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AN ABSTRACT OF THE THESIS OF

Jinane Abdallah Charara for Master of Engineering
Major: Applied Energy

Title: Cascaded liquid desiccant system for humidity control in space conditioned by
cooled membrane ceiling and displacement ventilation

Displacement ventilation combined with liquid desiccant membrane cooled
ceiling is an efficient Heating, ventilation and Air conditioning system. However, it has
limited performance in office spaces located in hot and humid climates and
characterized by high internal loads due to the lack of ability to control the humidity.
This study proposes a cascaded liquid desiccant system from the ceiling to be used in a
liquid desiccant heat and mass exchanger in the supply duct to control the humidity in
the space and reduce energy cost. To achieve this goal, a predictive integrated model for
different components of the cascaded liquid desiccant system is developed to predict the
comfort level and the air quality inside the space as well as the energy consumption of
the system. The model was validated experimentally in a climatic chamber.

The validated integrated model was applied to a case study to assess the
effectiveness of the system in the hot and humid climate of Beirut. Two configurations
of the liquid desiccant membrane cooled ceiling and mass exchanger were simulated
and found to provide acceptable humidity for comfort in the occupied zone of the space.
However, the cascaded system cooling and heating energy during the cooling season
were found lower by 21.25% and 16.23% respectively in August when compared to a
liquid desiccant membrane cooled ceiling, displacement ventilation and membrane
exchanger system with different configuration. The cooling and heating energies were
also lower in the cascaded system compared to a liquid desiccant membrane cooled
ceiling, displacement ventilation and conventional dehumidification method.

Vi
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CHAPTER |

CASCADED COOLED LIQUID DESICCANT MEMBRANE
CEILING WITH DISPALCEMENT VENTILATION AND
MEMBRANE EXCHANGER

A. Introduction

Nowadays people spend most of their time in indoor spaces (EPA, 1989).
Hence their productivity and health are highly related to their satisfaction with the
indoor thermal environment (thermal comfort) as well as the breathable air quality. For
this reason, heating ventilation and air conditioning systems (HVAC) are implemented
in today’s buildings (Vesely an Zeiler, 2015). Thermal comfort is commonly achieved
by assuring an adequate level of air room temperature while indoor air quality (IAQ) is
affected by the concentration of contaminants in the space (Al Assaad et al., 2017).
These two criteria are provided by conventional HVAC systems through continuous
mixing of a significant percentage of cold fresh supply air with the warm contaminated
air inside the space which requires high energy consumption (Itani et al., 2015). Hence,
the design of energy-efficient HVAC systems is necessary (Chua at al., 2012).

One of the efficient ventilation systems is the combined cooled ceiling (CC)
and displacement ventilation (DV) system (Ghaddar et al., 2010). DV provides a good
breathable environment in the occupied zone through a continuous supply of 100%
fresh air near the floor level (Yuan et al., 1998). Due to vertically rising air, the DV
established a stratified airflow in the space and divided it into two zones: a lower cool

and clean occupied zone, and an upper contaminated zone located above the breathing
1



level of occupants (Mossolly et al., 2008). The cooled ceiling assured the thermal
comfort of occupants by radiative and convective heat removal (Hao at al., 2007). The
combined system provides healthy and thermally comfortable conditions inside the
space. However, the combined CC/DV system has some drawbacks. Actually. in cases
where the air temperature next to the ceiling drops below the dew point, condensation
may occur at the ceiling level contributing to potential IAQ hazards and mold growth
(Younis et al., 2015). These concerns constrained the temperature of radiant ceiling,
typically cooled by chilled water, to be higher than the dew point temperature of the air
near the ceiling (Yin et al.,, 2014), which limited the capacity of such system in
removing high space loads (Keblawi et al., 2011). To overcome this limitation,
researchers considered replacing the cooled ceiling with a semi-permeable membrane
ceiling cooled by liquid desiccant flow (Fanchoux et al., 2009). This system relied on
the high concentration desiccant solution to absorb water vapor through the semi-
permeable membrane; thus allowing the cooled ceiling to operate at lowers
temperatures. Accordingly, the system was reported to achieve effective radiant cooling
without the risk of condensation, extending the overall heat load removal range of the
CC/DV system (Hout et al., 2017).

The liquid desiccant membrane cooled ceiling combined with displacement
ventilation system LDMC-C/DV was the core of several studies. Keniar et al. (2015)
showed that the liquid desiccant flowing in vertical membrane tubes reduced the
humidity of the air stream near the tubes. Muslamni et al. (2016) simulated the energy
performance of an LDMC-C/DV system and showed about half of the total energy can

be saved when using their proposed system compared to a conventional CC/DV



system. Nevertheless, the work of Muslmani et al. (2016) did not take into
consideration the effect of moisture and heat extraction on the air flow adjacent to the
ceiling level which created a dehumidified cold air boundary layer zone with different
properties from the upper contaminated recirculation zone. Hence, their model was
improved by Hout et al. (2017) to take into consideration the transfer of heat and
moisture in the zone near the ceiling. Furthermore, Hout et al. (2017) reported the
appropriate air flow rates and temperatures of the desiccant solution that would not
cause condensation on the membrane ceiling for different DV supply air and liquid
desiccant conditions.

Even though the radiant membrane ceiling was able to operate at lower
temperatures, the system had a drawback. Results in the previous studies indicated that
the LDMC-C/DV system did not provide any regulation of the humidity level especially
in the lower occupied zone. Hout et al. (2017) reported that the relative humidity (RH)
of the indoor air was relatively high in the presence of high internal moisture generation
and high outdoor humidity cases. Hence, they recommended feasible conditions for
operating the system such that comfort is maintained in the occupied zone and
condensation would not occur (Hout et al., 2017). This resulted in small feasible region
of operation in warm/hot humid climates. Although the increase of cooling capacity due
to the presence of the membrane system was desirable for thermal comfort
enhancement, the lack of humidity control in the lower occupied zone would adversely
affect the comfort level and IAQ in the occupied zone. Seblany et al. (2018) proposed a
humidity control method for the LDMC-C/DV system based on mixing the DV supply

air with a fraction of the cold dehumidified exhaust air. This fraction respected the



maximum allowable CO, concentration value. However, it did not retain acceptable
IAQ in case of high internal generation of contaminants and odors. Moreover, high
internal moisture generation cases required higher exhaust air fraction which can
deteriorate IAQ also in terms of CO, level.

Therefore, the high humidity levels in a LDMC-C/DV system established the
need for a more effective humidity control strategy based on the dehumidification of DV
supply air. A feasible strategy is to take advantage of cooled liquid desiccant which can
also reduce the sensible heat of the air at supply while still using 100% fresh air for the
DV supply: thus keeping the high indoor air quality feature of the DV system intact.
The transfer of heat and moisture at DV supply can be achieved by using a membrane
exchanger that eliminates the problem of desiccant droplet carryover which was a major
concern in direct-contact dehumidifiers/regenerators (Abdel-Salam and Simonson,
2015). By that, the air-conditioning system is comprised of two air conditioning
subsystems that need to be supplied by liquid desiccant: the DV equipped with
membrane heat and mass exchanger outside the space, and the indoor membrane ceiling
system. Therefore, one of the options that can be energy efficient is to direct the
desiccant exiting from the membrane ceiling system to the membrane exchanger
(Charara et al., 2018). Since the LDMC-C/DV allowed lower inlet solution
temperatures, lower outlet solution temperatures are expected compared to conventional
CC/DV systems. Thus, the desiccant solution at the outlet of the ceiling still has the
capacity to cool and also to extract moisture from DV fresh air supply before it enters
the space (Keniar et al., 2015). Consequently, directing the solution that leaves the

membrane ceiling into the membrane exchanger is worth considering. To the author’



knowledge, the previously studied LDMC-C/DV systems did not provide any energy-
efficient and safe humidity control strategy. Therefore, the proposed cascaded system
would be unique in offering an energy efficient and safe humidity control method while
having an indoor and an outdoor connected units; the indoor unit is the cooled liquid
desiccant membrane ceiling system for enhancing sensible cooling in the space and the
outdoor unit is the mass and heat exchanger for dehumidifying DV supply fresh air.

The aim of this work is to study the performance of a cascaded liquid desiccant
system in which the cool and strong desiccant solution flows first into the membrane
ceiling system in the space, and then into the heat and moisture DV exchanger in the DV
supply duct. To predict the performance of the system, an integrated mathematical
model is developed of all involved sub-systems. These sub-systems are: the indoor
membrane ceiling, the DV system, the liquid desiccant membrane exchanger and the
regenerator. The cascaded system is validated experimentally by comparing predicted
and experimentally-measured temperatures and concentrations in air and desiccant
flows. The energy efficiency of the cascaded system is assessed by comparing the
thermal energy needs of the cascaded system with the energy consumed by other

LDMC-C/DV configurations with different humidity control strategies.

B. System Description

The cascaded liquid desiccant system consists of two air conditioning
subsystems: a ceiling desiccant membrane system to provide radiant cooling and a

controlled displacement ventilation system. Fig. 1 illustrates the indoor space



conditioned by the cascaded system and shows the flows of the desiccant solution and
the air. The cooled solution is first introduced to the ceiling at (1) to extract heat and
moisture from the air boundary layer at the vicinity of the ceiling. The exiting solution
at (2) is sent to the compact heat and moisture exchanger in order to reduce the sensible
and latent load of the DV supply air. A semi-permeable membrane achieves the transfer
of heat and moisture in the two membrane subsystems. The solution leaving the
membrane heat and moisture exchanger at (3) is preheated by through a liquid-liquid
heat exchanger at (4). Then, the solution is further heated in the heating section at (5)
followed by the regeneration at (6) where the concentration of the desiccant solution is
restored back to the initial value. The solution is subjected to sensible cooling at (7) in

order to set its inlet temperature to the desired value before entering the indoor space.
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Fig. 1: The proposed cascaded system for indoor air conditioning

As for the flow of air through the system, it is first pre-cooled at (8) with the cold air
leaving the exhaust grill at (12) via an Air-Air Heat Exchanger. The precooled air enters
the membrane exchanger at (9) in order to be supplied to the indoor space through a DV
supply grill at (11). If the cooling capacity of the membrane exchanger is not sufficient
to achieve the needed temperature level of the supplied air, the auxiliary sensible
cooling coil at (10) is used. The cold and fresh air supplied to the room is warmed by
the heat sources in the space such as the occupants, lights, and electrical equipment.

This establishes a natural upward convective flow that displaces the warm and

7



contaminated air vertically to be withdrawn through the exhaust grill at (12). The lower
occupied zone and the higher contaminated zone are separated virtually by the
stratification height, which is the level where the mass flow rate of air entrained by the

buoyancy plumes becomes equivalent to the supply flow rate.



CHAPTER II

MATERIALS AND METHODS

The performance of the cascaded liquid desiccant ceiling membrane and mass
exchanger system was studied by mathematical modeling to evaluate the effectiveness
of humidity control method as well as associated energy consumption. Mathematical
models were developed based on mass and energy balances of the air and desiccant
flows for the following sub-systems: i) the DV-conditioned space, ii) liquid desiccant
membrane cooled ceiling model, iii) the heat and moisture exchanger model, and iv) the
regenerator model. The four models were integrated to predict the conditions of the air
in the occupied zone which were used to evaluate the level of thermal comfort and TAQ.
Moreover, the energy usage of the cascaded system was also determined using the
integrated model while taking into consideration the cooling and heating needs of the
various sub-systems.

The integrated model predictions of air and desiccant flow conditions were
validated experimentally in a climatic chamber equipped with a LDMC-C/DV system
and coupled with a membrane heat and mass exchanger. Then, the integrated model was
applied to a case study where its energy performance in the hot and humid climate of

Beirut was compared with systems using different humidity control strategies.



A. Mathematical formulation

Since the membrane exchanger in the cascaded system uses the conditions of
the liquid desiccant exiting from the ceiling to provide the desired DV supply air
temperature and humidity content. Furthermore. the regenerator that absorbs heat
increases the concentration of the solution exiting from the membrane exchanger and
restores it back to its value at the inlet of the ceiling. Consequently, the four sub-models
are integrated to predict the overall system performance. The sub-models (Indoor DV
space model, liquid desiccant membrane cooled ceiling model, heat and moisture
exchanger model, and regenerator model) are presented in this section followed by their

integration and numerical solution method.

I.  The space model

The DV system supplies cold and fresh air to the space near the floor
(Makhoul et al., 2013). When the supplied air encounters an internal heat source (e.g.,
occupants, electrical equipment, walls etc.), rising thermal plumes are formed. creating
a natural upward convective flow due to the difference in density between the hot and
the cold air (Al Assaad et al., 2018). This rising air drives the contaminants from the
occupied zone to be exhausted at ceiling level as shown in Fig. 2. Accordingly. a
mathematical model is needed to predict the temperature and humidity distributions in
the space for given internal load and external conditions. Thus. the simplified space
thermal model of (Ayoub et al., 2016) was adopted. The model input parameters are the

outdoor weather conditions, the supply air temperature, relative humidity and flow rate,

10



internal load resulting from the lumped source, the ceiling temperature, the space

envelope layering and physical characteristics, and the space dimensions.

Solution Outler <@g = = '_%,_‘ Solution Inlet
___________ > Air Exhaust
Upper Contaminated Zone
| NES——— _\\ ........ S P /,.. .........
/ \Point Source \
/ \ / \
Stratification / = k
Height
Lower Occupied :
Zone i Air Supply
>

Fig. 2: lllustration of a room conditioned with a DV system

As shown in Fig. 2, the space is divided into two zones: a lower fresh occupied
zone and an upper contaminated zone separated by the stratification height which is the
level at which the flow rate of the air entrained by the plumes equals the supply flow

rate as represented in the following equation (Schiavon et al., 2006).

mg = PaNQplume + Pa EE=1 Qw,k £l

where 1 is the supply air mass flow rate, p, is the density of the air, NV is the number of
point sources inside the room, and n is the number of walls. Q,,, , is the volumetric flow
rate entrained by each wall, and Qpume is the flow entrained by each plume at a specific
height z having a specific average temperature Ty, (Mund, 1996). The parameters Q,, 5
and Opnme are determined using Eq. (2). Eq. (3), Eq. (4) and Eq. (5) where M,, is the
mass flow rate of air entrained by each wall, ¢ is the rate of heat transfer and Ty, is the

temperature of the wall (Jaluria, 1994).
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M, = 0.00287 X pg X (Tyy — Typ)*?> x 2975 x W 2)

_.5 3)
5, ¢dT /8 (
Qpiume = 0.00238 x q /4 (d—;") )
With
5 = 0.004 + 0.039¢ + 0.38¢% — 0.062¢> 4)
3
Ly, /dTN\ /8 (5)
_ 1/4( au)

@ =286 X q P Kz

2. Liquid desiccant membrane cooled ceiling

In order to compute conditions at ceiling level, a predictive mathematical
model for the membrane cooled ceiling is needed. The model must take into
consideration the transfer of moisture through the membrane which results in the
formation of an adjacent air boundary layer that has different temperature and moisture
conditions than the upper contaminated zone as shown in Fig. 3. For that reason, the
model of Hout et al. (2017) was adopted. The model predicted the conditions of the
solution side and the conditions of the air boundary layer using the temperature and
humidity of the upper zone, the mass of water vapor entrained to the ceiling and the
condition of solution at the inlet. Steady-state conditions were assumed while neglecting
axial conduction and vapor diffusion. In addition, the temperature, velocity, and mass
boundary layer thicknesses of air were considered equal while energy and mass storage

in the boundary layer and the ceiling desiccant panel were neglected. Applying these

12



assumptions, energy balance equations for the desiccant and air sides were given

respectively by Eq. (6) and Eq. (7).

ad (Cp.sol Tsol)
dx

Net convective heat flow

+ Uc,ch,c(TBDL - Tso!) + Um,c pairhfgwm,c(WBDL - Wsol) =0

sensible heat transfer heat released due to
between air boundary moisture exchanger
layer and solution

Moy

3(Cp airTapL)
: pair! BDL
_mBDLC air —a-x—— i Uc,c Wm,c(Tsol - TBDL) s Um,c Win,cPair hfg(WsoI - WBDL)
Net convective heat flow Sensible heat transfer Latent energy removed due
between air boundary layer to moisture exchange

and solution

+ mentrainedcp.airTa =0

Convective energy flow
of the aie entrained
from the upper zone

The solution mass flow rate, specific heat. temperature and equivalent humidity
ratio are represented by Mg, (kg/s). Cp g0 (J/kg K), Tsor (K). Wy (kg of HyO/kg of dry
air) respectively, while mgp,, (kg/s), Tspr (K), Wpp, (kg of HyO/kg of dry air) and Cp g;r
(J/kg K), are the mass flow rate, temperature, humidity ratio and specific heat in the air
boundary layer respectively. wy, . is the width of the membrane at the ceiling, hg,
(J/kg) is the latent heat of vaporization of water, Meptraimeq 1S the mass flow rate of air

displaced from the upper zone to the boundary layer zone and 7, (K) is the temperature

room air;. The heat transfer coefficient U, . and the mass transfer coefficients U, . of the

ceiling membrane were calculated using the equations of Hout et al. (2017).

The mass transfer equations for the desiccant and air sides were given

respectively by Eq. (8) and Eq. (9) were Cs,; (kg of H,O/kg of dry desiccant) is the

concentration of the solution and W, is the air humidity in the room.
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+ Um,cpairwm,c(WBDL —Wso) =0

Moisture transferred to the

dx

Net convecttive moisture flow

solution
0(Wepy)
4 BDL ¥
—MgppL Y + Upn cPairWin,e (Wsor — Wepr) + Mentrained Wa =0
. r Moisture transferred to the Convective moisture flow
Net convective moisture flow solution of the air entrained
from the room
to the boundary layer
Ceiling Level ¥ 5 e S U A ]
5 Liquid desiccant flow T, | Tin
| = - - < < < o .y
A sol q;w | in
Membrane ¥ JWMWMWW%W e i R A
) Tgpy
Air Boundary Layer Zone - - k%
mentrm’ned
Fromthe 4 Ta L
W x direction
room a - 5

Fig. 3: [llustration of the mass and energy transfer at the ceiling level

3. Heat and Moisture Membrane Exchanger

A membrane heat and moisture exchanger is used to cool and dehumidify the
supply air. The presence of the membrane allows the transfer of sensible and latent
energy without any carryover of liquid desiccant (Zhang, 2008). One of the well-
documented literature heat and moisture membrane exchanger model is the parallel
plate configuration due to its simple design and low probability of leakage (Grossman,
2004). In a parallel plate membrane exchanger, the two flows of liquid desiccant and air
are separated by a semi-permeable membrane allowing the transfer of water vapor

(Abel-Salam et al., 2013). In this study, the model developed by Mustapha et al. (2017)

14
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was used to represent the steady-state performance of the exchanger. The model
predicted the humidity ratio and the temperature of the air leaving the exchanger in
addition to the humidity and temperature of the solution in the liquid desiccant
passages. Their model assumed that the flow was fully developed and that the latent
heat of the water vapor exchanged was released only into the desiccant side. Moreover,
the model assumed that each side of the membrane had a temperature that differed from
the temperature of the adjacent flow, which caused heat transfer between the two sides

of the membrane.

Air Flow
Tair: Wair
Membrane Air Side
Tmm’r: Wn:’r f‘
¥
RORROTOrn o, ‘a:‘:j'". O ::_..; 3 X
e Membrane
Membrane Desiccant Side /
Tnsot: Wial Desiccant Solution Flow

Tsal: Wsoll Csol

Fig. 4: Illustration of the parameters of the flows in the membrane exchanger

By applying the assumptions stated beforehand. the 1-D steady-state heat and
moisture conservation in the air stream were represented in Eq. (5) and Eq. (6)

respectively:

. ATy
maiGC,air d;lr + hT,aier,e(Tair - Tm,air) =0 (IO)
N e — e

heat transferred from the air
to membrane air side

convective heat flow

15



. dWair
Mair dx
e ——

convective moisture flow

+ Um,eWm,e(Wair - Wso!) =0

moisture transferred from the air
to the solution

(1D

where M, (kg/s). Tyir (K), Weyr (kg of HO/kg of dry air) and G, 44 (kJ/kg K) are the

mass flow rate, temperature of the dry air, and humidity ratio and specific heat capacity

of the air stream respectively, W, is the solution equivalent humidity ratio, Ty, i (K)

is the temperature of the membrane side that is adjacent to the air flow, x is the direction

of air flow and wy, .(m) is the width of the membrane in the exchanger. U, . (Kg/m*-s)

is the overall mass exchange coefficient between the air and the solution and

hr qir (kW/m>K) is the convective heat exchange coefficient between the membrane

and the air stream.

Similarly. the heat and moisture conservation in the desiccant

respectively are given by

3 dTso1
M1 Cp,sol dx -+ hT,sole,e(Tsol - Tm,soi) it Um,ehfgwm,e(wsol - Wair) =0
N ————————— 7
convective heat sensible heat transfer latent heat aa!gied dug to
flow between the solution and transfer of moisture into
the membrane the solution
solution side
ac
. sol
M1 a4 = Um,ewm,e (Wat’r = Wsol) =0

D ST— moisture transfer
convective mass :
Flow to the solution

stream

where gy (kg/s), Tsor (K), Cpsor (kI/kg K) and Cgp (kg of HyO/ kg of dry desiccant)

are the mass flow rate, temperature of the dry solution, and humidity ratio, specific heat

capacity and concentration of the solution stream, respectively. Ay g4 (kW/m*K) is the

convective heat exchange coefficient between the membrane and the desiccant stream.
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Since the mass transfer across the membrane is assumed instantaneous and
does not affect its energy balance, the energy conservation equations for the air side and
the liquid desiccant side of the membrane are respectively given by

Am aZTm,air
My gx2

conductive heat transfer
in the direction of the flow

- Kme,e (Tm,air - Tm,so.!) =0 (14)

conductive heat trasfer
between the two sides of the
membrane

- hT,a['r Wm,e (Tm,air - Tair)
convective heat transfer
with the air

2
Am 0" Tim,sot — hrsot Wne (T, —Toor) — K (T — Tyair)
mT P T,s0l Wm,e\Im,sol sol mWm,e\ ! m,sol m,air
conductive heat transfer Conve.ct’iv? heaf tr.ansfer ) canduct}ive heat't;rasferh
in the direction of the flow with the solution etween the two sides of the (]5)
membrane

=0

where K, (W/m-K), A,,(m?) and K,,, (W/m-K) are respectively the thermal conductivity
of the membrane, the cross-section area of the membrane and the transversal thermal

conductance of membrane per unit length.

4. Regeneration strategy

To regenerate the desiccant solution, an open packed bed system is used. This
type of vapor-liquid contact devices is known for its high mass transfer efficiency in a
liquid desiccant system (Chung, 1994). In this study. a hot desiccant with a counter-
flow configuration was considered due to its higher performance compared to other

configurations (liu et al., 2009). The low concentration liquid desiccant entered the
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regenerator where counter flow ambient air absorbed the moisture extracted by the
desiccant solution in the two membrane sub-systems. The design liquid / air superficial
velocity ratio was adjusted in order to obtain a minimum of 50 °C regeneration
temperature to assure effective regeneration (Ghaddar et al., 2003).

The regeneration temperature and the outlet enthalpy of the solution were
determined by using the general formulas of humidity and enthalpy effectiveness as

follow:

& = Wair.in - Wair,out (l 1)
y =
Wair,in - Wair,eq

Hair,in - Hair,our ( ! 2)

Hair,in - Hair,eq

Ey =

where &, is the humidity efficiency of the regenerator, Wy, in, (kg of HyO/kg of dry air)
is the humidity ratio of the air at the inlet of the packed bed, Wy, 5y (kg of H,O/kg of
dry air) is the humidity ratio of the air at the exit of the packed bed and Wg;, 0, (kg of
H,O/kg of dry air) is the equilibrium humidity ratio. Hgyp i (KJ/kg) is the enthalpy of
the air at the inlet of the packed bed, Hgj oyr (kJ/kg) is the enthalpy of the air at the exit
of the packed bed and Hgjr 0q (kJ/kg) is the equilibrium enthalpy. &, and &y. and the
humidity and enthalpy efficiencies of the regenerator are calculated using the

correlations of Martin et al. (Martin and Goswami. 2000).
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5. Integration of space and system models and numerical simulation method

In order to compute the conditions inside the indoor space. conditions of the
DV supply air are required. They depended on the properties of the membrane
exchanger and the conditions of the solution exiting from the space. For this reason, the
membrane desiccant boundary layer model, the heat and mass exchanger model, the
space model and the regenerator model were coupled. After ensuring comfortable
conditions and humidity control, the energy consumption of the cascaded system can be
predicted. The input parameters of the integrated model were: 1) space geometry: 2)
envelope material; 3) environmental outdoor conditions; 4) liquid desiccant inlet and
DV air conditions; 5) The membrane physical properties and geometry of the ceiling
membrane system as shown in the flow chart of Fig. 5.

The integrated model was simulated by developing a code implemented in
MATLAB while assuming all the conditions (temperatures, humidity, concentrations) in
the three sub-models to allow the simulation of the space model. The output parameters
of the space model were then used to simulate the liquid membrane at the ceiling model
to obtain the temperature and concentration of the solution exiting from the space. The
membrane exchanger model updated the assumed DV supply air conditions at each
iteration. The process of updating the conditions continued until convergence where the
relative errors did not exceed 10°. Once convergence reached, the temperature and
humidity in the space were determined. Then, the performance of the cascaded system
was assessed through the determination of stratification height and Predicted Mean Vote
(PMV). Prediction of the stratification height is of great importance for the assessment

of air quality in the occupied zone since it represented the height at which circulating
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mass of air became negligible. On the other hand, data acquired from the occupied zone
was used to compute the Predicted Mean Vote (PMV) index value using Fanger’s
expression (Fanger, 1982). In fact, PMV indicates the thermal comfort and satisfaction
of the occupants by relating the average temperature, the humidity in the occupied zone.
the metabolic rate of occupants and their type of clothing (Fanger, 1982).

Finally, the regenerator model calculated the output temperature of the solution
in order to determine the energy required for cooling it before reentering the space. The
thermal energy consumption of the system was calculated by taking into account the
energy needed to cool the desiccant solution before entering to the space and the energy

needed to heat the desiccant solution in the regeneration section.
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Inputs:

Space geometry; Eavelope material ;
Qutdoor conditions ; Liquid desiccant
inlet and DV air conditions ; Membrane
physical properties and geometry of the
ceiling membrane system

k

Assume all the conditions inside the
system

ala

. &

DV Space Thermal Model: find
temperatures and humidity of lower
and upper zone

)

LDMC-C Model: find conditions of
air boundary layer & solution at
ceiling
v
Heat & Moisture Membrane
Exchanger Model: find outlet
conditions of the exchanger

v

Convergence

Calculate Stratification Height and

PMV
Use auxihiary No PMV< 0.5
cooling coil
yes
Regenerator Model : find outlet
temperature of the solution after
regeneration

¥

Calculate Energy consumed for
cooling and regeneration

Iig. 5: Sequence of the numerical solution flow chart
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B. Experimental Methodology

The objective of the experiments in this study was to validate the integrated
transient mathematical model of the cascaded system. The experimentally measured

parameters were compared to the theoretical model predictions.

1. Experimental set up

Fig. 6 illustrates the schematic of the open circuit experimental set up. The
chamber had a floor area of 1 m” and a height of 1 m, where the wooden walls were
insulated using foam boards to limit the external effects and the internal walls were
covered with impermeable sheets to prevent moisture absorption. The membrane cooled
ceiling system installed inside the chamber consisted of four baffled membrane panels
fabricated following the same experimental procedure adopted by Hout et al. (2017).
Each panel had an area of 22 cm x 88 ¢cm so that the four panels covered about 70% of
the ceiling area of the chamber. On the other hand, the outdoor membrane exchanger
consisted of 6 membrane plates 20 x 60 cm area that separates the adjacent flows of the
desiccant solution and air with channel widths of 2 cm and 1 cm respectively. The
airside outlets of the exchanger are connected to a supply grill having an area of 25 ¢cm

%25 ¢m near the floor of the chamber.
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Fig. 6: (a) Illustration of the experimental setup and (b) Photo of the experimental setup

The membrane material chosen for both membrane subsystems was micro
porous polypropylene from Sterlitech (Kent, WA, USA) for which the properties are:
thermal conductivity of 0.0608 W/m-K, porosity of 80% and a thickness of 0.2 um
(Hout et al., 2017). This material has successively been used in several applications due
to its high water vapor permeability and low liquid solution penetration (Larson, 2006).
The desiccant material selected was Calcium Chloride (CaCly) known for its
dehumidification capacity, low corrosiveness properties and low cost (Al-Farayedhi.,
2005). The volume of the calcium chloride prepared was 100 litters with a concentration

of 37.42 % (kg CaCly/kg of solution) which is equivalent to 1.6723 (kg H,O/kg CaCly).
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2. Experimental protocol

The flow of desiccant solution was driven by a small pump and regulated using
a globe valve and an analogical flow meter (from Scientific Devises STVSV with
0.01% accuracy). The solution was directed to a cooling bath in order to reach the
desired temperature. A chiller provided continuous stream of cold water to the cooling
bath to assure stable inlet desiccant temperature. The cooled solution flowed through the
ceiling panels and the exchanger to finally reach the collector tank. The sizes of the
solution reservoir and the collection tank were selected to assure a continuous flow of
desiccant for more than 1.5 hours. As for the air, it was supplied to the exchanger using
a Honeywell BH-860E humidifier. A suction fan with variable speed was placed at the
exhaust grill to provide air flow. The air velocity at exhaust was measured using a BK
Precision 731A anemometer with an accuracy of £3% of full-scale velocity
measurement.

In this experimental set up, the real-time measured parameters were (i) the
temperature of the air; (ii) the temperature of the solution; (iii) the relative humidity of
the air; and (iv) the concentration of the solution. The first two parameters were
measured using K-type thermocouples from OMEGA with 0.01 °C accuracy. Relative
humidity was measured using relative humidity sensors from OMEGA HX94A series
with 0.025 accuracy. The solution mass concentration of the solution was measured by
taking samples and analyzing them using a density meter with direct concentration
display bought from Anton Paar (DMA4500M) with 0.01 % accuracy. As shown in Fig.
6, the thermocouples measuring the air temperature were implemented at the inlet and
outlet of the membrane exchanger (T1 and T2), at the beginning of the panel (T3). near
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the exhaust grill (T4) and in the middle of the chamber (T5). On the other hand, the
thermocouples measuring the solution temperature were implemented at the inlet of the
panels (T6), the outlet of the panels (T7) and the outlet of the exchanger (T8). Relative
humidity was measured in the following locations: the inlet and outlet of the membrane
exchanger (H1 and H2), at the beginning of the panel (H3). near the exhaust grill (H4)
and at the middle of the chamber (H5). In addition. samples of solution were taken
every 10 min to measure its concentration at the inlet of the panel. the outlet of the
panels and at the outlet of the exchanger.

Three cases with different inlet conditions were conducted as presented in
Table 1 to evaluate the reliability of the integrated model in different situations. In the
three cases. the air flow rate, the desiccant flow rate. the air humidity ratio and the
internal sensible heat generation were kept constant due to their dependency on the
equipment’ capacities. Moreover, the temperature of the air introduced to the system
was at the same ambient temperature of the laboratory where the experiments were
conducted. Thus, the inlet parameters that have been changed were the inlet temperature
of the solution and the internal moisture generation. The solution inlet temperature in
Case 2 was set higher than the other experiments by increasing the set point of the
chiller. On the other hand, the internal humidifier was tuned on in Case 3 in order to
create an internal moisture generation source. The chiller, the exhaust fan, the pump and
the humidifiers were turned on for 1.5 hours in each experiment and the steady-state

conditions were reached after 15 to 20 minutes.

25



Table | : Different inlet conditions for the three cases

(g H,O/hr)

Parameter Case 1 Case 2 Case 3
Air Flow rate (L/s) 15+0.24 15+0.24 15+0.24
Desiccant Flow rate (mL/s) 15.7£0.34 | 15.7£0.34 | 15.7+0.34
Air inlet Temperature (°C) 23.5+04 | 24.2+0.3 | 23.7£0.33
14.7+
Air inlet humidity ratio (g/kg) 14.7+ 0.61 14.7+0.56
. 0.52
Solution Inlet Temperature (°C) 12+0.2 16+ 0.18 12+£0.3
Internal sensible heat (W) 100 100 100
Internal moisture generation rate
0 0 50.3
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CHAPTER III

RESULTS AND DISCUSSION

In this section, the results of the experimental validation of the integrated
mathematical model are represented. In addition, a case study in which the proposed
control strategy was applied to an office space cooled by the LDMC-C/DV system the
in the hot humid climate of Beirut to study the humidity and energy performance of the
system and compare performance with different configurations of the system for

humidity control.

A. Experimental validation

In order to validate the mathematical model of the liquid desiccant system, the
system was simulated for the physical and geometrical parameters of the experiments.
The inlet conditions of the solution and the air measured experimentally were used as
inputs for the model to predict the outlet conditions. The measurements and simulation
results are shown in Table 2.

For the three cases, the maximum relative error in predicting the temperature of
the air was 5.3% and the maximum error in predicting the air humidity ratio was 6.1%.
As for the desiccant solution, the maximum relative error in predicting the temperature
was 6.5%. Furthermore, comparing the values of concentration measurements with the
predicted values showed good agreement between the experiment and the mathematical

model with a maximum relative error of 0.03%.
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Table 2 : Experimental and simulation results for different cases

Case 1 Case 2 Case 3
Inlet Solution | Inlet Solution | Inlet solution
T=12°C T=16°C T=12°C
no internal no internal + internal
Parameter moisture moisture moisture
Supply Air Temp | pyneriment | 183023 | 2124042 | 185+0.13
(°C)

(T2) Simulation 18.5 21.5 18.8
Supply Air Hum. Experiment 1.5 £10.32 11.29+ 041 [1:6 £0.31
(gke) (H2) Simulation 113 11.0 11.4
Air Temp Middle | Experiment 20=0.54 23.1+0.16 20.8 +0.34

Room(°C) (T5) | Simulation 20.1 23.3 21.2
Air Hum. Middle | Experiment 11.5 +0.28 11.3+£0.36 14.1+£0.43
Room (g/kg) (HS) | Simulation 1.2 1.1 13.6

BitisiieE Al Experiment 16.4 £0.36 20.7+0.33 17.8+0.27

Temp. (°C) (T4) Simulation 16.7 20.8 18.1

Exhaust Air Hum. | EXperiment 11.3+0.34 112 817 13.4+0.35
(glke) () Simulation 10.9 10.8 13.1
Solution Temp. | pyperiment | 13.8+0.16 | 19+0.31 15.3 £ 0.24
at exit of ceiling
(°C) (T7) Simulation T4 18.4 14.8
Concentration sol. Experiment 14572] 1.6730 1.6775 £0
out of the ceiling %P 0.0001 0.0001 0002
(kg of H,O/ kg ; 5
CaCly) (S2) Simulation 1.6723 1.6733 1.6780

Solution Temp. .

. Experiment 18.0 £ 0.35 20.8+0.15 18.3+0.34
at exit of

exchanger (°C) . .

(T8) Simulation 18.2 21.3 18.5
Concentration sol. T S— 1.6819 = 1.6823 £ 1.6891 +
out of the P 0.0001 0.0001 0.0002
exchanger Simulation 1.6822 1.6828 1.6896
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Parameter
(kg of H2O/ kg
CaCly) (S3)

Case | Case 2 Case 3
Inlet Solution | Inlet Solution | Inlet solution
T=12°C T=16°C T=12°C
no internal no internal + internal
moisture moisture moisture

B. Applicability of the humidity control strategy to a case study

Different configurations of the LDMC-C/DV systems were applied to a test

case of an office space located in the hot and humid climate of Beirut where their

performances were compared based on the humidity levels during the cooling season.

These configurations included the following:

)
i)

iii)

LDMC-C/DV without dehumidification at supply;

LDMC-C/DV and a membrane exchanger system with the solution cascaded

from the LDMC-C outlet to the membrane exchanger;

LDMC-C/DV and a membrane exchanger system where each had a separate

feed line for the cool strong solution into it.

The energy consumed by the cascaded system was compared to the energy

consumed by the separate feed lines and by a LDMC-C/DV system with conventional

dehumidification at supply.
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1. Description of the case study

The case study comprised of an office space having a floor area of 6 m x 6 m
with 3 m ceiling height located in Beirut, Lebanon. The office is occupied from 7:00 am
to 7:00 pm and a maximum number of 7 occupants were considered inside the room.
Each occupant generates 75 W of sensible heat and uses a computer producing 65 W of
heat power (Hout et al., 2017). The dynamic internal loads in a typical summer day are
given in Fig. 7. The sensible internal load represented the sensible heat produced by the
occupants, electrical equipment and lighting while the internal latent load represented
the water vapor produced by the occupants.

Typical hourly ambient data of typical summer are presented in Table 3. An
hourly control strategy for each proposed system was adopted to respond to the changes
in supply ambient conditions and internal loads during the work hours so that comfort is
maintained in the occupied zone.

The membrane ceiling panels were assumed to cover 90% of the total ceiling
area and the desiccant solution selected was Calcium Chloride (CaCl,). For the two
membrane systems of ceiling and mass exchanger, the selected membrane material was
Polypropylene having 0.2 micrometers pore size for which the properties were stated in
the experimental set up section. The membrane exchanger was composed of 30 panels
having dimensions of 40 cm x 40 cm with air and solution sides” gaps of 0.6 mm and
0.3 mm respectively. As for the packed bed regenerator, the length and the width were |
m and 0.5 m respectively with a packing material ceramic Intalox saddles with 13 mm

maximum thickness which result in an average enthalpy effectiveness 0.81 and an
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average humidity effectiveness of 0.79 (Ghaar et al., 2003). For the PMV calculations,

the metabolic rate was considered 1.2 Met and the clothes insulation was | clo. The

efficiency of the heat exchangers was assumed to be 0.8 (Keniar et al., 2015).

Internal load (W)
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1600
1400 -
1200
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800
600
400
200

07:00 08:00 09:00 10:00

&
B
(i

11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00

® Internal sensible load (W)

# Internal latent load (W)

Fig. 7: Internal sensible and latent loads” distributions in the considered office for a

typical summer day

Table 3: Ambient Temperature and Relative humidity in four typical days during the

summer season in Beirut, Lebanon (Aaboul et al., 2017).

Time Typical day in June Typical day in July Typical day in Typical day in
August September
Ambient Ambient Ambient | Ambient | Ambient | Ambient | Ambient | Ambient
Temp RH Temp RH Temp RH Temp RH
(°C) °0) (°C) (°C)
(o) (7o) (%) (%)
7:00 25.2 71 25 74 274 76 21.8 70
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8:00 259 71 259 69 28.3 72 22.8 69
9:00 26.7 68 26.8 66 29.2 68 238 67
10:00 274 & 275 60 30 64 24.7 62
11:00 28.1 54 284 5% 30.7 58 254 56
12:00 28.6 50 29 56 31.3 56 26.1 55
13:00 28.9 48 294 55 31.6 83 26:3 54
14:00 29.1 48 29.7 58 31.8 57 26.8 56
15:00 29 49 29.8 59 31.8 55 26.9 56
16:00 28.7 ifl 29.7 58 31.6 56 26.8 a7
17:00 28.2 54 293 60 312 59 26.4 61
18:00 LTt 61 28.8 62 30.6 w 25.8 65

2. Performance of the liquid desiccant membrane cooled ceiling combined with
displacement ventilation system for the different humidity control strategies
Base case without humidity control (LDMC-C/DV): The indoor space was simulated
for the base case where the DV supply air in a LDMC-C/DV is only subjected to
sensible cooling without any dehumidification. The temperature and the concentration
and flow rate of the desiccant solution entering to the ceiling were fixed at 13.5°C, 38%
w/w and 0.3 kg/s respectively. The control strategy was based on fixing the temperature

of the DV supply air at 20 °C while varying the flow rate of supply air m, to maintain
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the temperature in the occupied zone at 23.5°C (£0.5 °C). The internal loads and

ambient conditions are considered for the typical summer days (see Fig.7 and Table 3).

The DV supply flow rates and the resulting occupied zone temperatures of the
base case for the cooling season are summarized in Table 4. The relative humidity (RH)
in the occupied zone shown in Fig. 8 was a major concern with RH values that ranged
from 63.27% to 86.36% in August and elevated RH levels during the summer months.
The high humidity values observed would result in many respiratory problems and mold
growth and an increasing PMV outside the comfort range. In this case, the air was
supplied at low temperature and high ambient humidity ratio which was the reason for
the high relative humidity values. Results of the LDMC-C/DV base case established the

need for a humidity control strategy based on dehumidifying DV supply air.

Table 4 : Results of base LDMC-C/DV case without dehumidification at DV supply.

Typical day in Typical day in Typical day in Typical day in
June July August September

T in the T in the T in the T in the
mg | occupied | m; | occupied | 7y | occupied | Mg | occupied

(kg/s) zone (kg/s) zone (kg/s) zone (kg/s) zone

(°C) (°C) (°C) (°C)

Time

07:00 | 0.061 23.05 0.061 23.05 0.061 23.06 | 0.059 | 23.01

08:00 | 0.100 | 23.11 0.100 | 23.10 |0.100 | 23.12 |0.098 | 23.11

09:00 | 0.111 23.18 | 0.111 2317 | 8.111 23.17 10110 | 23.17

10:00 | 0.118 | 23.22 | 0.120 23.24 AL 2324 | 0.118 | 23.25
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Typical day in

Typical day in

Typical day in

Typical day in

June July August September

T in the T in the T in the T in the

m, | occupied | MMy | occupied | 1, | occupied | M | occupied
o (kg/s) Zone (kg/s) zone (kg/s) zone (kg/s) zone
°O) (°C) (§®) °C)
11:00 | 0.158 | 23.30 | 0.160 | 23.31 0.160 | 23.33 0.158 | 2333
12:00 | 0.198 | 23.41] 0.201 23.40 | 0.201 2342 [ 0.199 | 23.46
13:00 | 0.222 | 2354 | 0225 | 2347 |0.225| 23.53 0.223 | 23.50
14:00 | 0.223 | 23.54 | 0.226 | 23.55 |0.226| 2357 |0.225 23.56
15:00 | 0.163 | 23.40 0.166 | 23.45 0.166 | 2346 |0.164 | 23.44
16:00 | 0.131 23:23 0.135 | 2331 0135 | 2331 U132 | 2329
17:00 | 0.102 | 23.17 | 0.105 2320 | 0.105| 2320 |0.105| 23.19
18:00 | 0.086 | 23.04 | 0.086 | 23.11 0.086 | 23.12 | 0.086 | 23.08
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Fig. 8:Relative Humidity in the occupied zone of the considered indoor space for the

LDMC-C/DV base case.

Cascaded LDMC-C/DV coupled with a membrane exchanger system: The cascaded
system was represented by a LDMC-C/DV system in which the solution exiting from the
LDMC-C was cascaded into a membrane exchanger in order to reduce the sensible and
latent load of the DV supply air. During the day, the solution entered the ceiling level
with fixed inlet temperature (13.5 °C) and concentration (38% w/w) and flow rate (0.3
kg/s) as considered in the base case and the DV supply air m, is considered equal to the
air flow rates used in the base case. The system and room were simulated for the same
typical days used in the base case (Fig. 7 and Table 3). The proposed control strategy
in the cascaded system was based on varying the flow rate of solution cascaded into the
exchanger Mgoi_ey SO as to deliver ambient fresh air at conditions that meet the hourly
dynamic load removal requirements and keep the occupied zone temperature at 23.5 °C

(£0.5 °C). Results of the cascaded system of temperature in the occupied zone and
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solution flow rate are summarized in Table 5 while relative humidity variation is shown
in Fig. 9.

It can be observed that upon applying the cascaded system with humidity
control of the DV supply air, the relative humidity in the occupied zone noticeably
decreased compared to the base case. The relative humidity in the occupied zone in
August ranged between 39.14% and 71.63%. As for the stratification height in the
room, it was greater than the minimum acceptable stratification height to ensure that the
clean fresh air is above the breathing level of a seated man (ASHRAE, 2009). In
addition, PMV values ranged between 0.21 and 0.47 which represent an acceptable
level of thermal comfort. Therefore. applying the cascaded system in a hot and humid
day in an office having high internal heat and moisture generation will result in a
noticeable drop in the humidity levels in the occupied zone while ensuring acceptable

air quality.

Table 5 : Results of LDMC-C/DV with membrane exchanger cascaded system

Typical day in Typical day in Typical day in Typical day in
June July August September
. T in the T in the
_ Tin the | ™Msol-¢ . . Tin the
Mpl-e occup | Mgpp—ex| OCCUP | Mgy
occup occup
. (kg/s) (kefs zone (kg/s) zZone (kg/s)
Time zone (°C) ) zone (°C)
(°C) (°C)
07:00 | 0.041 23.08 0.042 | 23.04 0.047 23.05 0.037 23.00
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Typical day in

Typical day in

Typical day in

Typical day in

June July August September
: T in the T in the
. Tin the | Msol-g _ _ T'in the
Mgpl-ey SeEip occup | Mgp—ex| OCCUP Mspl—ex ecHp
_ (kg/s) (Ke/s | sone | (kg/s) | zome | (kg/s)
Time zone (°C) ) zone (°C)
°O) (°C)

08:00 | 0.065 23.11 0.062 | 23.17 | 0.074 23.08 0.055 23.09
09:00 | 0.074 23.16 | 0.069 | 23.34 | 0.085 23.12 0.063 28317
10:00 | 0.073 2321 0.075 | 23.40 | 0.097 23.16 0.069 23.18
11:00 | 0.099 2333 | 0.109| 2344 | 0.143 23.18 0.088 23.21
12:00 | 0.132 2336 | 0.150 | 2346 | 0.220 2325 0.120 23.29
13:00 | 0.155 2343 | 0.185| 23.52 | 0.275 23.54 0.140 2342
14:00 | 0.149 23.61 0.199 | 23.58 | 0.285 23.58 0.145 23.5]
15:00 | 0.105 2338 [0.130 | 23.49 | 0.150 23.43 0.100 23.49
16:00 | 0.082 2327 | 0.095| 2345 0.110 23.34 0.080 23.41
17:00 | 0.065 23.18 | 0.075 | 23.19 | 0.079 23.23 0.065 23,26
18:00 | 0.058 23.05 | 0.061 | 23.11 0.072 23.16 0.055 23.13

37




95

85

65

55 4

45

Relative Humidity (%)

35

——Typical day in August -Typical day in July

——Typical day in June ——Typical day in September

7:00 800 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00

Fig. 9: Relative Humidity in the occupied zone of the considered indoor space for the

LDMC-C/DV cascaded system.

Separate feed lines LDMC-C/DV and membrane exchanger system: In order to assure
the feasibility of the cascaded system, it was compared to a LDMC-C/DV coupled with
a membrane exchanger system with separate feed lines to the CC and the membrane
exchanger. The cooled and strong liquid desiccant stream was directly supplied to the
ceiling and the exchanger at the fixed temperature (13.5°C), concentration (0.38 w/w)
and flow rate (0.3 kg/s). As for the air, the flow rate at each hour was considered equal
to the flow rate of the supply air in the cascaded system and the base case (see Table
4).The hourly control strategy was based on varying the flow rate of the solution
entering to the exchanger 1g,;_ey to keep the temperature in the occupied zone at 23.5
°C (0.5 °C).

Table 6 represents the results of the separate feed line configuration for occupied
zone temperature and solution flow rate while Fig. 10 shows the hourly variation of the

relative humidity for each representative day of the summer months. Results showed
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that when the separated feed lines system was applied to the room, humidity levels

dropped compared to the base case to reach a maximum of 68.55% in August at 14:00.

The PMV values in the separated feed lines configuration ranged between 0.19 and

0.46. The comparison of the humidity values between the cascaded and the separate

feed lines systems showed that the humidity in the occupied zone was lower by 1.1% to

1.6% in the separate feed line configuration. In addition, in order to obtain nearly equal

temperature values in the occupied zone, the separate feed lines system needed less

solution flow rate in the exchanger (Mgy—er) This was due to the fact that in this

system the solution was introduced to the membrane exchanger directly after the

cooling stage at a lower temperature and a higher concentration compared to the

cascaded system.

Table 3 : Results of LDMC-C/DV in the separate feed lines configuration

Typical day in

Typical day in

Typical day in

Typical day in

June July August September

T in the T in the T in the T in the

Mgyi_ex | OCcupied Msol-ex occupied | Mgy_ey | Occupied | Mgy, | Occupied
e (kg/s) zone (kg/s) zone (kg/s) zone (kg/s) zone
(°O) (°O) (°C) (°C)
07:00 | 0.035 23.02 0.035 23.13 0.041 23403 0.030 23.07
08:00 | 0.057 23.20 0.056 23.14 0.066 23.07 0.048 23:15
09:00 | 0.069 23.24 0.068 23.19 0.078 23.19 0.060 23.16
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Typical day in

Typical day in

Typical day in

Typical day in

June July August September

T in the T in the T in the T in the

Mgoi_er | OCCupied Msol-ex occupied | My,;_p, | Occupied | Mgy | Occupied
. (kg/s) zone (kg/s) zone (kg/s) zone (kg/s) zone
°O) (°C) (°C) (°C)
10:00 | 0.064 23.28 0.069 23.24 0.084 23.22 0.061 23.22
11:00 | 0.090 23.32 0.102 23.25 0.120 23.29 0.078 23.30
12:00 | 0.121 23.34 0.140 23.31 0.178 23.32 0.110 23.35
13:00 | 0.140 23.40 0.165 23.36 0.224 23.40 0.130 23.38
14:00 | 0.137 23.46 0.173 23.49 0.230 23.44 0.133 23.42
15:00 | 0.100 23.40 0.124 23.41 0.136 23.41 0.099 23.39
16:00 | 0.011 2337 0.090 23.34 0.095 23.36 0.072 23.34
17:00 | 0.056 23.33 0.066 23.27 0.070 23.23 0.057 23.34
18:00 | 0.050 23.20 0.054 23.14 0.051 23.18 0.048 23.20
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Fig. 10: Relative Humidity in the occupied zone of the considered indoor space for the

LDMC-C/DV and membrane exchanger with separate feedlines.
3. Energy Analysis

In this section, the energy consumptions of the different LDMC-C/DV with
humidity control strategy systems were computed and analyzed. These systems included
the LDMC-C/DV cascaded system, the LDMC-C/DV separate feed line system and the
LDMC-C/DV with conventional dehumidification at supply. The energy consumptions
of the two first systems were computed for the cooling season from the thermal energy
needed to cool the strong desiccant solution in addition to the energy needed to heat the
desiccant solution for regeneration. In the cascaded configuration, a fraction of the
solution exiting from the ceiling was cascaded into the heat exchanger. Then, the
desiccant solution exiting from the exchanger was mixed with the remaining fraction of
the solution exiting from the ceiling to be directed to the heating and regeneration

section. For the separate feed lines configuration, each membrane subsystem was
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directly supplied with cooled and strong desiccant solution. Then, the two flows exiting
from the membrane subsystems were mixed and directed to the heating and
regeneration section. In order to reduce the heating energy consumption, a liquid-liquid
heat exchanger was implemented between the inlet and outlet of the heating and
regeneration section. An air-air heat exchanger was also implemented between the
ambient inlet air and the exhaust air to reduce the cooling energy consumed. For the
LDMC-C/DV the system with conventional dehumidification, a Subcool- Reheat
method was used, where the ambient air was cooled until it has a humidity ratio equal to
the humidity ratio of the air supplied in the cascaded system. Then, the air was reheated
to reach the temperature of the supply air in the cascaded system.

Fig. 11 and Fig. 12 show the monthly heating and cooling energy consumption
respectively for the liquid desiccant systems in the cooling season. Results of the three
systems showed that when the average relative humidity in a month increased. the
energy consumption in a LDMC-C/DV system increased. This observation is essentially
related to the fact that any increase in the ambient relative humidity increases the
moisture removed by the two membrane sub-systems which increases the regeneration
temperature. The cooling and heating energy consumptions were higher in the separate
feed lines configuration than in the cascaded configuration. In August the cooling
energy in the cascaded configuration was lower by 21.25 % than in the separate feed
lines configuration and the heating energy was lower by 16.23%. In the separate lines
system, the solution was introduced to the exchanger and the ceiling at the same low
desiccant temperature introduced to the cascaded system but with higher total flow rate

which resulted in higher heating and cooling energy consumption. In addition, the
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cooling energy consumption in the cascaded system was lower by 23.19% than the

cooling energy in the system with conventional dehumidification and the heating energy

was lower by 21.13%.
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Fig. 11: Monthly cooling energy consumption of the different LDMC-C/DV

configurations for humidity control
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Fig. 12: Monthly heating energy consumption of the different LDMC-C/DV

configurations for humidity control

C. Conclusions

The performance of a cascaded liquid desiccant system in a hot and humid
climate has been studied using a validated mathematical model. The cascaded system is
based on directing the solution exiting from a membrane CC system to a membrane
exchanger located at the DV supply in order to reduce the sensible and latent heat of the
supply air. The performance of the system was assessed in a case study representing an
office space located in a hot and humid climate and having high internal moisture
generation.

Applying the cascaded system had a noticeable effect on reducing the relative
humidity in the occupied zone compared to a LDMC-C/DV system without a humidity

control strategy. The performance of the cascaded system was also compared to a
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LDMC-C/DV and membrane exchanger with separate feed lines configuration. The
latter showed slightly lower humidity levels by 1.1 % to 1.6% in the occupied zone
compared to the cascaded configuration. However, the cooling and heating energy
consumed by the cascaded system during the cooling season was lower by 21.25% and
16.23% respectively in August compared to a LDMC-C/DV and membrane exchanger
with separate feed lines configuration and by 23.19% and 21.13% compared to LDMC-

C/DV with conventional humidity control.
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