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Title: Displacement Ventilation with Cooled Liquid Desiccant Dehumidifier 

Membrane    at Ceiling; Modeling and Design Charts. 

 

 

A novel transport model is developed for a space conditioned by a cooled 

liquid desiccant dehumidification membrane ceiling (LDMC-C) and displacement 

ventilation DV in which the space is divided into three zones: an occupied cool with 

fresh air zone; an upper recirculation zone; and a ceiling adjacent boundary layer 

zone where the air is drawn at the exhaust grill. The adjacent air boundary layer at 

the ceiling membrane predicted the latent and sensible heat transfer to the desiccant 

solution. The boundary model was validated experimentally in a climatic chamber. 

 

The developed model predicted of the LDMC-C/DV system operational 

parameters such as the supply flow rate and temperature and the liquid desiccant 

concentration, flow rate, and inlet temperature that meet thermal comfort and air 

quality requirements. Extensive simulations were performed on a typical office load 

of 75 W/m2 to generate design charts of the system for three DV supply air 

temperatures of 18, 20, and 22 C to identify the appropriate DV flow rate and inlet 

desiccant (CaCl2) solution temperature that provides comfort and air quality and 

ensures that condensation is unlikely to occur. The LDMC sensible and latent load 

removal from the space load is directly read off the charts. 
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CHAPTER I 

COOLED LIQUID DESICCANT DEHUMIDIFICATION 

MEMBRANE CEILING & DISPLACEMENT 

VENTILATION 

 
A. Introduction: 

Thermal comfort and indoor air quality are the most important characteristics of 

indoor environment (Atila et al. 2001). They are usually provided by conventional HVAC 

systems that often consume large amounts of energy (Hao et al. 2005).  One of the 

HVAC systems that is known to be energy efficient is the combined chilled ceiling and 

displacement ventilation (CC/DV) system (Ghali et al., 2007; Mossolly et al., 2008; 

Keblawi et al., 2009; Ghaddar et al., 2010). The CC system removes heat sources directly 

by radiation and indirectly by convection enhancing thermal comfort with lower velocity 

in the occupied room (Novoselac et al. 2002, Keblawi et al. 2009). On the other hand, the 

DV system provides high indoor air quality by supplying fresh air with low air velocity 

directly to the occupied zone (Atila et al., 2002). However, the combination of the chilled 

ceiling and the displacement ventilation system has always been hindered by the risk of 

condensation of water on the cool ceiling (Niu et al., 2001) since frequent condensation 

leads to mold growth and potential IAQ problems (Mumma et al. , 2003).  

In order to prevent condensation associated with CC/DV system, researchers have 

adopted two strategies. First, they limited the minimum temperature of the radiant 

cooling water to avoid condensation (Yin et al. 2009). However, this method will 

evidently decrease the heat reception capacity of the panel and limit its use to very low 

load situations. The other technique is to dehumidify the air outside the space to control 
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the supply air humidity such that the air leaving the space at the ceiling has lower dew 

point temperature than the chilled ceiling temperature (Keblawi et al., 2009; Mossolly et 

al., 2008; Zhang et al. 2003). Nevertheless, dehumidification of air outside the space is 

energy intensive with some drawbacks. It could be achieved either by cooling the air to a 

temperature below its dew point temperature to remove moisture, and then reheating it to 

the set design supply temperature (Abed-Salam et al., 2014) or by using solid or liquid 

desiccant dehumidification systems (Isetti et al., 1996; Bergero et al. 2000, Niu et al., 

2001; Zhang et al., 2012; Abed-Salam et al., 2014; Itani et al. 2015). The first method 

will lead to a potential growth in the cooling coil while the second will risk the 

entrainment of the liquid desiccant increasing the consequent possibility of inhaling 

hazardous desiccants. To resolve the issue of dehumidification using the membrane 

without condensation or carry-over of desiccants, researchers have used the membrane 

inside the space to allow for effective radiant cooling by allowing lower chilled ceiling 

operating temperatures (Fauchoux et al. 2010; Eldeeb et al. 2013; Keniar et al. 2015). In 

this case, the air and the liquid desiccant streams are separated from each other by a 

membrane (hydrophilic water adsorbent material/hydrophobic water non-adsorbent 

material) allowing the water vapor and heat transport (Bergero et al. 2000; Huang et al., 

2013). The energy implications and possible savings were studied by Muslmani et al. 

(2016) who developed a model to predict performance of a liquid desiccant membrane 

chilled ceiling combined with displacement ventilation system (LDMC-C/DV) at 

relatively low cooled ceiling temperature. They reported that decreasing the membrane 

liquid desiccant temperature resulted in significant decrease of the total cooling energy of 
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the system and a decrease of 49% in energy consumption when compared to the 

conventional CC/DV system.  

Nevertheless, Muslmani et al. model (2016) had drawbacks. Their model assumed 

that the whole upper zone of the conditioned space is at uniform well-mixed conditions 

similar to the methods used for conventional CC/DV conditioned spaces. But, the 

presence of the permeable liquid desiccant ceiling that allows water vapor to transfer into 

the membrane may result in the formation of a ceiling adjacent flow zone that cannot be 

assumed to have the same conditions of the room upper zone. This zone, where the heat 

and water vapor transfer occurs needs to be studied thoroughly and incorporated to the 

space model to have accurate predictions of temperature and humidity adjacent to the 

ceiling where the risk of condensation is highest. Indeed, the use of membrane system 

does not provide the indoor humidity control; thus, when the DV supply conditions are 

very humid, the system risks condensation to occur on its housing (John Morphy et al., 

2011). This is because the support and the frame of the housing is usually composed by a 

metal such as aluminum. The risk of condensation at the housing part of the ceiling is 

explained by the presence of two competitive phenomena:  the extraction of the sensible 

heat losses by the chilled ceiling system and the extraction of the moisture by the liquid 

desiccant membrane system.  If the extraction of heat phenomena overcomes the 

extraction of moisture, the risk of condensation might increase in situations when the air 

adjacent to the membrane surface is saturated. In addition, their model did not consider 

the limitation on the operational parameters of the membrane system in avoiding the risk 

of condensation at low ceiling temperature while providing thermal comfort in the 

occupied zone.  Therefore, it is necessary to find the feasible operational conditions of the 
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LDMC-C/DV system similar to the approach adopted by Keblawi et al. (2009) for 

developing conventional CC/DV design charts. These charts permitted the user to read 

off directly from the charts the feasible operational parameters such as the supply 

conditions, chilled ceiling temperature, the ratio of CC sensible load removal to the total 

sensible load removed by the combined CC/DV system, and the displaced air parameter 

(the ratio of the total sensible load ratio to the supply air mass flow rate). 

 However, the design/sizing of the LDMC-C/DV system is not straightforward as 

the case of CC/DV system and needs to be investigated thoroughly. Clearly, the presence 

of permeable cooled membrane adds new operational parameters that need to be 

considered in the design of the system. Indeed, the membrane ceiling temperature will be 

affected by the uncontrolled humidity of room air influenced by the outdoor humidity.  

Besides, the inlet desiccant solution temperature as well as its mass flow rate will play an 

influential role on the ceiling membrane temperature.  

Therefore, it is of great interest to address these shortcomings by:  (i) developing 

an accurate but simplified model that is based on solving the heat and mass equations on 

the vicinity of the membrane at both air and solution desiccant sides and (ii) developing 

appropriate design charts permitting the prediction of the system feasible operational 

parameters for comfort and indoor air quality. The simplified model is validated by 

conducting a suitable experiment and comparing the measured and predicted outcomes. 

After integrating the validated model with the space model, the design charts are 

developed by performing several simulations that cover several operational parameters 

where the ceiling temperature is much lower than the conventional CC/DV system values 

reported in previous studies. 
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B. System Description: 

Figure 1 shows a schematic of a space conditioned by a DV system combined 

with a ceiling membrane cooled by liquid desiccant solution. Liquid desiccant is flowing 

over the ceiling membrane exchanging heat and water vapor from the air flowing near the 

wall throughout the permeable membrane. In the presence of the DV system, the supply 

fresh cool air enters the room at the floor level and raises the warm air (by natural 

convection) to the exhaust grill placed at the ceiling level (Cho et al. 2005). Moreover, 

the internal load elements induce the formation of the stratification height at which the 

flow in the plumes becomes equal to the supply flow rate leading to the formation of two 

zones:  occupied and contaminated zones separated at the stratification height (Novoselac 

et al. 2002, Ghali et al. 2007) as shown in Figure 2. The lower occupied zone is a 

thermally comfortable zone with an acceptable air quality while the upper unoccupied 

zone is a contaminated zone where neither thermal nor IAQ is a concern.  
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The thermal space model has been extensively studied in the literature (Mundt 1996; 

Novaselac et al. 2002, Keblawi et al. 2011) where the upper mixed zone is considered 

homogenous. However, the flow of the air over the permeable cooled ceiling creates a 

near wall boundary layer that exchanges heat and mass with the liquid desiccant solution 

which renders the assumption of the homogeneity of the upper zone invalid. In this study, 

in order to improve the predictions of air conditions adjacent to the ceiling membrane, the 

thermal space model will be modified such that the upper zone is divided into a mixing 

zone and an adjacent to membrane boundary layer region where air is entrained in until it 

leaves through the exhaust grill as will be described in the research methodology section.  
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CHAPTER II 
 

DEVELOPMENT & INTEGRATION OF BL-DEHUMIDIFIER 

MODEL WITH SPACE MODEL SYSTEM 

 

 
The research methodology begins by a mathematical model that investigates the heat and 

mass transfer through the permeable membrane between the liquid desiccant flow and the 

adjacent air layer. The air drawn by the exhaust grill forms a near wall boundary layer 

over the ceiling. In this boundary layer, the heat and water vapor transfers occur between 

the air and the solution desiccant throughout the permeable membrane. The boundary 

layer model is validated experimentally in a controlled environmental chamber.  

Following the validation of the membrane boundary layer model, the model is then 

integrated with the space model of the LDMC-C/DV composed of the lower occupied 

zone and the upper contaminated well-mixed zone as shown in Figure 2 (Muslmani et 

al., 2016). The integrated mathematical model of membrane system and the space model 

is then used to develop the system design charts.  These charts for a given system load 

would indicate the feasible operational parameters when both thermal comfort and air 

quality are ensured in the occupied zone and when there is no risk of condensation on the 

cooled ceiling.  
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A. Mathematical model of ceiling dehumidifier (air layer and liquid desiccant flow 

sides) 

 
The heat and mass transfer occurs between the liquid desiccant flowing in the 

dehumidifier zone and the air flowing over the ceiling forming a near wall boundary layer 

as shown in Figure 3. The heat and mass conservation equations are formulated for the 

desiccant air side and the air layer side zones under the following assumptions:   

(i) one dimensional heat and mass variation,  

(ii) no energy or mass storage in the boundary layer zone or in the chilled ceiling 

panel where the liquid desiccant is flowing at steady state conditions (the ceiling 

temperature Tc is equal to the solution temperature Tsol),  

(iii) the axial heat conduction and vapor diffusion are neglected,  

(iv) constant latent heat due to the small temperature range (Keniar et al., 2015), 

(v) the velocity, mass, and temperature boundary layer thicknesses of air are 

considered equal (Pr≈Sc≈1).  
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B. Liquid desiccant flow side 

It is assumed that the air and the desiccant solution are flowing in opposite directions 

(counter-flow mode). In the dehumidifier zone, the liquid desiccant is entering at ,inm Tin, 

Cin and absorbs heat and moisture throughout the membrane which is hydrophobic, 

permeable to water vapor but impermeable to liquid desiccant solution. On the other side, 

the air is drawn by the exhaust grill and some air is entrained along the boundary layer (

entrainedm ). In order to predict the variation of the desiccant temperature and the 

concentration, the moisture and energy conservation balances are solved. Considering the 

above-mentioned assumptions, the heat and moisture transfer equations developed for the 

desiccant side are respectively given by 

( ) ( ) ( ) 0sol sol sol c m BL sol a fg m m BL sol

d
m cp T U W T T h U W w w

dx
       (1) 

( ) ( ) 0sol sol a m m BL sol

d
m C U W w w

dx
     (2) 

where ,solm Tsol, Csol, cpsol, wsol are the solution mass flow rate, temperature, 

concentration, and humidity ratio respectively, while TBL, wBL are the air temperature, and 

humidity ratio respectively, Uc, Um,and hfg are the heat transfer coefficient, mass transfer 

coefficient, and the latent heat respectively. 

In Eq. (1), the first term represents the net convective energy flow; the second term 

represents the sensible energy added to the solution due to the temperature difference 

between the boundary layer and the solution, while the last term accounts for the latent 

heat absorbed due to the moisture transfer between the air in the boundary layer and the 

solution. In Eq. (2), the first term represents the net convective moisture flow, while the 

second term accounts for the moisture transport between the air in the boundary layer and 



10 
 

the solution. Finally, the overall heat and mass transfer coefficients, Uc and Um are given 

by [19]:  
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where hci, hco are the heat transfer coefficient at the inside and outside the dehumidifier, 

hmo is the mass transfer coefficient outside the dehumidifier, k and Da are the thermal 

conductivity and the diffusivity of water vapor in air, and t is the thickness of the 

membrane. 

 

C. Air boundary layer side 

In order to solve for the heat and mass transfer inside the boundary layer, it is 

necessary to find the local boundary layer thickness which is a function of the velocity of 

air flowing over the ceiling induced by the presence of the exhaust at the wall near the 

ceiling level as shown in Figure 3. However, the velocity of air flowing over the ceiling is 

not constant and reaches its maximum at the exhaust level (Awbi et al. 2003). 

 Researchers have used different tools to determine velocity gradients. Some have 

investigated the velocity field numerically using detailed computational fluid dynamic 

software (Lin et al. 2005, Yan et al. 2009 ) while others reported the velocity field 

experimentally using particle image velocimetry (Kang et al., 2009). Both techniques 

proved that the presence of exhaust in a confined room resulted in a velocity variation as 

function of the distance from the studied point to the exhaust position. Awbi et al.(Awbi 
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et al. 2003) reported that the velocity distribution is a function of the distance x to the 

exhaust grill, the height of the exhaust grill, and the exhaust velocity as follows:  

 

,
3

1
( )

1 4 (( ) / )
x

p

V x V
L x h

  
 

                                                                                   (3) 

where h is the height of the exhaust, Lp is the length of the panel, and V∞ is the outlet 

velocity deduced by dividing the supply flow rate to the exhaust area. 

 The momentum conservation applied on a differential element of length dx in the 

boundary layer zone states that the momentum variation is equal to the forces on this 

element (Schlichting et al. 2017) and is given by 
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where the entrained mass flow rate entrainedm  into the near ceiling boundary layer, can be 

deduced by applying the conservation of mass on a differential element of length dx in 

the boundary layer zone and is given by 

wdxdy
dx

ud
xmentrained

)(
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0




  (5) 

Assuming a linear profile of the velocity inside the boundary layer zone (
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x
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x
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 ) that satisfies the no-slip condition at the ceiling, and substituting Eq. 

(4) into Eq. (5),  the differential equation of the boundary layer thickness at each location 

x is given by the following equation:  
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where δ(x) is the local thickness of the boundary layer zone, μ and ρa are the dynamic 

viscosity and density of air respectively. The differential equation of the boundary layer 

thickness is subjected to Dirichlet boundary conditions at the onset as follows:  

0)0(,  xV               and             0)0(    (7a) 

However, at the exhaust level, the gradient of the boundary layer thickness is null while 

the velocity is constant as following:  

 VLV px )(,        and             0
)(


dx

Ld p
   (7b) 

Applying the energy and water vapor conservation at the air side results in equations (8) 

and (9) respectively as follows:  

( ) ( ( )) ( ( ) ( ))

( ) ( )
( ( ) ( )) 0

BL a BL c m sol BL

entrained a a
a fg m m sol BL

d
m x cp T x U W T x T x

dx

m x cp T x
h U W w x w x

dx


  

   
 (8) 

( ) ( )
( ) ( ( )) ( ( ) ( )) 0entrained a

BL BL a m m sol BL

m x w xd
m x w x U W w x w x

dx dx
      (9) 

where Ta and wa are the entrained mass flow rate temperature and humidity ratio 

respectively, BLm is the air mass flow rate entering a differential element of the air 

boundary layer. 

The first term of Eq. (8) represents the net convective energy flow in the boundary 

layer; the second term represents the sensible energy added to the solution due to the 

temperature difference between the boundary layer and the solution, the third term 

accounts for the latent heat absorbed due to the moisture transport between the air in the 

boundary layer and the solution, while the last term represents the convective energy flow 

of the entrained air from the room. In Eq. (9), the first term represents the net convective 
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moisture flow in the boundary layer, the second term accounts for the moisture transport 

between the air in the boundary layer and the solution, while the last term represents the 

convective moisture flow of the entrained air from the room. 

 

D.  Integration with space model system 

The boundary layer model will be integrated with the two-zone space model to solve 

for the temperature and humidity conditions in the occupied lower zone, the upper well 

mixed zone, and the boundary layer zone.  

Equations (1) to (9) assume lumped conditions of Ta and wa for the upper zone and 

estimates the spatial temperature and humidity of air inside the boundary layer zone as 

well as the temperature and concentration of the liquid desiccant inside the chilled 

ceiling. When integrated with the space model (see Figure 2), Ta and wa represent the 

temperature and the water vapor of the contaminated upper zone from which air is 

entrained. Therefore, the energy and mass balance of the upper unoccupied zone are 

given by the following equations respectively:  

  , , ( ) , , ,

0

0

Lp

S p a a o entrained x p a a exhaust p a a light i w i W am C T m C T dx m C T Q h A T T       (10 a)
 

 

, ( )

0

0

Lp

S a o entrained x a exhaust am m w dx m w    (10 b) 

The first, second and third terms of the right hand side of the energy balance Eq. (10 a) 

represent respectively the rate of energy transferred (i) from the occupied zone to the 

contaminated upper zone due to buoyancy; (ii) from the contaminant zone to the 

boundary layer zone by the entrained mass flow rate over the width of the ceiling 
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membrane; (iii) from the contaminant zone to the outdoor due to fan captivation though 

the exhaust grill. The fourth term represents the energy added due to heat produced by 

lights; the last term represents the convective heat transfer between the indoor air space 

and the zone’s wall. The mass balance Eq. 10(b) accounts for the incoming air from the 

occupied zone, entrained air into the boundary layer and the exhaust air.  

The lower occupied zone exchanges heat with the room walls, and gains heat from 

the electrical equipment. People occupying the room are transferring sensible and latent 

heat to the occupied zone. On the other hand, the supply air entering from DV system 

exchanges heat and water vapor with the lower zone. Therefore, the steady state mass and 

energy conservation for the lower occupied zone at Ta,o and wa,o are given by the 

following equations respectively:  

    , , , ,0 S p a S a o i w i W a o elec peoplem C T T h A T T q q         (11 a) 

 ,0 Latent
S S a o

fg

q
m w w

h
          (11 b) 

The first term of the right hand side of Eq. (11 a) represents the net convective heat 

transfer between the supply air and the occupied zone. The second term represents the 

convection heat transfer between the indoor air space and the room’s wall. Finally, the 

last two terms represent the amount of sensible heat generated by electric equipment and 

occupants respectively. The first term of the right hand side of Eq. (11 b) represents the 

net convective moisture transfer between the supply air and the occupied zone. The last 

term accounts for the rate of moisture generation (kg/s) by occupants. 

In order to calculate the stratification height which is a measure of air quality in the 

occupied zone, the upward air flow rate due to the plumes is determined. Assuming that 
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the walls are at uniform inner surface temperature, the mass flow rate of plumes 

generated from wall can be modeled using Jaluria’s model (1980) equation:  

WzTM Ww  4

3

25.000287.0                   (12) 

where 

aWW TTT 
               (13)  

The plume generated from a point heat source with a heat transfer rate q can be 

determined by solving the below equations (14 a), (14 b) and (14 c) for a zone with 

internal air having a temperature gradient (Mundt 1995) and are expressed as follows:  
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Thus the equation used to determine the stratification height is given by 

,

1

n

S a s a plume a u k

k

m Q N Q Q  


         (15) 

Where Qs is the supply air volumetric flow rate, Sm is the air supply flow rate, N is the 

number of point sources inside the room, and n is the number of walls. 

 

E. Numerical Methodology 

Mathematical models for the space and permeable liquid desiccant ceiling are 

discretized and integrated to predict the condition of the air in the boundary layer 
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(temperature and humidity) as well as the temperature and concentration of the desiccant 

system. The numerical methods and the integration of DV space with LDMC-C models is 

shown in Figure 4. The inputs for the integrated system are represented by the outdoor 

weather conditions, supply air conditions of flow rate, temperature and relative humidity, 

internal loads, envelope properties and space, and liquid desiccant ceiling setup geometry 

and physical dimensions as well as the liquid desiccant properties, inlet temperature, 

concentration and flow rate. 

The coupled mass and energy equations are discretized into algebraic equations using 

the finite volume method. The axial x-direction is divided into 100 nodes and grid 

independency is tested at each simulation. The temperature profile in the space in 

addition to the walls and ceiling temperatures are first assumed. Then, the DV space 

thermal model solves the energy balance equations, taking into account the thermal 

plumes from internal heat sources as well as wall plumes, to obtain the temperature and 

humidity in lower and upper zones. The air conditions in the upper zones are used as 

input to the ceiling-adjacent boundary layer zone and the liquid desiccant flow model to 

solve for temperature and humidity distribution at the ceiling as well as the liquid 

desiccant exit temperature and concentration. The ceiling temperature is then updated to 

the average value of the permeable membrane temperature. The previous steps are 

repeated until convergence in ceiling temperature, where the relative error does not 

exceed 10
-6

. Once convergence is reached, the temperature distribution in the space is 

determined as well as the thermal comfort and air quality conditions of the vertical 

temperature gradient, the Predicted Mean Value (PMV), and the stratification height HS. 
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In addition, sensible and latent heat losses removed by each sub system (DV and LDMC-

) are computed for the converged case. 
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CHAPTER II 

EXPERIMENTAL SETUP & MODEL VALIDATION 

 

The validity of the dehumidifier boundary layer mathematical model is ensured by 

conducting experiments in which the rate of moisture removal by the desiccant solution, 

and the temperature distribution in the desiccant flow and compared with the values 

predicted by the developed mathematical model of the membrane system. Calcium 

Chloride (CaCl2) is selected as the desiccant solution, due to its moisture absorption 

capacity and low cost.  

 

A. The membrane ceiling panel 

The selection of the membrane’s material is very critical; it should be permeable to 

water vapor but impermeable to liquid water. Furthermore, the membrane should be 

characterized by small resistance to heat and moisture transfer (Awbi et al. 2003). 

Polypropylene membranes from Sterlitech (Kent, WA, USA) were acquired (Sterlitech 

Corporation). Each membrane sheet is 200×200 mm area and a thickness of 110 μm. An 

analytical balance (Radwag AS 220, R2) was used to weigh the membrane sheet with a 

standard deviation of 0.1 mg and the bulk density was deduced (Choi et al., 2015).The 

porosity was determined to be 80% (Ma et al. 2005). The thermal conductivity of this 

type of the membrane is 0.0608 W/m·K (Georgieva et al. 2010). 

Five membrane sheets were adhered to each other using black construction Silicone, 

the only material that does not harm the membranes and holds them tightly with no 

leakage. The assembled membrane is joined to the dehumidifier frame using epoxy resin 
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along its perimeter. The dehumidifier’s frame is made from Plexiglas of 1 m long, 20 cm 

wide and 1cm height. In addition, baffles were installed to the duct for two reasons:  the 

first is to guide the solution and cover the whole membrane’s area to absorb water vapor, 

and the second is to fortify the membranes’ stability preventing their sag as shown in 

Figure 5. 

 

 

B. The experimental setup 

A schematic of the open circuit experimental set up presenting the experiment 

components is shown in Figure 6. The Plexiglas duct of 1 m length is placed in a closed 

duct of 0.8 m ×0.8 m cross sectional area installed in a climatic chamber as shown in the 

figure where the exhaust fan is drawing the air in the opposite direction of the desiccant 

flow through an exhaust grill of 17 cm height. Four humidifiers is placed at the supply 

grill of 25×25 cm
 

cross sectional area to humidify the supply air entering the 
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experimental duct. A cooling bath is used to cool the desiccant solution to the desired 

inlet temperature. Since the desiccant flow is an open cycle. The desiccant solution is 

stored in a reservoir that would insure at least four hours of continuous flow. A 

circulating pump is utilized to direct the desiccant from the stored tank to the membrane 

system and final to a collector reservoir. The flow is regulated by a globe valve. 

 

 

C. Experimental measurements and protocol 

The top of the dehumidifier panel is pierced at four different locations distributed 

equally in order to install four thermocouples. The thermocouples are used to record the 

desiccant temperature change in its axial direction. In addition, another two similar 

thermocouples are installed close to the panel in the air side to monitor the change in the 

air temperature at point A and point B (near the exhaust) as shown in Figure. 6. The eight 

thermocouples used are of K-type bought from OMEGA with 0.01 ºC accuracy. 

Furthermore, two relative humidity sensors (OMEGA HX94A series 2.5% accuracy) are 
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mounted at the beginning and end of the duct (points A and B) to check the relative 

humidity change in adjacent air flow due to the presence of the liquid desiccant above the 

membrane. Figure. 6 shows the location of all used sensors. The velocity distribution 

along the air side external to the boundary layer was measured using a hot wire 

anemometer device (OMEGA HHF2005HW model). It is characterized by an accuracy of 

±10% of full scale velocity measurement. The hot wire anemometer was placed at four 

locations distributed along the duct on the air side.   

A solution was prepared from Calcium Chloride and water and was stored in the 

source tank. The liquid desiccant is pumped away from the reservoir to the cooling bath 

using a recirculating pump with a mass flow of 0.1 kg/hr (± 10
-3

 kg/hr) measured by 

using a reservoir and a stop watch and controlled by the globe valve. The desiccant’s pipe 

is immersed in the cooling bath to cool it down to the desired inlet temperature of 16.4 °C 

before entering the dehumidifier duct.  The desiccant solution removes moisture and heat 

from the air layer adjacent to the membrane and is collected finally in another reservoir.  

The experiment is held in a room temperature Ta = 22.1 ºC and a relative humidity RH= 

70.7%. The fan is rotating to bring 81.6 l/s of air from the duct leading to an exhaust 

velocity of 0.6 m/s. The inlet solution concentration of the desiccant solution was 38 % 

and its inlet temperature was 16.4ºC.  

After turning on the suction fan and regulating the globe valve, the sensors are turned 

on to take the temperature and the humidity readings, and the experimental set up was left 

to operate for 3 hours. The measurements were saved after observing the temperature and 

relative humidity stabilized where the fluctuations become less that 3 % of the 

instantaneous value relative to the average measured values over one hour of the 
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temperature and humidity ratio. The measurements taken for the temperature at the 

boundary layer and the desiccant zones are shown in Figure 7 (a) and 7 (b) respectively.   
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D. Experimental Validation of the mathematical model 

The mathematical model developed for the boundary layer side associated with the 

motion of air on the plate over which the desiccant solution flows was simulated for the 

geometric and physical parameters of the experiment while using the experimentally 

measured inlet desiccant and air conditions.  

Since the boundary layer model simulation results depends on the air velocity 

distribution in x, the measured velocity was compared to the predicted velocity 

distribution outside the boundary layer close to the ceiling membrane panel. Figure 8(a) 

shows that the velocity distribution provided by Awbi et al. (2003) and used in the 

mathematical model agrees with the experimental findings with an average relative error 

of 10%. It was shown that the velocity reaches its maximum at the exhaust where 

withdrawal occurs while the velocity gradient is maximum at the air inlet side. Figure 

8(b) shows the temperature distribution of the desiccant side. Since the air is exchanging 

sensible and latent heat to the desiccant solution through the membrane, the calcium 

chloride solution temperature increased from its inlet to its outlet flow sides by 1.53 C. 

The experimentally measured desiccant temperature distribution was also compared with 

the model. Good agreement is shown between the experiment and the mathematical 

model with a maximum relative error of 4%.  

In order to insure the validity of the mathematical model, the results given by the two 

relative humidity sensors mounted adjacent to the membrane at points A and B are 

compared with the predicted relative humidity by the developed mathematical model. 

Both the model prediction and the experiment show that the relative humidity is 

approximately unchanged and it is about 70 %. The main reason is that the decrease in 
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relative humidity caused by the decrease of the humidity ratio is compensated by the 

decrease in the air temperature of the boundary layer. In addition, the measured drop in 

air temperature was 2.54 C from the outer main stream value of 22.13 C at Point A and 

the exhaust value close to the membrane panel at point B. The model prediction of 

change in boundary layer temperature was 2.7 C which is slightly higher than the 

measured value since it is experimentally affected by the main stream air temperature at 

location B.  

Furthermore, the outlet solution concentration is also measured and validated with the 

mathematical model. It is shown that the solution concentration varies slightly from 38% 

to 37%. This finding agreed well with the finding of Keniar et al. (2015). 
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CHAPTER IV 

GENERATION OF DESIGN CHARTS FOR THE 

APPROPRIATE OPERATIONAL CONDITIONS OF         

LDMC-C/DV SYSTEM 

 
For any cooling system, the ultimate goal is to provide efficiently a good level of thermal 

comfort for the occupant in the context of their task and their environment condition. For 

the current LDMC-C/DV system, one additional objective would be ensuring that no 

condensation takes place at the cooled ceiling. For this reason, more design parameters 

need to be determined as compared with the conventional CC/DV system and would 

result in introducing changes in the previously developed CC/DV charts of Keblawi et al. 

(2009). 

The conventional CC/DV design chart represented two important design parameters 

as function of temperatures of the DV supply and the chilled ceiling (Ghaddar et al. 

(2008); Keblawi et al. (2009); Mirzaie et al. 2015). These parameters were i) the ratio R 

of sensible load removed by the CC to the total sensible load removal by both 

subsystems; ii) the DV supply flow rate parameter P which is the ratio of the total 

sensible load in kW to the DV supply mass flow rate ( sm ) in kg/s and is given by 

)/(
)/(

)(
kgkJ

skgm

KWQ
P

s

space


        

 (12) 

 where Qspace represents the sensible thermal and Sm  is the DV supply mass flow rate of 

air in kg/s. The proposed design charts for the LDMC-C/DV will use similar parameters. 

However and due to the latent load removal by the ceiling, the split of the load will be 
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represented by the parameter R which is the ratio of heat removal (sensible + latent) from 

the ceiling to the total load of both the ceiling (Qchilled ceiling) and the DV (QDV) subsystem 

and is defined as follows:  

Chilled ceiling

DV Chilled ceiling

Q
R

Q Q



         (13) 

The integrated model of LDMC-C/DV can be used to predict load removal by each of the 

membrane system and the DV system, the temperatures and humidity of the lower, upper, 

and boundary layer zones and the stratification height for given space load. This permits 

the identification of P and R for a feasible combination of operational parameters to meet 

desired thermal comfort, air quality, and no condensation requirements for the following 

operational parameters of the LDMC-C/DV:  

- Inlet temperature of the desiccant solution into the membrane system (Tsolution in C)  

- Desiccant solution flow rate solm in l/s  

- Desiccant solution inlet concentration 

- DV supply temperature (Tsupply in C) 

- DV supply humidity ratio (kg H2O/kg of dry air) 

Since the number of operational parameters of the hybrid system are too many, it is not 

possible to have them all represented in a single chart. Each design chart will be 

generated for a given load at fixed DV supply temperature and humidity ratio. 

Furthermore, each chart will show the ratio R as a function of inlet solution temperature 

Tsolution for different P. The DV supply flow rate and temperature and the liquid desiccant 

flow rate and temperature are to be selected to remove the room peak thermal load such 

that thermal comfort is provided in the lower occupied zone. The criteria that ensure that 



28 
 

thermal comfort, good air quality are attained and the risk of condensation is eliminated 

are:  

- The temperature gradient does not exceed 2.5 °C/m.  This condition is required so 

that the human is not subject to large gradients in temperature between head and feet 

that cause thermal discomfort (ASHRAE 2009). In addition, the Predicted Mean Vote 

in the occupied zone ―PMV‖ is to be ensured within ±0.5 for thermal comfort 

(Fanger, 1982; Fang et al. 2004). The PMV condition is included since the 

temperature gradient condition does not account for possible high humidity in the 

occupied zone that may cause discomfort. 

- The stratification height inside the room is greater than 1.1 m.  This condition is 

required so that fresh air clean zone is above a seated human head to ensure good air 

quality in the occupant breathing zone (ASHRAE 2009). 

- The relative humidity of the air boundary layer zone adjacent to the ceiling is less 

than 95%. There is an increased risk of condensation if the liquid desiccant is unable 

to remove enough moisture and the ceiling temperature reaches a value below the 

dew point of the boundary layer air. In addition, condensation could occur at the 

supporting structure or mesh that is typically made of light metal. 

With the above given criteria, five different zones of operating conditions for the 

LDMC-C/DV system can be identified and will be shown in the design chart(Figure 

9,10 & 11 ) as follows:  

 Zone I:  Thermal comfort is achieved and no condensation occurs on the ceiling 

(Desired and feasible operational range of the LDMC-DV system) 

 Zone II:  Thermal comfort is achieved but condensation can occur on the ceiling  
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 Zone III:  No thermal comfort can be attained and no condensation occurs on the 

ceiling 

 Zone IV:  No thermal comfort can be attained and condensation can occur on the 

ceiling 

 Zone V:  Poor Air quality zone due to low DV flow rate resulting in stratification 

height lower than 1.1 m. 
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CHAPTER V 

CASE STUDY 

 
A case study is adopted for the generation of the design charts for a typical office 

space with dimensions 5m × 5m × 3m, located in Beirut Lebanon. A maximum number 

of 6 occupants are considered inside the room. Each one generates 1.38 × 10
-5 

kg/s of 

water vapor, 70 W of sensible heat and uses a computer producing a heat power of 65 W. 

The room is equipped with a light having a power of 15 W/m
2
 which makes the total load 

inside the room about 1860 W (= 75 W/m
2
 of floor area). The ambient design 

temperature of the outside air is assumed at T∞=34 ºC while the humidity ratio is 0.01382 

kg of water/kg of dry air reflecting a typical moderate humid climate summer day 

In order to generate the design charts representing the appropriate operational 

conditions of LDMC-C/DV, 1200 simulations have been performed using the developed 

integrated space and membrane system model.  The input to the simulations are the inlet 

solution temperature, its concentration and its mass flow rate, the inlet DV supply air 

temperature, its humidity ratio and its mass flow rate, and the load. The outputs of the 

simulations are the temperature and the humidity ratio at the occupied and unoccupied 

zones, as well as the amount of heat removed from the chilled ceiling and from the DV 

system.  

The range of the design parameters including the supply air solution temperature are 

summarized in Table 1. The DV supply air humidity ratio is 0.01382 kg of water/kg 

which is equal to outdoor humidity since no dehumidification is applied to the supply air. 

The inlet mass flow rate of the desiccant solution has a very narrow range dictated by the 

condition that the temperature difference between the solution at inlet and exit from the 
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room should be small. Hence, a constant inlet desiccant mass flow rate of 0.0277 kg/s 

(4.0 kg/hr·m
2
 of floor area) is justified and is used in the model. The inlet concentration 

of the desiccant solution is assumed 0.38 in mass basis of CaCl2 and this presents the 

value recommended in literature for good affinity to water vapor without the possibility 

of salt crystallization at small temperature (>=13C) [19, 21,42,43]. The main output that 

will be shown in the developed design charts is the amount of heat removed by chilled 

permeable ceiling obtained from the parameter R for a selected DV flow rate parameter P 

in the feasible zone of operation.  

 

Design parameter Operational range 

Solution temperature (Tsolution in C)  13 to 22 

Solution flow rate (kg/s) 0.0277 

Solution concentration in mass basis of 

CaCl2 

0.38 

DV supply temperature (Ts in C) 18 to 22 

Panel dimension (m) 4m × 4m 

P (kJ/kg) 3 – 15  

Predicted Mean Vote, PMV Acceptable Comfort Range from -0.5 to +0.5 

Stratification height (m)  1.1 

Table 1. LDMC-C/DV -PEC design parameters and their operational ranges  
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A. Description of the LDMC-C/DV design charts with an example 

For the fixed space load of 75W/m
2
, three LDMC-C/DV design charts are generated 

for DV supply air temperatures of 18, 20 and 22 °C as shown in Figure 9, 10, 11, 

respectively where the load split parameter R is plotted vs the inlet desiccant solution 

temperature at different flow rate parameter P while identifying the five zones defined in 

chapter IV. 
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Figure 9 shows the variation of R values at different P for different inlet solution 

temperature at a fixed supply temperature of 18 °C. It is clear that at an inlet solution 

temperature smaller than 13.5 °C, condensation occurs at all P-lines. When the solution 

temperature increases, condensation is prevented and the thermal comfort attainment 

depends on the value of P reflecting the inlet supply flow rate at DV system. When P is 

relatively low (3 to 5 kJ/kg), the DV mass flow rate is large leading to more fresh air 

entering the chamber at a low supply temperature of 18°C and hence results in thermal 

discomfort. For large value of P, the DV mass flow rate is small leading to poor air 

quality because there is insufficient fresh air entering the space and stratification height 

would be less than 1.1 m. Consequently, the zone of thermal comfort and no 

condensation is delimited by the other four zones considering the limits on CaCl2 solution 

temperature to prevent condensation as well as the limits on P to ensure enough supply 

flow rate to maintain good air quality and ensure comfort. Another observation is that at 

high value of P, the decrease in the DV mass flow rate is compensated by the chilled 

ceiling cooling which results in a larger value of R. At higher DV supply temperature 

20°C, the design chart is shown in Figure 10 and it is clear that the thermal comfort zone 

has shifted downward when compared to the design chart of Figure 9 at supply 

temperature of 18 °C. In other words, when the supply air temperature increases, the 

thermal comfort necessitates higher inlet air supply flow rate to remove the load. This 

higher inlet flow rate is reflected by decreasing the parameter P leading to the downward 

shift of the thermal comfort zone. The higher supply DV air temperature resulted in the 

reduction of the condensation zone and in having lower P values in the comfort zone. 
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This is evidently related to the increase of the air temperature in the room preventing the 

risk of condensation. The same observations were shown in Figure 11 for higher supply 

temperature of 22 °C.  

According to the design charts of Figure 9-11, two main observations could be drawn: 

(i) the condensation area is decreasing and (ii) the thermal comfort area is shifted down 

as the supply air temperature is increasing. The first observation is essentially related to 

the fact that any increase in supply air temperature increases the air temperature inside 

the space which limits the heat transfer with the ceiling. Raising the temperature of the 

ceiling above the dew point temperature of the adjacent air prevents the occurrence of 

possible condensation. While the second observation is associated with the need to 

increasing the DV supply temperature resulted in increasing the DV air flow to meet the 

space load. This increase in supply air flow rate is reflected by a decrease in P-value; thus 

shifting down the thermal comfort zone.  

For a given supply air and desiccant temperature conditions, the design charts of 

Figure 9-11 can be used to find the feasible operational conditions and the part of the load 

removed by the chilled ceiling (R-value) compared to the total load. It can be seen for 

example that if a DV supply air temperature of 20 °C and a calcium chloride solution 

temperature of 15 °C, then using the chart in Fig. 10 one can obtain a feasible value of P 

= 8 kJ/kg and its corresponding heat removal ratio by the chilled ceiling R = 0.34 is 

obtained. Focusing on the comfort zone, different values can be used of P ranging from 3 

to 9 kJ/kg and values of R ranging from 0.3 to 0.5 for different CaCl2 inlet solution 

temperature. Thus the charts would present a convenient method for sizing the LDMC-

C/DV system.   
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B. Conclusion 

In this paper, a mathematical model of the boundary layer side associated with the motion 

of air on the ceiling over which the desiccant solution flows in a LDMC-C/DV system is 

developed. The model is based on solving the heat and mass transfer through the 

membrane that is exposed to the boundary layer air in one side and to the solution 

desiccant in other side. The model is validated by conducting an appropriate experiment 

where temperature and humidity measurements show good agreement with a relative 

error of 4%. It is shown that the solution desiccant temperature increases by absorbing 

the heat and the moisture from the air at the boundary layer side. The boundary layer air 

temperature and humidity ratio is decreasing consequently. When the model is coupled to 

the space model, different design charts are developed at different supply air 

temperatures. These design charts are used to find the operational parameters that 

influence the meeting of the LDMC-C/DV objectives of comfort, air quality and no 

condensation on the ceiling for a fixed load.  Furthermore, they specify the amount of 

heat removed by the chilled ceiling over the total load as function of the inlet solution 

desiccant temperature and the supply air flow rate. It is shown that when the supply air 

temperature increases, condensation zone decreases, thermal comfort zone is shifted 

down towards the large supply flow rate.  
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