMEE) are found at each solution inlet condition and indicated in psychometric charts

as shown in Figs. 4.2 and 4.5 respectively.
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Fig. 4.2. Psychometric chart indicates dehumidifier air and solution conditions at (a) Cr =2.5, (b)

C:"=3.0, (c) C+"=4.0 & (d) C"=5.0 and different concentrations
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4.2.1. Variation in dehumidifier parameters and dehumidifier related performance indices
4.2.1.1. Variation in required dehumidifier solution inlet temperature (Tds,i)

Fig. 4.2 shows, at Cy =2.5, required dehumidifier solution inlet temperature (Tqs,) increases from
10°C to 32°C as concentration increases from 0.25 to 0.4. This is because, to achieve the required
dehumidification rate at same heat capacity ratio, solution equilibrium humidity ratio (vapor
pressure) has to be same even solution concentration increases which can be achieved by rising
Tasi. As C/ increases from 2.5 to 5 at concentration, Cs=0.25, required Tq,si gradually increases
from 10°C to 20°C. This is due to raise in mass solution mass flow rate which itself promotes the
moisture absorption potential. Accordingly, solution equilibrium humidity ratio needs to be raised
with increase in solution mass flow rate to achieve the required dehumidification rate. And also it
is observed from Fig. 5 that as the slope of Cs =0.25 iso-concentration slope line is more (due to
more evaporation rate) than the slope of Cs =0.4 iso-concentration line at same humidity ratio
(vapor pressure), it requires less temperature raise at high concentration (Cs =0.4) than at low
concentration (Cs =0.25) to get same humidity ratio (vapor pressure) raise. Thus Tqs, raise is only
5°C (from 32°C to 37°C) as Cr increases from 2.5 to 5 at concentration Cs =0.4 whereas Tqs;

raise is 10°C (from 10°C to 20°C) as C; " increases from 2.5 to 5 at concentration Cs =0.25.

4.2.1.2. Variation in dehumidifier solution outlet temperature (Td;s,0)

It is to be noted that, in this study, phase change heat has no significance on variation in solution
outlet temperature (Tqs0) at different solution conditions since same phase change heat gets
released to solution irrespective of solution inlet condition as dehumidification rate is fixed.
Therefore Tqs,0 predominantly affected by solution heat capacity and its temperature. From Fig. 5,
it is observed that solution temperature raise is 28°C (solution inlet and outlets are 10°C and
38°C) at Cr'=2.5 and Cs =0.25, whereas it is 12°C (solution inlet and outlets are 20°C and 32°C)
at Cr'=5 and Cs =0.25 in the dehumidification process. The same trend follows as concentration
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increases from Cs =0.25 to 0.4. The decrease in solution temperature raise with the raise in C," at
any fixed concentration is because of increase in solution heat capacity with the raise in C;". And
also as observed from Fig. 3(a), at C, =2.5, solution temperature raise in the dehumidifier is
decreasing with increase in concentration which means solution temperature raise are 28°C,
26°C, 23°C and 21°C at concentrations 0.25, 0.3,0.35 and 0.4 respectively. This drop in solution
temperature raise is due to the reduction in heat transfer potential because of reduction in the

temperature difference between solution inlet and air inlet as concentration raises.
4.2.1.3. Variation in dehumidifier air outlet temperature (Td,a,0)

In this study, it is assumed that latent heat of condensation due to phase change in
dehumidification process will be considered on solution side only. It means that phase change
heat does not affect air temperature in the dehumidifier. It implies that dehumidifier air outlet
temperature (Tq.a0) depends only on solution heat capacity and its temperature. It is observed
from Fig. 4.2(a) that, as the solution inlet temperature (Tqs,) is lower (10°C) at C,'=2.5 and Cs
=0.25, Tga0 also becomes low (15°C), i.e., air temperature reduces from 35°C (ambient) to 15°C.
As Tqsi increases from 10°C to 20°C with the increase in C;” from 2.5 to 5 at Cs =0.25, Tq.a, also
increases from 15°C to 21°C. Increases in Tqao With the increase in C,~ at 0.25 concentration is
because of the raise in Tqsi with the raise in C,". And also it is observed that Tqao raises from
15°C to 36°C with the raise in concentration from 0.25 to 0.4 at C,"=2.5. This is because of
increase in Ty, With the raise in concentration at any fixed C;". One more observation found that
Tdao exceeds Tgai at C=0.4 and at any C, which means air gets heated at Cs =0.4. This is
because, required Tgsi is higher at higher solution concentration to attain required
dehumidification rate. The same trend follows at different heat capacity ratios also (C;” =3, 4 and
5) as solution concentration increases from 0.25 to 0.4.
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Fig. 4.3. Heat capacity ratio (C,") vs. air total cooling (sensible + latent cooling) achieved in the

dehumidifier (Qcc) at different concentrations

4.2.1.4. Variation in air cooling capacity achieved in the dehumidifier (Qc)

In this study, as the latent cooling (moisture absorption) is considered to be fixed, achieved air
cooling capacity (Qc) varies only with the sensible cooling load. Air Sensible cooling again
depends only on the dehumidifier air outlet temperature. It is observed from Fig. 4.1 that, as
dehumidifier solution inlet temperature (Tqs,i) increases from 10°C to 20°C with increase in Cr"
from 2.5 to 5 at Cs =0.25, dehumidifier air outlet temperature (Tq,,0) increases from 15°C to 21°C
which results in decrease of air total cooling load from 0.60W to 0.56 kW. And also it is observed
from Fig. 4.3 that air total cooling load (Qc) decreases from 0.60 kW to 0.44 kKW as Ty,
increases from 10°C to 32°C with the increase in concentration from 0.25 to 0.4 at C,"=2.5. This
is due to raise in Tgao from 15°C to 35°C. The same trend follows at different heat capacity

ratios also (C;” =3, 4 and 5) as solution concentration increases from 0.25 to 0.4.
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4.2.6. Variation in required air sensible cooling after dehumidification (Qsen2)

Raise in dehumidifier solution inlet temperatures (Tq,,) with the increase in C;" leads to increase
in dehumidifier air outlet temperature (Tq,00) (Fig.4.2). Subsequently required air sensible cooling
(Qsen2) to reach supply point (Tsup=15°C) slightly increases as C,” increases (Fig.4.4). In addition
to this, it is observed that Qsenz significantly increases as concentration increases at given C;
which is also because of the decrease in the temperature difference between dehumidifier solution

and air inlets.
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4.2.2. Variation in regenerator parameters and regenerator related performance indices
4.2.2.1. Variation in required regenerator solution inlet temperature (Trs;i)

Fig. 4.5 shows that required regenerator solution inlet temperature (Trs,i) increases from 52°C to
69°C as concentration increases from 0.25 to 0.4 at C;” =2.5. The reason for this is as explained
above that, to re-concentrate the solution to initial condition (Cqsi) In regenerator, required
solution equilibrium humidity ratio (vapor pressure) has to be same even its solution
concentration increases for a fixed solution flow rate. So to attain the same solution humidity
ratio (Wrsi), required Trsi has to be increased as concentration increases. As C, increases from
2.5 to 5 at concentration 0.25, required Trs,; gradually decreases from 52°C to 46°C since high
mass solution mass flow rate itself promotes the moisture desorption potential which implies that
Wrsi has to be lowered by decreasing Trs,; for getting the solution re-concentrated to required
condition (Crs; =0.25).

4.2.2.2. Variation in regenerator air outlet temperature (Tr,a,o)

It is assumed that latent heat of evaporation due to phase change in regeneration process will be
considered on solution side only. It means that phase change heat does not affect air temperature
in regenerator which implies that air temperature depends only on solution temperature. As
regenerator solution inlet temperature (Trs,i) decreases from 52°C to 46°C with increase in C;"
from 2.5 to 5 at Cs =0.25, regenerator air outlet temperature (Tra0) slightly increases from 41°C
to 44°C ((Fig. 4.5). This is because, as heat capacity ratio (C) increases, solution temperature
drop decreases. And also it is observed that Trao increases from 41°C to 58°C as Trs,i increases
from 52°C to 69°C with the increase in concentration from 0.25 to 0.4 at C,"=2.5. The same trend

follows at C,” =3, 4 and 5 also as solution concentration increases from 0.25 to 0.4.
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4.2.2.3. Variation in regenerator solution outlet temperature (Trso)

Fig. 4.5 indicates that outlet solution temperature drop is 25°C (temperatures at solution inlet and
outlets are 52°C and 27°C) at C,'=2.5 and Cs =0.25, whereas it is only 14°C (temperatures at
solution inlet and outlets are 46°C and 32°C) at C,"=5 and Cs =0.25 in the regeneration process.
The reason for this is, since the required moisture desorption rate is fixed, same phase change
heat gets released from solution irrespective of solution inlet condition. Therefore more
temperature drop occurs at less solution mass flow rates (C,'=2.5) than at the higher solution
mass flow rates (C,'=5). Since regenerator solution inlet temperature (Trsi) increases with

increase in concentration at any given fixed C;’, regenerator solution outlet temperature (Trs.)

also increases accordingly.

160 160
—— APd,s at C=0.25

—=— APd,s at C=0.30
140 1 4 APdsatc=035 [ 140
—e— APd,s at C=0.40
120 1 _ o - APrs at C=0.25
— I - APr,s at C=0.30
100 | — & - APr,s at C=0.35
— @ - APr,s at C=0.40

120

100

80

E 80 g
§ 60 60 %:
40 40
20 20
0 - : : 0
2.5 3 3.5 4 45 5

C*

Fig. 4.6. Heat capacity ratio (Cr") vs. Solution pressure drop in the dehumidifier (4Pgs) and in
regenerators (4Pr;s) at different concentrations
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4.2.3. Variation in solution pressure drop in dehumidifier and regenerator channels (4Pq;s
and APy;)

Fig. 4.6 shows the pressure drop in dehumidifier and regenerator solution channels (4Pqs and
APy ) increases as C,” raises at given fixed concentration in dehumidifier solution channel. This
is due to decrease in channel solution velocity due to raise in solution mass flow rate. And also it
is noticed that pressure drop (4Pg,s and APys) raises as C,” raises as concentration raises at given
fixed C,". Because, as solution concentration increases, its viscosity also increases which raises
the pressure drop in solution channel. And also Solution pressure in regenerator channel is less
than in dehumidifier channel at any solution condition. Even solution mass flow rate slightly
increased in regenerator due to moisture absorption, but because of reduction in solution viscosity
due to solution hot condition in the regenerator, the pressure drop in regenerator channel becomes
lesser than in dehumidifier channel.
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Fig. 4.7. Heat capacity ratio (C;) Vs. Solution heat addition rate (Qadq) required for solution

sensible heating at different concentrations
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4.2.4. Variation in required solution heat addition rate (Qadd)

It can be observed from Figs. 4.2 and 4.5 that slope of iso-concentration lines gradually increases
with increase in humidity ratio which is predominantly due to increase in evaporation rate with
raise in temperature. This implies that, as solution humidity ratio (vapor pressure) keep increases
at a given concentration, required solution temperature rising rate gradually decreases to attain
particular humidity ratio raise. Thus it is observed from Fig.4.7 that at 0.25 concentrated solution,
required solution heat addition rate (Qagd) for solution heating is 68.3% lesser at C, =2.5 than at
Cr'= 5. It is also noticed that Qagq increases as C, increases at given concentration. This is
because of increasing in required solution temperature raise with the increase in concentration at
given fixed C,. At given vapor presssure, slight decrease in iso-centration line slope with
increase in concentration (decrease in specific heat causes to increase the required solution
temperature raise to attain the same vapor pressure raise) leads to raise Qadda increasing rate with
raise in concentration. Thus, slightly more Qada rising rate can be observed at 0.4 concentration

than at 0.25 concentration as C;”~ increases.

Since LDAS requires high amount of thermal energy (low grade) for solution regenration, either
of the following freely available heat sources can be accomodated to avoid electricity cost. As the
required temperature at regenrator solution inlet (Trs,i) is not exceeding 70°C (at peak summer),
solar heat (renewable energy) can be tapped for solution regenration by installing solar thermal
collectors/solar electro dialysis/ solar photo voltaic cells. If LDAS coupled to VCR system,
condensation heat can be utilized for regenration. Alternatively, waste heat supply is also the one

of the best options if it freely available in the industries.
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4.2.5. Variation in required solution heat removal rate (Qrem)

As explained earlier, required solution temperature raise to attain certain vapor pressure raise is
slight decreases as solution humidity ratio (vapor pressure) increases because of increase in iso-
concentration slope. Due to this, required heat removal rate for solution cooling (Qrem) has also
increased considerably with the increase in C;" as observed for Qags. Thus at concentration Cs
=0.25, required Qrem raises from 0.36 kW to 0.52 kW as C," increases from 2.5 to 5 as indicated
in Fig. 4.8. Nearly same variations in required Qrem With the raise in C,” are observed at other
concentrations (Cs =0.3, 0.35 and 0.4) also. At given fixed C,", as concentration increases, due to
increase in the difference between regenerator solution and air inlet temperatures (Trs,i and Tra;i),

solution temperature drop in regeneration process increases which in turn reduces Qrem. Therefore
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at Cr'=2.5, Qrem significantly decreases from 0.57 kW to 0.11 kW as concentration increases from
0.25 to 0.4. Due to slight decrease in iso-centration line slope with increase in concentration,
slightly more Qrem rising rate can be observed at 0.4 concentration than at 0.25 concentration as
C/”" increases.
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Fig. 4.9. Heat capacity ratio (Cr*) vs. required chiller load (Qchiller) at different concentrations
4.2.6. Variation in chiller load (Qchiller)

It is found from Fig.4.9 that chiller load (Qchiler= Qrem+Qsen2) decreases with increase in
concentration and as well as with decrease in C¢ . This is due to considerable drop in Qrem. Thus
LDAS at low solution heat capacity ratio and high concentration (C, =2.5 and Cs =0.40) requires
lesser Qchier (0.29 kW) . This is 88% higher than the Qchiler at high solution heat capacity and
high concentration (Cr=5 and Cs =0.4) and 27% more than the Qchiler at low solution heat

capacity and low concentration (C;=2.5 and Cs =0.25).
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4.3. Major observations

In this study, at fixed ambient condition and dehumidification rate, performance study on 100%

fresh air based LDAS at the different combination of solution parameters (C;~ and Cs) has been

carried out. Single pair air-solution channel LAMEE (control volume in full scale LAMEE) has

been considered to anatomize the LDAS performance at each solution inlet condition. Below are

the few notable observations found from the present objective.

>

Solution pressure drop (4Pqgs and 4Prs ) reduces with the reduction in heat capacity ratio
(CrHas well as with the reduction in concentration(Cs). Consequently, required solution
pumping power reduces with decrease in heat capacity ratio as well as with with reduction in

concentration due to low solution mass flow rate and low viscosity.

Solution heat addition rate (Qadd) is found to drop with drop in solution heat capacity (C;") as
well as with drop in concentration (Cs).

It is also clear that, at given fixed concentration, as heat capacity ratio (C;") increases,
cooling capacity (Qc) slightly decreases whereas chiller load (Qchitler=Qrem+Qsen2)

significantly increases.

At low heat capacity ratio (Cr'=2.5), Qcc and Qrem significantly raise whereas Qaqd slightly
drops as concentration decreases from 0.4 to 0.25. This is due to drop in solution

temperature at dehumidifier outlet (Tqs0) with the decrease in concentration.

At low heat capacity ratio (Cr=2.5), due to considerable drop in Qrem With the raise in
concentration, required chiller load (Qcniller) Noticeably drops with the raise in concentration.

Thus, Qchiter at low heat capacity ratio (C,'=2.5) decreases from 0.37kW to 0.29kW as
concentration increases from 0.25 to 0.4. This is at the cost of considerable raise (20% more)
in solution heat addition rate (Qadd) and extensive raise in solution pumping power (due to

high pressure drop at higher concentration) with increase in concentration from 0.25 to 0.4 at
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C/"=2.5. Solution heat addition rate (Qadd) per KW cooling capacity (Qcc) at this solution
condition is found as 0.85kW.

If 100% fresh air based LDAS with low heat capacity and high concentrated solution (Cr=2.5
and Cs =0.40) is coupled to chiller, a chiller which has cooling capacity equal to 48% of required
total cooling load is adequate to achieve required air supply point (Tsuyp = 15°C (DBT) and Wsyp =
0.010 Kgwater Kgairt ). This is since, required total air cooling load (Qcc+Qsenz) is 0.61 KW whereas
Qchiller (Qrem+Qsen2) is only 0.29 kW at C, =25 and Cs =0.40 (Fig.10). Therefore, it is
recommendable to employ low heat capacity and high concentrated solution for 100% fresh air
based LDAS coupled to chiller to achieve required cooling in summer condition. Solution
Saturation concentration at given solution temperature is the maximum concentration for the
corresponding solution beyond which crystallization occurs. Thus for a given solution, optimum
operating concentration should be maximum safe concentration which means just below
saturation conentration. On the other hand, solution optimum heat capacity ratio can be

determined by analyzing the performance indices with decreasing the heat capacity ratio further.
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Chapter 5

Choosing the energy efficient liquid desiccant control strategy for

system control performance

5.1. Methodology

It is known for a specific air conditioning application that proper control of the desiccant solution
parameters to suit the variations in space load due to frequent variation in ambient conditions
leads to energy savings and thermal comfort. Even though considerable work has been addressed
in literature survey on the control performance of the dehumidification system, no work has been
addressed on the approach to choose efficient solution control strategies which is a vital part in
designing energy efficient system. In proposed hybrid system (LDAS coupled to chiller), two
different desiccant solution control strategies are followed namely dehumidifier solution inlet
temperature (DSIT) control strategy and dehumidifier solution inlet mass flow rate (DSIM)
control strategy. For each control strategy, solution heat addition rate, solution heat removal rate,
required air sensible cooling to be achieved by the chiller, variation in chiller load, solution
pressure drops will be analyzed at different ambient conditions. Based on these significant

performance indices, energy efficient control strategy will be chosen for the system.

In building air conditioning applications, heat load will be estimated with consideration of the

peak summer condition. However, room load varies frequently corresponding to variation in the
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ambient condition which in turn causes to change in air conditioning system load. In conventional
air conditioning systems, corresponding cooling load to the variation in ambient condition can be
attained by controlling either chilled water flow rate or supply air flow rate or
heating/humidifying the supply air to meet the room supply point. In proposed 100% fresh air
supply hybrid system, LDAS and chiller are individual systems where LDAS primary function to
attain the required latent load. Solution parameters will be selected to suit peak ambient
condition. However, when ambient condition varies, room load also changes which necessitates a
control strategy for the system to attain accurate thermal comfort as well as energy savings.
Corresponding supply air humidity ratio (Wd.a0) can be attained by means of LDAS through

controlling desiccant solution parameters.

Later dehumidified air will be sensibly cooled from preset point (Tsup) by the chiller. Two
different desiccant solution control strategies can be followed for this which are dehumidifier
solution inlet temperature (DSIT) control strategy and dehumidifier solution inlet mass flow rate
(DSIM) control strategy. This implies ambient air humidity ratio can be dropped to required
supply humidity ratio either by controlling DSIT with designed DSIM as fixed or by controlling
DSIM with DSIT as fixed. DSIT can be controlled by regulating the chilled water flow rate to
solution cooler and DSIM can be altered by control valve after solution storage tank. In this
chapter, the effect of this strategies on solution heat addition rate, solution heat removal rate,
required air sensible cooling to be achieved by the chiller, variation in chiller load, solution
pressure drops have been analyzed at different ambient conditions.

For a given air conditioning application, design solution parameters need to be selected before
examining the effect of control strategies. It is found from chapter 4 that solution optimum
concentration is maximum safe concentration this means just below saturation concentration. As
the considered solution is LiCl Solution, optimum concentration is 0.4. To choose solution
optimum mass flow rate (heat capacity ratio), system performance will be analyzed at different

heat capacity ratios. Required chiller load (for solution sensible cooling and dehumidified air
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sensible cooling) and solution heating loads will be evaluated for the system at different heat
capacity ratios (5.0, 4.0, 3.0, 2.5, 2.0, and 1.5).

Based on these outcomes, design solution parameters (0.4 concentration and resulted optimum
mass flow rate) have been selected as dehumidifier solution inlet parameters at this design
condition. Afterward, different ambient conditions will (by lessening air temperature/humidity
ratio) be considered as dehumidifier air inlet condition to analyze the effect of control strategies
on the system performance.

5.2. Results and discussions

5.2.1. Methodology to choose design solution parameters

As mentioned earlier that considering Mumbai peak ambient condition as dehumidifier supply air
condition and 0.010 Kguwater kgair* as fixed Wqa0, Solution heater and chiller loads will be analyzed
at different heat capacity ratios ( C+* =5.0, 4.0, 3.0, 2.5, 2.0, and 1.5) and at fixed concentration
(0.4). Required Tqs,i will be found at each C,* to attain required humidity ratio (wgao =0.010
KQwater k@airt). Dehumidified air will be sensibly cooled from Tgao to Tsyp =15°C (dry bulb
temperature by exchanging heat (Qsen2) with the chilled water flowing in the cooling coil.
Regenerator solution inlet temperature (Trs,i) will be found by trial and error method such that it
gets concentrated in the regenerator to dehumidifier inlet concentration (0.4). Correspondingly
required solution heat addition rate (Qadd) Will be calculated for heating the diluted solution left
from dehumidifier to Trsi. After solution gets concentrated and heated in the regenerator,
required solution heat removal rate (Qrem) to drop the regenerator solution outlet temperature
(Trso) to dehumidifier solution inlet temperature (Tqs,i) Will be found. Chiller load (Qrem+Qsen2)
required for concentrated solution sensible cooling and dehumidified air sensible cooling is the

one more significant performance index in addition to solution heat addition rate (Qadd) to choose
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the optimum solution mass flow rate (mqsi) which could achieve energy savings. All the

dehumidifier and regenerator parameters are listed in Table 5.1.

Table 5.1 : Dehumidifier and regenerator parameters at different heat capacity ratios (Ci*)

Operating . -
Inlet conditions Outlet conditions

parameters

Wai Wi Wa,o Ws,o

c c - Mai Msi Ta,i (k / Ts,i (k / Ta,o (k / Ts,o (k / c
S,i r B B o Owater o Owater o Owater o Owater S,0
(kgs?)  (kgs?!) (°C) °C) (°C) C
kgair) kgair) kgair) kgair)

Dehumidification parameters

0.400 5.0 0.0081  0.0150 35 0.031 38 0.0083 38.8 0.0095 47.7 0.0147 0.395
0400 4.0 0.0081 0.0120 35 0.031 37 0.0078 38.3 0.0095 49.2 0.0160 0.394
0.400 3.0 0.0081  0.0090 35 0.031 35 0.0065 37.0 0.0096 51.2 0.0178 0.392
0400 25 0.0081 0.0076 35 0.031 32 0.0058 36.0 0.0097 523 0.0190 0.391
0400 20 0.0081 0.0060 35 0.031 26 0.0039 33.0 0.0097 53.2 0.0200 0.389

0.400 15 0.0081  0.0046 35 0.031 14 0.0017 26.8 0.0099 53.6 0.0208 0.386

Regeneration parameters
0.395 5.0 0.0081 0.0150 27 0.012 64  0.0372 61.8 0.0329 47.1 0.0148 0.400
0394 40 0.0081 0.0121 27 0.012 65 0.0396 61.4 0.0330 43.9 0.0124 0.400
0.392 3.0 0.0081 0.0091 27 0.012 67  0.0447 59.9 0.0326 39.7 0.0096 0.400
0391 25 0.0081 0.0076 27 0.012 69  0.0501 58.2 0.0322 37.3 0.0085 0.400

0392 20 0.0081  0.0061 27 0.012 74 0.0661 56.4 0.0338 35.8 0.0078 0.400
0386 15 0.0081  0.0048 27 0.012 80 0.0921 520 0.0335 34.4 0.0081 0.400
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Figure 5.1. Variation in (a) solution heat removal rate (Qrem), (b) Required dehumidified air
sensible cooling (Qsen2), (c) Chiller load (Qcnilier) and (d) Solution heat addition rate (Qadd) wWith
heat capacity ratio (Cr")

It was observed from the Fig. 5.1a that Qrem considerably reduces with reduction C;” up to a
certain point (C,"=2.5) and then raises. The explanation for the drop in Qrem is as follows. It can
be observed from LiCl psychrometric chart (Fig. 4.1), the slope of iso-concentration lines
gradually decreases with the decrease in humidity ratio due to decline in evaporation rate as
temperature drops. This implies that the temperature drop required to attain specific humidity
ratio (vapor pressure) drop gradually increases as the humidity ratio decreases. For example, to

drop 0.25 concentrated solution equilibrium humidity ratio from 0.07 to 0.05 KQwater KQair®



(4w=0.02 kgwater kgairt), required solution temperature drop is 6°C (from 57°C to 51°C) whereas to
drop the same 0.25 concentrated solution humidity ratio from 0.11 to 0.09 kgwater Kgair* (4w=0.02
Kgwaeer Kgair?) required solution temperature drop is only 4°C. This means that as the solution
humidity ratio (vapor pressure) keeps decreasing at a given concentration, required solution
temperature drop gradually increases to attain a particular humidity ratio drop. Thus, as Cr"
decreases from 5 to 2.5, Tqs,i decreases which causes to lessen the required solution heat removal
rate (Qrem) and also considerably lowers the required air sensible cooling after
dehumidification(Qsenz) (Fig. 5.1b). But as C; decreases further from 2.5 to 1.5, Tqs;i rising rate
becomes very high. This is due to the reduction in moisture transfer potential at low solution
mass flow rate. Thus, Qrem raises as C; decreases up to a certain limit (here it is C,” =2.5).
Subsequently, chiller load (Qcnitier) also increases as C decreases from 2.5 to 1.5 (Figure 5.1c).
For the same reason as explained, solution heat addition rate (Qadd) also follows the same trend
(Figure 5.1d). From this analysis, solution parameters (solution concentration, its dehumidifier
inlet temperature, and its mass flow rate) selected are 0.4, 32°C and 0.08117 kg s (C,"=2.5 due to
less chiller load and solution heat addition rate) respectively as design parameters based on

summer peak condition.

5.2.2. Solution control strategies to suit the conditioned space load at different ambient

conditions

Different ambient conditions considered (A1-A7) to study the effect of two control strategies and
are indicated in the psychrometric chart (Figure 5.2). Initially, the required air supply temperature
(Tsup) calculated from heat load calculations which is 15°C when the ambient temperature is 35°C
and 16.5°C when the ambient temperature is 30°C. However, air outlet humidity ratio considered
fixed as 0.010 Kgwater Kgair® irrespective of ambient condition since room latent load does not
change much compared to sensible load. Dehumidifier solution and air parameters for both

control to study the control strategies is as follows.
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Fig. 5.2. The psychrometric chart indicates dehumidifier air and solution conditions at different
ambient conditions when a) DSIT control strategy and b) DSIM control strategy adopted
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Fig. 5.3. Variation in solution inlet mass flow rate (mqs,i) and dehumidifier solution inlet
temperature (Tqs,i) at different ambient conditions

5.2.2.1 Variation in dehumidifier solution inlet temperature (Tqsi) and its mass flow rate
(Mass.i)
As ambient temperature/humidity reduces, Tqsi need to be increased when DSIT control strategy
adopted whereas mqs,i need to be decreased when DSIM control strategy adopted (Fig. 5.3) to
attain the required air outlet humidity ratio (Wg,a0=0.010 Kguwaer kgairt). Air outlet temperature
(Ta,a0) slightly raises for both control strategies as observed from Fig. 5.1. For the DSIT control
strategy, as ambient temperature/humidity reduces, Tqs,; need to be increased with fixed mgqs;i to
attain the required wgao Which in turn causes to raise Tgao. However, for the DSIM control
strategy, even though mqsi needs to be decreased, due to fixed Tqsi (32° C), Taao IS always

slightly less than for the DSIT control strategy. Thus, Tqao rising rate with the reduction in
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ambient temperature/humidity ratio is little more for DSIT control strategy than for DSIM

control strategy.
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Fig. 5.4. Variation in air cooling capacity (Qcc) at different ambient conditions

5.2.2.2.Variation in cooling capacity (Qcc)

As ambient temperature increases from 30°C to 35°C at given fixed humidity ratio, it is observed
there is raise in cooling capacity (Qcc) for both control strategies (Fig. 5.4). The explanation for
this phenomenon is as follows. For DSIT control strategy, as the temperature difference between
air and solution inlets reduces due to raise in ambient temperature, heat transfer potential lessens
which in turn causes to drop in air temperature increasing rate. Thus, even ambient temperature
increases at given fixed humidity ratio, it is observed that there is raise in Qcc. While for DSIM

control strategy, with fixed Tqgsi, itS masi need to be increased with increase in ambient
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temperature at given fixed humidity ratio. This is since, as the temperature difference between air
and solution inlets is increased due to raise in ambient temperature, heat transfer increases
between the solution and air which in turn reduces the solution dehumidification potential. To
overcome this, mqs; need to be increased with raise in ambient temperature. For an instant, for air
at 30°C and 0.015 Kgwater KQair 1, required mqs;i is 0.013 kg s* whereas for air at 35°C and 0.015
KQwater KQair %, required mgs; is nearly doubled which is 0.027 kg s. Solution temperature raise is
supposed to be much higher when air at 30°C compared to air at 35°C due to less mqs,i. However,
because of increase in heat transfer potential between air and solution due to increase in
temperature difference with increase in ambient temperature, air gets heated much at lesser
ambient temperature. Thus, Qc lessens when ambient air temperature increases at given fixed

humidity ratio.

Latent load reduces due to the reduction in ambient humidity ratio which in turn reduces cooling
capacity (Qcc). Slight higher Tga0 observed for DSIM control strategy than for DSIT control
strategy observed from Fig. 5.1. This implies that a smaller raise in Qcc is observed for the DSIM

control strategy than for the DSIT control strategy.
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Fig. 5.5. Variation in required dehumidified air sensible cooling (Qsen2) at different ambient conditions

5.2.2.3 Variation in required dehumidified air sensible cooling (Qsen2)
Air outlet temperatures are slightly lesser for DSIT control strategy than for DSIT control
strategy at any ambient condition (Fig. 5.1). Thus, required dehumidified air sensible cooling

(Qsen2) to meet supply temperature (Tsup) is slightly higher for DSIT control strategy than for
DSIT control strategy (Fig. 5.5).
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Fig. 5.6. Variation in regenerator solution inlet temperature at different ambient conditions
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5.2.2.4 Variation in regenerator solution inlet temperature (Trs,)

Room return air at 27°C and 0.012 Kgwater Kgair 1(fixed mass flow rate) utilized as regenerator inlet
air in this study. This means regenerator solution inlet condition depends only on desorption rate
at respective ambient conditions. At DSIT control strategy, Trsi decreases as ambient air
temperature/humidity ratio decreases since desorption rate of moisture from solution decreases as
indicated in Fig. 5.6. While for DSIM control strategy, it is known that mys; is nearly same (tiny
variation due to moisture absorption during dehumidification) as mqs; at the respective ambient
condition. Therefore, Trsi initially slightly increases and significantly raises as ambient air
humidity ratio decreases further. At the same humidity ratio, as ambient temperature increases
(for example A6-A7), Trs,i decreases for DSIM control strategy. This is due to increase in Mg,
with the increase in ambient condition.
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Fig. 5.7. Variation in regenerator solution outlet temperature and air outlet temperatures at different
ambient conditions
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5.2.2.5 Variation in regenerator solution and air outlet temperatures (Trsoand Trao)

As regenerator air inlet condition is fixed at any ambient condition, Trso and Trao depends on
Trs,i, Mrsi and moisture desorption rate. At any ambient condition, air gets heated in regenerator
due to high Trsi and also due to moisture absorption from solution. When DSIT control strategy
adopted, air temperature rising rate decreases since Trsi and moisture desorption rate decrease
with the decrease in ambient humidity ratio (Fig. 5.7). At any ambient condition (Al-A7),
solution temperature decreases in regenerator due to heat and mass transfer to air. As ambient
temperature/humidity ratio decreases (from Al to A7), Trso slightly increases with reduction in
Trsi. This is because of reduction in heat transfer potential between air and solution due to
decrease in temperature difference with increase in regenerator solution inlet temperature. When
DSIM control strategy adopted, Trao significantly decreases as ambient temperature/humidity
ratio decreases. This is due to great reduction rate in mys; than rising rate in its Trs,i with decline
in ambient humidity temperature/humidity ratio (Fig. 5.6). For the same reason, Trso slightly
decreases as ambient temperature/humidity ratio decreases (from Al to A7).
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Figure 5.8. Variation in (a) required solution heat removal rate (Qrem) and (b) Chiller load (Qchitter) at
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5.2.2.6 Variation in chiller load (Qchitter)

As explained in the earlier section (4.2.4), solution temperature decreases in the regenerator at
any ambient condition due to both heat mass transfer to air. As ambient condition drops (from Al
to A7), this solution temperature drop rate slightly increases for DSIT control strategy whereas it
slightly decreases for DSIM control strategy. This leads to drop in solution heat removal rate
(Qrem) with drop in ambient condition (Al to A7) slightly increases for DSIT control strategy
than for DSIM control strategy (Figure 5.8a).

Required dehumidified air sensible cooling (Qsen2) to meet supply temperature (Tsup) is slightly
higher for DSIT control strategy than for DSIT control strategy (Figure 5.5). Thus, it is observed
from Figure 5.8(b) , even though no variation in chiller load (Qchiller= Qrem+Qsen2) at both control
strategies found when the ambient conditions in the range (A1-A4), but its dropping rate is
higher for DSIT control strategy than for DSIM control strategy as ambient condition changes
from A4 to A7.
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Figure 5.9. Variation in solution heat addition rate (Qadd)
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5.2.2.7 Variation in Solution heat addition rate (Qadd)

Figure 5.9 indicates that the solution heat addition rate (Qadd) Steadily decreases as ambient
condition varies from Al to A7 for both control strategies. This is due to decrease in Tqso and

Trs,i With the change in ambient conditions from Al to A7.
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Figure 5.10. Variation in solution pressure drops in (a) dehumidifier (4Pq4s) (b) regenerator (4P;s) at

different ambient conditions

5.2.2.8 Variation in pressure drops in dehumidifier and regenerator solution channels (4Pqs
and 4P;;)

Fig 5.10a indicates that pressure drop in dehumidifier solution channels (4Pgq;s) is same for DSIT
control strategy and reduces for DSIM control strategy with variation in ambient condition (from
Al to A7). This is due to the fixed mass flow rate for DSIT control strategy and reduction in

mass flow rate for DSIM control strategy with the reduction in ambient condition
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Qchitter (KW)

(temperature/humidity ratio). Pressure drop in regenerator solution channels (4Pys) also follows
the same trend as APgq;s for both control strategies but with reduced magnitude (Fig 5.10b)). This
is due to heat added to the solution in the regenerator.
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Figure 5.11. Variation in (a) chiller load (Qcnitier) (b) solution heat addition rate (Qadq) at different

ambient conditions when C;*=1.5 and 2.5

5.2.3 Impact of design solution parameters on performance at both control strategies

Even though C=0.4 and C/*=2.5 considered as design solution parameters for this specific
application, same analysis performed at other heat capacity ratio (Cr*=1.5) to examine the impact
of design solution parameter on the significant performance indices like chiller load (Qchiller)and
solution heat addition rate(Qadd). Figure 5.11a and 5.11b shows variation in Qchitler and Qadd With
ambient conditions when C,*=1.5 for both control strategies (results at C,*=2.5 also shown for
comparison). It is observed that both Qchiller and Qaga are higher (more for DSIT control strategy)
at C/*=1.5 than at C/*=2.5. In addition to this, it is also witnessed that, as ambient condition
varies, significant difference in chiller load (Qchier) between both control strategies found at
C*=1.5. This is contrast to the negligible difference in chiller load between both control
strategies at C,*=2.5. Difference in the required solution heat addition rate (Qadd) between both

control strategies at C*=1.5 is also found little more than at C,*=2.5. The results at C/*=1.5 may
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suggest that DSIT control strategy is energy efficient one whereas DSIM control strategy is found
as energy efficient one at C,*=2.5 to attain the energy savings and thermal comfort. This can be
concluded that design solution parameters have a significant influence on the selection of energy
efficient control strategy.

5.3 Major observations

In this study, approach methodology for energy efficient control strategy selection has been
studied for 100% fresh air based LDAS at different ambient conditions. Two solution control
strategies followed are dehumidifier solution inlet temperature control strategy (DSIT control
strategy) and dehumidifier solution inlet mass flow rate control strategy (DSIM control strategy).
Energy transfer analysis between air and solution is studied by considering single pair air-
solution channel LAMEE (control volume in full scale LAMEE).

It is clear from the results that, as ambient condition varies from Al to A7, Qc as well as Qrem
reduces at both control strategies. But solution heat removal rate (Qrem) reduces at slight higher
rate for DSIT control strategy. As required dehumidified air sensible cooling (Qsen2) varies
(slightly increases) at the same rate for both control strategies, chiller load (Qchiler) reduces at
slight higher rate with variation in ambient condition (from Al to A7) for DSIT control strategy
than for DSIM control strategy. Qadd at both control strategies is found to be nearly the same at

any ambient condition.

Even though chiller load (Qchiller) is slightly high (3-14%) for DSIM control strategy at low
ambient conditions, but due to the significant reduction in solution mass flow rate and its pressure
drop, system solution pumping power remarkably reduces. Thus, it was found that DSIM control
strategy as energy-efficient to control supply air condition according to variation in the ambient

conditions.
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It is also examined the system performance by varying design mass flow rate (C,*=1.5 instead of
2.5) and found DSIT control strategy as efficient. Thus, control strategies selection is sensitive to
the design parameter and therefore it is suggested to find the optimum design parameters initially

and to follow the approach mentioned in this study.
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Chapter 6

Identification of the energy efficient liquid desiccant among potential

liquid desiccants at optimum operating parameters

6.1. Methodology

It is observed from chapter 4 that a given liquid desiccant with maximum safe concentration (just
below saturation concentration to avoid crystallization risk) and optimum heat capacity ratio as
design operating parameters requires lesser energy consumption for a LDAS application. Design
operating parameters (solution concentration and heat capacity ratio) varies from liquid desiccant
to liquid desiccant for any LDAS application. Different liquid desiccants at their corresponding
design operating parameters can attain different magnitudes of energy savings. This implies that
appropriate potential liquid desiccant at corresponding design parameters can only attain best

possible energy savings.
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From the literature, it is observed that research is mainly attentive to the influence of desiccant
solution on dehumidifier/regenerator performance but not on other primary components of
LDAS. In all their studies, operating conditions were considered as different solutions having
same concentration and same temperature or same surface vapour pressure and same temperature.
Lazzarin et.al and Longo etal [49], [59] studied the packed type dehumidifier/regenerator
performance using difference desiccant solutions which have operating concentrations at the
same crystallization temperature. However, influence of different desiccant solutions at their
maximum safe concentrations (observed as optimum concentration from chapter 4) on solution
pumping power, solution heat addition rate and solution heat removal rates has to be addressed
which plays vital role in deciding to choose energy efficient desiccant solution for a given air
conditioning application. It is observed that the most potential liquid desiccants for HVAC
application are LiBr and LiCl for their higher dehumidification performance, CaCl, and MgCl.
for its lower cost, and KCOOH for its lower corrosion to metals and crystallization[60].
However, at saturation condition, dehumidification performance is poor for MgCl. solution than
other solutions while LiBr solution is strongest in dehumidification. Also, it is reported that, for a
specific indoor and outdoor operating condition the risk of crystallization is greatest for MgCl,,
followed by CaCl,, LiCl and LiBr. This made us to exclude the MgCl; solution from the current
study[50].

Thus in this chapter, using analytical model, effect of commonly used potential desiccant
solutions such as LiCl, CaCly, LiBr and KCOOH solutions on the other primary components of
membrane based LDAS such as solution cooler, solution heater and chiller has been addressed.
Power consumption required to pump solution through energy exchanger channels for each
solution also has been addressed. This analysis will be beneficial in choosing the appropriate
desiccant solution at optimum heat capacity for an energy efficient membrane based LDAS.

Selection of desiccant material plays a key role in the design of an energy efficient LDAS for the
required load (primarily latent load). In this study, LiCl, CaCl,, LiBr and KCOOH are considered

as different desiccant materials. To supply cool and dry air to the conditioned room, initially, the
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ambient air (100% fresh air) has to be dehumidified by LDAS to required humidity content and
then it has to be sensibly cooled to supply air condition by another method (VCRS system/
indirect evaporation cooling system). It is observed from the literature that dehumidification
performance increases with the raise in concentration. And also to avoid crystallization risk in
exchanger or piping due to low ambient temperatures (winter), operating concentrations for the
respective desiccant solutions considered to be just lesser than their corresponding saturation
concentrations. This means working concentrations should be considered for the specified
solutions in such a way that the solutions will not get crystallized even at 0°C in winter
conditions. Therefore desiccant solutions have been considered at their respective maximum safe
concentrations which are just below their saturated concentration to avoid crystallization. In
addition to this, desiccant solutions employed in LDAS needs to dehumidify the ambient air to
same required humidity point (but at different air temperatures). Thus in this study, LDAS
performance with each desiccant has been investigated at different heat capacity ratios (Cr =4.0,
3.0, 2.5, 2.0 and 1.5) and respective concentrations (0.4 for LiCl, 0.35 for CaCly, 0.55 for LiBr
and 0.75 for KCOOH solution) by fixing the air outlet humidity ratio at dehumidifier LAMEE
exit as 0.010 Kgwater KQair® [47], [61]-[63]. At their corresponding concentrations performance
indices like solution pressure drop in the channels, power required to pump the solution through
energy exchanger channels (Pqs and Prs), required solution cooling and heating loads and chiller
load (dehumidified air sensible cooling and concentrated solution sensible cooling) have been
analyzed for LiCl, CaCl,, LiBr and KCOOH based systems. Optimum C,” for each desiccant
solution will be find out. However, this analysis has been done at fixed ambient condition
(Mumbai summer peak condition). This study has been extended at different ambient conditions
also (by reducing ambient humidity ratio and temperature) considering optimum C,” for the
corresponding solution. As concluded from chapter 5 that dehumidifier solution inlet mass flow
rate (DSIM) control strategy is adopted for the four desiccant solution based systems to suit the

required load which varies according to the ambient condition.
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As explained earlier that 100% fresh air supply has been considered as supply air condition in
this study. Mumbai summer peak parameters are chosen as inlet air condition for dehumidifier
LAMEE as the air is high humid and hot. Room return air at 27°C dry bulb temperature (DBT)
which is 2°C higher than room condition and Wroom = 0.012 KQwater KQair™* is employed as supply
air for regenerator LAMEE since it is comparatively drier and cooler than ambient air. Initially to
attain fixed air outlet humidity ratio at dehumidifier LAMEE exit (0.010 Kgwater Kgairt), required
dehumidifier solution inlet temperature will be found out for each desiccant at different heat
capacity ratios (C"). Accordingly, variations in solution outlet concentration, solution mass flow
rate, solution outlet temperature and air temperature at LAMEE outlet will be established. To
achieve the solution outlet concentration at regenerator LAMEE outlet equal to the solution inlet
concentration at dehumidifier LAMEE inlet, required regenerator solution inlet temperature will
be determined. Subsequently, variations in solution exit temperature, air exit temperature and air

exit humidity at regenerator exit will be found out.

LiCl and CaCl> solution properties are considered from the correlations developed by [47] and
LiBr properties are estimated from the correlation developed by [64] whereas KCOOH properties
are assessed from the correlation established by [63], [65]. Equilibrium humidity ratios at
different concentrations and temperatures for each desiccant solution are determined and
indicated in Fig.6.1.
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(a) LiCl psychrometric chart

(b) CaCl, psychrometric chart
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Fig. 6.1. Psychrometric charts of LiCl, CaCl,, LiBr and KCOOH solutions at different concentrations
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6.2. Results and discussions
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Fig. 6.2. Psychrometric chart specifies dehumidifier air and solution conditions at C’=4,3,25,2,15&1
and operating concentrations for (a) LiCl, (b) CaCly, (c) LiBr and (d) KCOOH desiccant solutions
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(a) LiCl psychrometric chart -
Regeneration conditions

(b) CacCl, psychrometric chart -
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Fig. 6.3. Psychrometric chart specifies regenerator air and solution conditions at C;'=4, 3, 2.5, 2 & 1.5 and
operating concentration for (a) LiCl, (b) CaCl,, (c) LiBr and (d) KCOOH desiccant solutions
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With validated analytical model, air and solution parameters at outlets of dehumidifier and

regenerator are established at each solution inlet condition and indicated in psychometric charts

as indicated in Figs. 6.2 & 6.3 respectively.
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dehumidifier (Qc) and (b) Required dehumidified air sensible cooling for each solution (Qsenz)

6.2.1.Variation in air cooling capacity (Qcc) and required dehumidified air sensible cooling

(Qsenz)

To achieve the required dehumidification rate at their respective concentrations, solution

equilibrium humidity ratio (vapour pressure) has to be the same at given heat capacity. At any

given temperature and their considered respective concentrations, solution vapour pressure is

always lower for LiBr than remaining. This implies that LiBr solution requires little higher

solution temperature than other to attain required dehumidification rate (Fig. 6.2c). Since it is

assumed that latent heat of condensation due to phase change in heat and mass transfer process

will be considered on solution side only, phase change heat does not affect air temperature in the

dehumidifier. It implies that dehumidifier air outlet temperature (Tq,0) depends only on solution

heat capacity and its temperature. Accordingly, dehumidifier air outlet temperature (Tgao0) for
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LiBr is also higher which leads to lesser sensible cooling. Consequently, cooling capacity (Qcc)

also turn out to be lower as shown in Fig. 6.4a.

Required dehumidifier solution inlet temperature (Tqs,i) for C/*< 2 will be lesser than 0°C (sub-
zero temperatures). Such low temperatures for CaCl, solution are not possible to achieve with
chilled water. This made us to limit C/* up to 2 for CaCl,. As CaCl; solution vapour pressure at a
given temperature is higher than other solutions, it requires a low solution temperature which
causes to have high Qcc and low Qsen2. In addition to this, as C/* decreases, solution mass flow
rate decreases which necessitates the lessening in Tqsi. As a result, Qcc increases with the
decrease in C/* for any solution. Accordingly, required dehumidified air sensible cooling (Qsen2)
to attain supply condition (Tsup=15°C) follows reverse trends as shown in fig.6.4b. This means

Qsenz is low for LiBr solution at given Cr* and Qsen2 decreases with the decrease in C*.
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Fig. 6.5. Variation in required Qaqq at different C,” for different solutions
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6.2.2. Variation in the required solution heat addition rate (Qadd)

Fig.6.3 shows that required regenerator solution inlet temperature (Trsi) increases as Cr
decreases from 4 to 1.5. This is due to the fact that reduction in solution mass flow rate
deteriorates the moisture desorption potential which implies that wrs; has to be increased by
increasing Trs,i for getting the solution re-concentrated to the required condition. Also it can be
observed that, with slight increase in slope of iso-centration curve as a result of increasing vapour
pressure (increase in specific heat also causes to decrease the required solution temperature raise
to attain the same vapour pressure raise), there is a drop in Qaga With the decrease in C;” (Fig. 6.5).
Accordingly, Qadd decreases. But as C,” decreases beyond certain limit, the increasing rate in Trs;
is drastic which is due to the extreme drop in mass transfer potential. Consequently, Qadd Starts
rising after certain C,. At given concentration, LiBr solution requires slightly higher Qagq due to
higher solution inlet temperature (Trs,i) which is due to its lesser vapour pressure at a given
temperature than others. It is obvious that Qadq for CaClz solution is lesser due to its high vapour

pressure at a given temperature than other solutions.
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Fig. 6.6. Variation in (a) required solution heat removal rate (Qrem) and (b) Chiller load (Qcnirer) at different

C* and for different solutions
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6.2.3. Variation in chiller load (Qchitter)

As Fig. 6.6 indicates that solution temperature drop during in regeneration process increases as
C/” decreases' The cause for this is explained as follows. Since the required moisture desorption
rate is fixed, same phase change heat gets released from solution irrespective of solution inlet
condition which causes to increase in solution temperature drop as solution mass flow rate
decreases (C;"). Thus Qrem decreases up to certain limit (Fig. 6.6a). But as C,” decreases beyond
certain limit (3.0 for CaCl, and 2.5 for remaining), Qrem starts inclining. This is because of the
excessive drop in Tqsi as solution mass flow rate becomes low. In addition to this, it is obvious
that Qrem for LiBr solution is very low because of its high vapour pressure at a given temperature
than other solutions. Qrem for CaCl; solution is very high as a result of its high vapour pressure at
a given temperature than other solutions. Subsequently chiller load (Qchiller= Qrem+Qsen2) is high
for CaCl, solution and lesser for LiBr solution (Fig. 6.6b). It is observed from Fig. 6.4b that Qsen2
decreases with reduction in C,” and also higher for LiBr solution than for other solutions.
However which is less amount compared to Qrem. Consequently, chiller load (Qchiler =Qrem +

Qsen2) is lesser for LiBr solution than for other solutions.
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Fig. 6.7. Heat capacity ratio (Cr") vs. (a) solution pressure drop in dehumidifier and (b) solution

pressure drop in regenerator for different solutions
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Fig. 6.8. Heat capacity ratio (C;") vs. (a) power consumption for solution pumping in
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different solutions

6.2.4. Variation in solution pressure drop (4pq4sand 4prs) and its pumping power (Pqsand
Prs)

Fig. 6.7a and 6.7b shows that the pressure drop in dehumidifier and regenerator solution channels
(4pas and Aprs ) decreases as Cr* decreases which is due to the decrease in solution mass flow
rate. Consequently, solution pumping power (Pq4sand Prs) also drops as indicated in Fig. 6.8a
and 6.8b. 4pg;s and Pgs for KCOOH solution is higher than others since its viscosity is high. Even
though the density of LiBr solution is higher than other solutions but because of its low viscosity,
Apds and Pqs for LiBr solution is found to be lower than others. Solution pressure drop and
pumping power for regeneration channels (4pqs and Pgs is always less than in dehumidifier
channel at any solution condition because of reduction in solution viscosity due to solution hot

condition in the regenerator.
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(a) LiCl psychrometric chart
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(b) CaCl, psychrometric chart
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Fig. 6.9. Psychrometric chart specifies dehumidifier solution and air conditions for (a) LiCl at

*=2.5, (b) CaCl: at C*=3.0, (c) LiBr at C;/*=2.5 and (d) KCOOH at C/*=2.5 at different
ambient conditions
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Fig. 6.10. Psychrometric chart specifies regenerator solution and air conditions for (a) LiCl at
*=2.5, (b) CaCl, at C,*=3.0, (c) LiBr at C/*=2.5 and (d) KCOOH at C*=2.5 at different

ambient conditions
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6.2.5. Solution and air conditions at different ambient conditions

Optimum heat capacity ratio (design parameter) for each solution has been found out at fixed
peak ambient condition and fixed dehumidification rate which are 3.0 for CaClz and 2.5 for other
solutions. It is observed that LiBr solution requires least chiller load (Qcnier) and least solution
pumping power (Pqs and Prs ) at C/*=2.5 (optimum heat capacity ratio) than other solutions.
However, it requires higher solution heat addition rate (Qadda) Which is inevitable. But the frequent
change in ambient condition necessitates further analysis to confirm the appropriate solution.
Thus, at optimum Cy* for each solution, performance indices have been analyzed by varying
ambient condition. Dehumidifier and regenerator solution & air conditions for four solutions
were indicated at different ambient conditions (A1-A5) as shown in Figs. 6.9 and 6.10.
Dehumidifier solution inlet mass flow rate (DSIM) control strategy has been adapted to suit the

conditioned load which varies as according to change in ambient condition.
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Fig. 6.11. Variation in (a) required solution heat addition rate (Qadd) and (b) Chiller load (Qchitter)
at different ambient conditions
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Fig. 6.12. Variation in (a) solution pumping power for dehumidifier channel (Pqs) and

(b) solution pumping power for regenerator channel (Prs) at different ambient conditions

6.2.6. Variation in solution heat addition rate (Qadd), chiller load (Qchiter) and solution
pumping power (Pqs & Prs) at different ambient conditions
As ambient condition varies (humidity ratio or temperature decreases), solution mass flow rate
(optimum mass flow rate) to be controlled to suit the required conditioned load. Respective
solution and air conditions are shown in Figs. 6.9 and 6.10. It is observed from Figs. 6.11 and
6.12 that solution heat addition rate (Qadd), chiller load (Qchiller) and solution pumping power (Pqs
& Prs) trends declines as ambient condition varies from A1-A5 for any solution due to the drop
in solution mass flow rate. Even though ambient condition varies, LiBr solution is found to be an
efficient solution ignoring Qadd. LiCl solution requires less energy (Qchiller, Pds & Prs ) next to

LiBr solution..

6.3. Major observations

Selection of energy efficient desiccant at optimum heat capacity for LDAS leads to energy

savings. Thus this study is intended to analyze the performance parameters such as required

98



solution heat addition rate (Qadd), solution heat removal rate (Qrem), Solution pumping power (Pg,s
and Prs) and chiller load (Qcniter) for LiCl, CaClz, LiBr and KCOOH solutions (commonly used
potential desiccant solutions) based LDAS at different opearating conditions. Initially, at fixed
ambient condition and dehumidification rate, performance indices were analyzed for each
solution at different heat capacity ratios (C*=4.0, 3.0, 2.5, 2.0 and 1.5) and at their respective
maximum safe concentrations (0.40, 0.35, 0.55 and 0.75 respectively). Later, at observed
optimum heat capacity ratio for each solution, same considered performance indices were
estimated at different ambient conditions by adopting DSIM control strategy to suit the required

conditioned load which frequently varies according to change in ambient condition.

> Itis clear that cooling capacity (Qcc) for CaClz is higher and for LiBr is lower than remaining
solutions at given C/*. Accordingly required dehumidified air sensible cooling (Qsen2) to
attain required supply temperature (Tsup=15°C) is lesser for CaCl, and higher for LiBr
solution than remaining solutions at given C/*. This is because dehumidifier solution inlet

temperature (Tqs,i) is lesser for CaClz solution and higher for LiBr solution.

» solution heat addition rate (Qadd) is found to be dropping with the reduction in C/* upto
optimum C* and then starts incline. At their respective optimum C*, Qadd iS found to be
little higher for LiBr solution and lesser for CaCl> solution. Higher Qada for LiBr solution is
due to low vapour pressure than other solutions at a given temperature which requires high
solution temperature to attain the required vapour pressure for desorbing the moisture in the

regenerator.

» solution heat removal rate (Qrem) is also found to be dropping with the reduction in C,* upto
optimum C* and then starts incline. At their respective optimum Ci*, Qrem is found to be
lower for LiBr solution and higher for CaCl; solution. Low Qrem for LiBr solution is due to

low vapour pressure than other solutions at a given temperature.
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»  Subsequently, chiller load (Qchiller = Qremt Qsen2) IS observed lesser for LiBr solution and
higher for CaCl> solutions, Qchier for LiCl solution is next to LiBr solution. It is estimated
that required Qcniller to achieve 1 kW cooling capacity is 0.44 kW for LiBr solution whereas it
is 0.47 kW for LiCl solution at their respective optimum C*.

» Pressure drop in dehumidifier and regenerator solution channels (4pqs and Aprs ) and
Solution pumping power (Pqs & Prs) are found to be drop with the drop in C,* which is due
to the decrease in solution mass flow rate. Pgs & Prs for KCOOH solution are higher
because of its high viscosity. Even though the density of LiBr solution is higher than other
solutions but because of its low viscosity Pqs & Prs for LiBr solution are found to be lower
than others. For an instant, it is witnessed that Pq4s for LiBr solution 103% lesser than
KCOOH solution.

» The investment cost for LiBr solution at design parameter (C/*=2.5 and 0.55C) is 30%
higher than for LiCl solution at design parameter (C/*=2.5 and 0.40C) as per the Indian
market prices. But operating cost (Pas & Prs) for LiBr solution is significantly lesser (26%
& 57%) than for LiCl solution.

» Even though ambient condition varies, performance parameters for all solutions follow the

same trends as they followed at fixed peak ambient condition.

The analysis done in this study therefore suggests that LiBr solution is an appropriate solution to
achieve energy savings due to its low chiller load requirement and its low operating cost. The
drawback of the LiBr solution is high investment cost and requires little high Qada than LiCl
solution. CaCl» solution requires lesser Qadd but its operating cost and Qchiner are very high. LiCl

solution followed by KCOOH solution is next to LiBr solution in attaining energy savings.
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Chapter 7

Conclusions and Recommendations for future work

7.1. Conclusions

It is known that a given liquid desiccant at different combinations of operating parameters (heat
capacity ratio, concentration and temperature) can achieve required dehumidification rate for a
given ambient condition. But suitable liquid desiccant at corresponding optimum operating
parameters only can attain energy savings. Therefore this study is intended to present the
methodology to find the appropriate potential liquid desiccant at its corresponding optimum
operating parameters to design energy efficient LDAS. The following conclusions were drawn

from the present study.

» Desiccant solution with maximum safe concentration (just lesser than saturation
concentration for a given liquid desiccant) and optimum heat capacity ratio (varies from
liquid desiccant to liquid desiccant) is found to have lesser chiller load requirement. This is at
the expense of considerable raise in solution heat addition rate (Qadd) and extensive raise in

solution pumping power (due to high pressure drop at higher concentration).

» Two solution control strategies followed are dehumidifier solution inlet temperature control
strategy (DSIT control strategy) and dehumidifier solution inlet mass flow rate control

strategy (DSIM control strategy).
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» Even though chiller load (Qchiter) is slightly high (3-14%) for DSIM control strategy at low
ambient conditions, but due to the significant reduction in solution mass flow rate and its
pressure drop, system solution pumping power remarkably reduces. Thus, it was found that
DSIM control strategy as energy-efficient to control supply air condition according to

variation in the ambient conditions.

> Later, selection methodology of energy efficient liquid desiccant at optimum operating
parameters for LDAS has been studied. This means influence of (commonly used potential
desiccant solutions LiCl, CaCl,, LiBr and KCOOH solutions at different operating conditions

on the performance parameters has been studied.

» Itis found that LiBr at C/*=2.5 and Cs=0.55 (maximum safe concentration) is the appropriate
solution to achieve energy savings due to its low chiller load requirement and its low

operating cost.

» The drawback of the LiBr solution is high investment cost and requires little high Qadd than
LiCl solution. CaCl> solution requires lesser Qadg but its operating cost and Qcniller are very
high. LiCl solution followed by KCOOH solution is next to LiBr solution in attaining energy

savings.

It is to be noted that the results obtained in this study are applicable to this specific air
conditioning application only (Table 3.2). Suitable liquid desiccant as well as its optimum
operating parameters may vary as air conditioning application (peak ambient condition/room
condition) varies. However the methodology followed in this study is beneficial for LDAS
designers in choosing the suitable liquid desiccant at its corresponding operating parameters to

design an energy efficient LDAS for any given air conditioning application.
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7.2. Recommendations for future work

>

For a specific air conditioning application, performing the thermal energy analysis on the
LDAS with addition of cooling tower to the system. With this analysis, energy savings from
the chiller load can be estimated.

For a specific air conditioning application, optimizing the LAMEE size for energy efficient
LDAS design.

Examining the feasibility of low grade potential heat usage for liquid desiccant regeneration
for power plant Turbine Generator (TG) building which leads to significant reduction in

power consumption.
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