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AN ABSTRACT OF THE THESIS OF

Samer Omar Salloum for Master of Engineering
Major: Mechanical engineering

Title: Moisture Buffering Capacity of Solar-Regenerated Hygroscopic Curtain.

This study focuses on the potential use of solar energy to actively regenerate a hygroscopic
curtain for control the indoor relative humidity. The proposed curtain is supported by a
ceiling rotating shaft to allow the curtain material to continuously exchange heat and
moisture with the two environments: facing the curtain and the clearance space behind the
curtain. As the curtain slowly rotates, one side facing the internal space will undergo
absorption while the other side facing the glass surface will undergo desorption releasing the
collected space moisture to the exhausted air stream.

In this work a theoretical model is developed from first principles for the proposed system
with an integrated indoor space modal to study the rotating hygroscopic curtain feasibility in
performing indoor dehumidification. An experimental setup was built inside environmental
chambers to validate the theoretical model predictions of room air temperature and moisture
removal rate and to test the ability of the rotating curtain to moderate indoor humidity. It was
shown that the experimental results for the curtain moisture uptake and the relative humidity
inside the chamber compared well with the model simulation results.

A case study was evaluated to predict the effectiveness of a hygroscopic curtain made of
cotton and placed in a typical office space in the city of Beirut with a floor area of 42 m?. It is
found that, for the same conditions, hygroscopic curtain maintain an average relative
humidity of about 65.7% when rotating continuously at a speed of 1.5 rpm compared to a
value of 71.1% when the curtain is not rotating at all.
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NOMENCLATURE

surface area,( m?)
heat capacity, (J/kg-K)
convection heat transfer coefficient at the curtain interface, (W/m?-K)

latent heat of vaporization of the water, (J/kg)

linearized radiation heat transfer coefficient with the curtain, (W/m?)
convection heat transfer coefficient at the wall interface, (W/m?-K)
curtain height,(m)

curtain thermal conductivity, (W/m-K)

curtain width,( m)

dry air mass flow rate, (kg/s)

moisture generation, (kg/s)

water vapor pressure in the inter-fiber void space of the curtain, (kpa)
water vapor pressure in the air, (kpa)

internal heat generation, (W)

intensity of the solar radiation, (W/m?)

heat of sorption, (J/kg)

curtain moisture Regain in kg of absorbed water/kg of dry curtain
curtain dry resistance, (K-m?/ W)

curtain evaporative resistance, (kPa-m?*/ W)

curtain thickness, (m)

temperature, (°C)



Tort mean radiant temperature in the room, (°C)

% curtain velocity, (m/s)

Vv volume,( m3)

Greek Symbols

A fraction of solar energy absorbed by the glazing

B convective mass transfer coefficient with vapor pressure as the driving
force in (kg/kpa-m?-s)

d relative humidity

P density in (kg/m°)

(ta) transmittance absorptance product

Q Humidity ratio in kg of water vapor/kg of dry air

Subscripts

a; air in the indoor space

a; air in the air gap space

o) curtain side facing indoor air

Cy curtain side facing window

G Glass

S Supply
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CHAPTER |

INRODUCTION

A. Introduction

There are many reasons that justify the need to control humidity and to prevent the indoor
relative humidity from exceeding the upper limit of 70% [1, 2]. Human thermal comfort
sensation is one of those important reasons [3, 4]. A high relative humidity causes the
perspiration rates on the skin to be lower than it should be under dryer conditions. As a result,
sweat will accumulate on the human skin triggering a warmer and discomfort feeling.
Moreover, research has shown that the indoor relative humidity can significantly affect the
perception of IAQ, and thus the needed ventilation rate could possibly be reduced for low
relative humidity [5, 6]. Controlling humidity is also important for the building structure as a
whole, i.e., increasing the durability of the building structure (wood and steel materials) and
prolonging the life service of the building [7]. In fact, Moisture accumulation can degrade
building materials through mold growth, rotting, corrosion, and other physical or aesthetic
damage [8].

Conventional control of humidity is accomplished by sub-cooling the air to a value less than
the dew point temperature; remove a specific amount of the condensate, followed by
reheating the air to the required supply temperature. This conventional air conditioning
system shows a large destruction of exergy in the evaporator and requires high amounts of
electrical energy [9].

Alternatively, one can use desiccant dehumidification as less energy requiring process [10,

11, and 12].



Both processes require energy to control the level of humidity and therefore both are
classified as active methods for controlling the humidity. In the first process, not only the air-
conditioning system has to be oversized to meet the sub-cooling requirement of the latent
load, but also the operational energy of the air-conditioning system is increased due to the
excess cooling and reheating. In the second process, liquid/solid hygroscopic materials are
employed to absorb the excess moisture and the regeneration of the desiccant material is
accomplished by applying thermal energy. The classification of whether this process is
considered an active or a passive method depends on whether energy is used in removing the
humidity. If it requires reactivation heater, the method is considered active and if it operates
naturally then it is considered as a passive way. [13]

The continuous increase in energy demand and costs pushed researchers to study the
hygroscopic moisture capacity of the different building materials as passive techniques for
controlling indoor humidity [14.15]. The literature studies concluded that the use of some
building materials has the ability to moderate the indoor relative humidity during the different
seasons. For example, Simonson et al. [16] showed that the wooden materials inside
bedrooms can reduce the peak humidity by 35% when the ventilation rate is 0.5 ACH. The
numerical study of Cerolini et al. [17] has shown that that the cellulose based material have a
higher buffering performance and a faster adjustments to variations in indoor relative
humidity when compared to non-cellulosic common building materials. Hameury et al. [18]
showed that the porous timber structures of floor and walls have an appreciable effect on
buffering indoor humidity levels. Other researchers considered the use of household materials
cloth curtains, carpets, and wallpaper to assist the air-conditioning system in eliminating the
problems associated with high humidity levels. Through absorption and desorption,

hygroscopic materials in the indoor environment are able to dampen the moisture variations



of the indoors air [19]. During high latent loads, hygroscopic materials reduce the peaks of
relative humidity levels due to their absorbing characteristics, and during small latent load
their desorption characteristics allow them to release the previously absorbed moisture into
the indoor air, and thus keeping a more uniform indoor humidity level. Therefore, household
hygroscopic materials buffer the moisture variation in a passive way and moderate the
variation of indoor humidity. In particular, Ghali et al. [20] investigated the indoor moisture
moderating capacity of cloth curtains during the part load operation of a DX air conditioning
system. The study showed that cotton hygroscopic curtain was capable of restricting the
indoor relative humidity between 44% - 65% as compared to a relative humidity range of
40% - 70% when no curtain was used. However, in the absence of any active method for
regenerating the hygroscopic curtain, its success in moderating the indoor moisture not only
depends on its hygroscopic capacity but also on the building latent load profile and the air
conditioning system operation. The on-off operation of the DX air conditioning system
during uniform latent load are essential for the effective moisture buffering of a curtain in the
absence of active regeneration.

It is evident that the hygroscopic building construction materials can buffer the building
indoor moisture during different seasons whereas the indoor household hygroscopic materials
moderate the daily indoor relative humidity during transient changes of indoor latent load.
However, such studies have limited application for office buildings characterized by uniform
latent load and constructed from non-cellulosic structural material. One solution is to
consider active regeneration methods of the curtain. Solar energy presents potential source to
actively regenerate cloth curtains to allow the hygroscopic curtain to control the indoor
relative humidity. A rotating mechanism for a curtain mounted close to a glazing surface is

proposed to assist in controlling the indoor relative humidity of a typical office. Hence, the



objectives of the work are to develop a mathematical model capable of predicting the rotating
curtain absorption and regeneration behaviour and validate the model prediction on moisture
uptake and removal with experiments. A case study of an office located in the coastal city of
Beirut will follow to show the feasibility of using the rotating hydroscopic curtain system to

control humidity

B. System description

The proposed hygroscopic solar-regenerated rotating curtain system is shown in Fig. 1.
The curtain is supported by the ceiling-mounted rotating shaft to allow the curtain material to
continuously exchange heat and moisture with the two environments: facing the curtain and
the clearance space behind the curtain. Thus at each time, one part of the curtain will be
facing the window and is heated by solar radiation while the other part is facing the indoor
room and is cooled by convection.

The air conditioning system of the office space consists of a supply grill placed in front of
the curtain while the exhaust grill is located behind the curtain in the clearance space between
the wall and the curtain. To prevent air short-circuit, air from the wall facing the curtain will
be withdrawn and transported behind the curtain to be exhausted from the ceiling grill (see

Fig. 1).



Raduation from
Solar Lamps

Under Ground Duct

Figure 1: Schematic of the curtains position and its interaction with the room air

The curtain is made mainly from hygroscopic material absorbing moisture from the indoor
environment and desorbing the moisture to the exhausted air. To prevent heat and moisture
exchange between the two sides (absorbing and desorbing), the cloth curtain will consist of
the following layers: hygroscopic cloth layer, nonconductive fabric layer and impermeable
membrane between these two layers as shown in Fig. 2. To further reduce heat flow from the
moisture absorbing curtain side towards the regenerating curtain side, an insulating layer

made of Styrofoam will be placed between the curtain sides (see Fig. 2).
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Figure 2: Three layers of the cloth curtain

As the curtain slowly rotates, one side facing the internal space will undergo absorption while
the other side facing the glass surface will undergo desorption releasing the collected space
moisture to the exhausted air stream.

A mathematical model for a rotating curtain placed in front of a large glass wall is developed
to assess the moisture buffering capacity of cloth curtain regenerated by solar energy. The
curtain model will be coupled with the space thermal model and air conditioning system to
predict the curtain ability in controlling indoor relative humidity. The coupled heat and
moisture balance equations will be solved numerically. This step is then followed by
performing experiments inside climatic chambers located in the energy lab at the American
University of Beirut (AUB) to validate the numerical results of the developed model. A final
section is then presented for a case study showing the feasibility and effectiveness of using

the hygroscopic curtain in a typical office located in Beirut warm humid climate



CHAPTER II

MODELING OF MOISTURE BUFFERING BY HYGROSCOPIC

ROTATING CURTAIN

A. Mathematical Formulation
The mathematical models will couple energy and moisture balances of space air enclosure
and the rotating curtain layer as well as the energy balances of the facing window and room

walls.

1. Moisture and thermal balance of space air enclosure

Curtains are usually placed in front of a glazing surface for solar shading purposes dividing
the space air into two distinct zones (see Fig. 1): air space facing the curtain from one side
(zone 1) and air volume behind the curtain from its other side (zone 2). It is to be noted that
since the curtain is rotating the moisture content along its two sides (absorbing and
desorbing) are not uniform.

The energy balance equations for the air in zones 1 and 2 are given by:

aValC al = Iisl hwi A/vi (Twi _Tal) + J. L{TC1(Z’ t) _Tal} dz +é

e

h,

+m,C, (T, -T,) @

ent

H
oo (@) Tk g oh L (T —To) +h A (T, —Tay) @)

a al at '(')' % %
c2

In Eq. (1), the term on the left hand side of the equation accounts for the thermal capacitance

of the air stored in zone 1. The four terms on the right hand side of the equation represent the

heat transfer exchange with the five surfaces (3 walls, ceiling, and floor), the heat transfer



exchange with the curtain, the internal energy released, and the energy exchange through the
air mass flow rate into the room respectively. The energy balance equation for zone 2 (Eg.
(2)) is very similar to that of zone 1 except that it does not include the internal energy
released.

The surface wall temperature is denoted T,,, Ay is the surface area of a wall, and h,,, is the
corresponding convective heat transfer coefficient. The temperatures T,; and Ty, are the air
dry bulb temperature of the air trapped in zone 1 and 2 respectively; T and T, are the
curtain temperatures at both sides; and Ts is the supply air dry bulb temperature. The air-
vapor mixture heat capacity per kilogram of dry air in zone 1 and 2 are C, and Cjy
respectively; Cs is the supply the air-vapor mixture heat capacity per kilogram of dry air; p, is
the dry air density, and m,is the dry air mass flow rate. The curtain width and height are L
and H respectively; Vi and Vg, are zone 1 and 2 space volume; R, is the curtain dry
resistance, h.,and h., are the convective heat transfer coefficients on both sides of the
curtain

The moisture conservation equations for both zones are given by

0w,, . . L{P,-P,}
paval ot - mgen + ma(a)s 1) + J hfg Re d (3)
ﬁl 2
8(0 T B a2}
paVaZ 8t =m (a)al a '([ fg e (4)
ﬂz 2

Where w,, and w,, are the air humidity ratio in zone 1 and 2, wy is the supply air humidity
ratio, and P., and P_, are the vapor pressure in the inter-fiber air void space of the curtain
which are derived from the experimental isotherm equilibrium curve; B, and S, are the

convective mass transfer coefficient with vapor pressure as the driving force and are obtained



from the Lewis relation, R, is the evaporative resistance of the curtain and hg is the latent

heat of vaporization.

2. Curtain modeling

The Eulerian method is used to model the Temperature and moisture content of the curtain. A
fixed control volume is chosen, and the temperature and moisture content variations are
derived for this specific control volume. The temperature and moisture content are assumed
to be uniform throughout any horizontal section. Thus an unsteady one dimensional (t, z)
model is derived for Temperature and moisture fields for the curtain facing each zone

The energy balance equations for sides 1 and 2 of the curtain are given by equations (5) and
(6) respectively as follows:

azTcl Tal — Pal -P

T, T, T, A
pctccc{ 8’[1 +V 621}: Kctc azz + }/ Rdl/ + 1 hfgll:\) Qsorpt + hrd—l(Tmrt—l _Tcl) (5)
+ Bl ¢
72 g7
T, T o°T, T,-T P,—P
pctccc{ 6;2 -V 822}: Kctc azgz + = Rcdl/ + 1 = hf CIZQ sorpt + hrd—z (rg _Tcz) + (Ta)Qsolar (6)
+ oy 9e
%02 2 ﬂz 2

Where p.. is the curtain density, C, is the curtain specific heat capacity of the curtain which is
a function of the curtain regain, ¢ is the curtain thickness, V is the curtain velocity, Qgorp¢ IS
the released heat of sorption, Q. 4, is the intensity of the solar radiation and T is the glass
or window temperature, h,,; is the linearized radiation heat transfer coefficient with the
curtain, T,,,+—1 1S the mean radiant temperature in the room and (za) is the transmittance
absorptance product.

The moisture conservation equations for both sides curtain are given by
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t cl cl — t D cl al cl 7
pc c{ 8t +V 82 } pc c—cC azz + i+ hnge ( )
p 2
oR oR o°R P,-P
t c2 -V €2\ _ tD c2 + a2 c2 8
pC C{ at az } IOC C C azz l hfg Re ( )

—+
B, 2
Where R.; and R, are the curtain moisture regain at both sides. Note that the regain R has a
definite relation to the relative humidity of the water vapor through a property curve of the
regain versus relative humidity, Morton et al. [21].
3. Envelope and window modeling
The thermal response of the envelope is modeled as a simple lumped resistance—capacitor

element to obtain the inner wall surface temperature, based in the work of Laret et al. [22]

and implemented in the study of Ghali et al [20].

Assuming a uniform Temperature for the window, the energy balance can be written as:

oT —
pgtg 8_1:9 = hrd—2 (Tcz _Tg ) + th (Taz _Tg ) + hrco (Tamb _Tg ) + aQsoIar (10)

Where T,, is the average temperature of the curtain facing the window, T,,,;, is the outside
ambient temperature, h,.., is the combined convective and radiative heat transfer coefficient
between the glass and the outside surrounding, and «a is the fraction of solar energy absorbed

by the glazing

10



B. Numerical solution

To simulate the buttering capacity of the solar regenerated rotating curtain, the following
input information is needed: building envelope construction material, external and internal
load profiles, the material and physical properties of the hygroscopic curtain (evaporative and
dry resistances and regain curve function of relative humidity). The calculation domain at
both sides of the curtain (absorbing and desorbing) is divided into a number of non-
overlapping control volumes such that there is two control volumes surrounding each grid
point. Each side of the curtain is subdivided into n sections of equal thickness Az resulting in
a total of n + 1 grid points in the z-dimension along each curtain side.

Starting from arbitrary initial conditions of a typical summer day and using a time step of 1 s
for the explicit scheme, the temperature and moisture fields along the curtain length was
calculated assuming a stepwise upwind profile. Figure 3 shows the simulation flowchart and
model inputs.

The curtain temperature and moisture fields were used in the space model to determine the
indoor temperature and relative humidity. At the end of the 24 h operational period, the
initial conditions are recalculated and used as input in the cyclic simulations until steady
periodic convergence is achieved. The criteria for convergence is reached when the
maximum percentage errors for the curtain temperature, air temperature, air humidity content
in either zone, and the regain values are all less than 10—4% when values at time t and t + 24
h are compared. Different time steps are chosen for the simulation: 1 and 0.1 s over the whole

simulation period. The higher time step of 1 s is found sufficient to produce a stable accurate

11



solution. The curtain on both sides was discretized to 20 control volumes; i.e. Az = 0.05m

for a 1.0 m curtain height

- Input physical properties
- Input internal loads

- Input supply conditions
- Input curtain rpm

Te
i }
Assume initial conditions
|
Fori=lton t—i=dt
|

Find curtain vapor pressure P, and P,

Solve the curtain and space model to Find
Toa 1,0 Toa Ui+ 10wy G+ 10w (i + 1D

Solve the curtain and space model to Find
Toali + 1,70, T (i+ 1,70, Ry (i + 1), Rpli+ 1)

Check convergence

Final solution

Figure 3: Simulation flow chart
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CHAPTER 111

MODEL VALIDATION WITH EXPERIMENT

A. Experimental setup

An experimental setup was built inside the climatic chamber of AUB to test the ability of the
hygroscopic rotating curtain in performing indoor dehumidification and to validate the
numerical results of the theoretical model. The experimental chamber has an area 1.0 m x
1.1 m and a height of 1.0 m. It consists of one fully glazed facade having an area of 1.0 x 1.1
m which is exposed to solar radiation while the other three walls along with the floor and
ceiling are partitioned with conditioned spaces. The walls, floor, and ceiling of the chamber
are made of Styrofoam and are well insulated with metallic sheet coverings on both sides of
the wall to prevent moisture migration through the walls. An artificial solar radiation panel
source was placed in front of the glazed facade (4 mm thick commercial window glass) in
order to simulate the sun radiation and thus to heat the curtain . The radiant heating source is
composed of a set of six halogen lamps rated at 2000W each (1 m x 1 m) placed vertically
and backed with parabolic reflectors. The power input to the lamp is monitored for stable
non-fluctuating operation. A special CM3 Campbell Scientific Pyranometer of spectral range
305-2800 nm is used to measure the radiative heat flux from the Halogen lamps at different

locations on the glazed window. The spectral selectivity of the Pyranometer is 5% (350-

1500 nm), with a sensitivity of 10 to 35 puV/Wm? and impedance of 60 to 200 Ohm. The solar
panel is calibrated through dimmer so that the solar flux hitting the outer surface of the
glazing is equal to 700 W/m?. A curtain having an area of 1.0 m x 1.0 m is placed behind the

glazed facade at a distance of 10 cm as shown in Fig. 4.
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Figure 4: Glass side in front of the curtain

The curtain is mounted on two parallel shafts that are controlled by an AC motor to allow its
rotation at a constant speed of 1.5 rpm. The used curtain is 100% untreated cotton having the
following properties: thickness 0.41 mm, dry thermal resistance of 0.0158 -C m?W and
evaporative resistance of 4.28 Pa-m*W measured by a sweating guarded hot plate (SGHP-
8.2) in accordance with ASTM F1868 [23] and 1SO 11092 [24] to measure both R (thermal)
and Re; (vapor) characteristics .

The indoor space is conditioned by 100 % fresh air that enters the experimental chamber at an
average temperature and relative humidity of 25 C and 46% respectively. A controlled
suction fan is place within a duct to ensure proper air flow from the surrounding conditioned
partition. Another identical fan, placed on the ceiling between the curtain and the glazed

facade, is used as an exhaust to allow air flow outside the room. The fans are powered by an

14



alternating current supply having a voltage of 220V. The mass flow rate of the air was
calculated through measuring the velocity through an anemometer (BK PRECISION model
731A), with error of 3.0% of the reading. The air mass flow rate was set at 0.016 m®s by
controlling the speed of the suction fans. Two humidifiers were placed in the middle of the
chamber releasing steam at a rate of 0.23 g/s. This rate was measured experimentally from
the humidifier rate of water loss. OMEGA® HX94A Series humidity-Temperature sensors
with relative humidity accuracy of + 2.5% and temperature accuracy of + 0.3°C were used to
monitor the temperature and relative humidity during experimentation. The sensors were
placed at the inlet of the supply duct and in the middle of the experimental chamber and the
sensor temperature and humidity readings were simultaneously recorded via a data
acquisition system every one minute.

Heat gains in the room due to the steam generation and to the solar radiation that by-pass
through the clearance between the wall and curtain was estimated at a 200 W value by
running the experiment under the constant air supply conditions, uniform moisture
generation, solar lamps on and the non-rotating curtain until stead state conditions were
attained (4 hours). The experimental protocol for measuring the ability of a solar regenerated
curtain to control the indoor humidity was conducted for a total period of 4 hours. In the first
2 hour period, the curtain was rotating at a constant speed absorbing moisture from the
indoors and releasing the moisture with the exhausted air and in the remaining four hours

period the rotating motor was stopped.

15



B. Model validation

The integrated model of the rotating hygroscopic curtain system was simulated for the
geometric and physical parameters of the experiment while using the experimentally
measured average inlet conditions as inputs to the model. The predictions of the mathematical
model and the actual experimental measurements of the room temperature and humidity are
shown in Fig. 5 (a-b). As it can be seen, the model was able to closely predict the steady
state response of the room temperature and humidity when the motor was on and off. The
error in predicting the steady state room temperature was about 2%. As for the relative
humidity, the error was about 4%. As also shown in Fig. 5(a) and Fig. 5(b), the rotating
curtain, while removing part of the latent load, will add some sensible load to the room. In
fact, when the curtain was rotating, the steady state humidity ratio was about 0.026 versus a
value of 0.027 when the motor was off. Therefore, the rate of moisture absorbed by the
rotating curtain is 1.9x10°° kg/s and the latent load is reduced by

Q =, (0.027-0.026) h, =42.9W "

On the other hand when the curtain was rotating, the steady state temperature was about 36°C
versus a value of 34°C when the motor was off. This increase in the steady state temperature

ascertains the fact that the rotation of the curtain increases the sensible load by

Quns =M, C,,(36.0-34.0) =39.2 W (12)

16
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Figure 5 (a-b): Comparison of experimentally measured values and model predictions for (a)
temperature and (b) humidity ratio of the air in the room
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CHAPTER IV

ASSESMENT OF THE ROTATING SYSTEM PERFORMANCE

A. Case study

The proposed study aims to assess the performance of the rotating hygroscopic curtain placed
in a typical office space in the city of Beirut with a 6 m x 7 m floor area and 3.5 m ceiling
height. As mentioned earlier, Beirut is a coastal city; hence sea water can be used as a heat
sink to supply the required cooling loads. The sink temperature is low (17 °C) to cool the
flow of outdoor air entering the occupied space but it is not low enough to control the indoor
humidity. A hygroscopic curtain made of 100% untreated cotton is supported by a ceiling
rotating shaft to allow its rotation in front of a glass area of 21 m? on the south fagade of the
office and exposed to solar radiation. The rotating curtain will continuously absorb moisture
from its side that faces the indoor space and will reject the accumulated moisture to the

exhaust air leaving the space from the other side facing the glazing.

The office is occupied from 8:00 a.m. till 5:00 p.m. and the internal loads (sensible and
latent) along with the ambient conditions of a typical summer day in Beirut (August 15) are
presented in Table 1. The indoor space is conditioned by 100 % fresh air. Deep sea water at
17°C is used as a heat sink to lower inlet air temperature to 18°C [25]. For a typical summer
day in Beirut, the dew point temperature of the ambient air is higher than 18°C. Hence, the
supply air will enter at 100% relative humidity and at humidity ration of 12.93 g of H,O/kg of

dry air.
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Time of the | Internal loads(W) Ambient conditions
day Sensible | Latent | Temp. (°C) | Humidity Ratio (g/kg) | Solar Flux (W)

8:00-9:00 987 128 29 17.02 512
9:00-10:00 987 128 30 18.06 653
10:00-11:00 987 128 30 18.06 754
11:00-12:00 | 1554 256 31 19.15 798
12:00-13:00 | 1554 256 31 19.15 780
13:00-14:00 | 1554 256 30 18.06 701
14:00-15:00 | 1392 220 31 19.15 o574
15:00-16:00 | 1392 220 31 19.15 419
16:00-17:00 | 1392 220 31 19.15 256

Table 1: Internal loads and Ambient Conditions

The model is simulated for a representative day in August (15" of the month) for the case of

a non rotating curtain. The corresponding supply air flow rates, needed to maintain room

temperature around 24°C, are shown in Table 2. The simulation results show that the free

cooled air was able to maintain a good comfort temperature but not a good relative humidity.

In fact, for the mass flow rate of conditioned air shown in Table 2, the average value of the

humidity ratio was 13.35 g/kg, which was higher than the supply air humidity ratio of 12.93

g/kg due to the latent load in the space. The humidity ratio reached a peak of 13.39 g/kg at

noon hour, when the latent load was the highest. The corresponding relative humidity was on

average 71.1%, ranging between 70.5 and 71.5%. Moreover, increasing the mass flow rate of

air entering the office will not resolve the issue of high humidity, thus the saturated free
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cooled air cannot alone satisfy human thermal comfort due to the high relative humidity.

Hence, an auxiliary system that can handle part of the office latent load is needed.

Supply air flow rate % Relative Humidity ratio

(m%s) humidity (9/kg)
8:00-9:00 0.13 70.5 13.31
9:00-10:00 0.13 70.5 13.31
10:00-11:00 0.13 70.5 13.31
11:00-12:00 0.21 71.52 13.39
12:00-13:00 0.21 71.52 13.39
13:00-14:00 0.21 71.52 13.39
14:00-15:00 0.19 71.3 13.35
15:00-16:00 0.19 71.3 13.35

Table 2: Room relative and absolute humidity for rpm=0

To assess the performance of the rotating hygroscopic curtain in moderating the indoor
humidity, it is important to select the optimal rotating speed of the curtain at which the
curtain will decrease indoor moisture without excessively increasing the sensible load. To
this end, the curtain model will be simulated at the peak latent load hour (11:00- 13:00) for
different curtain rotational speeds. Figure 6 shows both the decrease in latent load and the

increase of the sensible load at different curtain speeds.
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Figure 6: A plot of added sensible load and removed latent load as a function of the curtain
rotational speed

As the curtain rpm increases, the added sensible load always increases due to the increase of
the average temperature of the curtain facing the rom. However latent load removal increases
and reaches a maximum of 819W at an rpm =1.5 after which it began to decrease. In fact, the
mass flow rate of water vapor absorbed by the curtain increases as the average curtain
temperature and regain decreases. Nevertheless, as shown in Figure 7 and 8, boosting the
curtain speed will result in an increase in curtain temperature and a decrease in curtain regain
which explains the presence of an optimum rpm that maximize the latent load removal.
Moreover, the added sensible, which is to some extent higher the removed sensible load for

an rpm of 1.5, can be easily handled by increasing the mass flow rate of cooled air using the
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available heat sink water without any additional cost. Thus an optimal rpm of 1.5 will be

chosen throughout the simulation.
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Figure 7: A plot of the average curtain temperature as a function of curtain rotational speed
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Figure 8: A plot of the average curtain Regain as a function of curtain rotational speed

22



To counter effect the additional sensible load and to restore a comfortable temperature of
24°C, the air flow rate of free cooled outdoor air is increased. The corresponding new supply
air flow rates needed to maintain room temperature around 24°C when the curtain is rotating
at an rpm of 1.5 is shown in Table 3. The simulation results show that the new supplied air
flow rates with the rotating curtain are to maintain a good comfort temperature and relative
humidity. In fact, the average value of the humidity ratio dropped from 13.35 g/kg to 12.3
g/kg when the curtain is rotating at an rpm of 1.5. The average indoor air relative humidity
has decreased to an average value of 65.83% as compared to a value of 71.1% when the
curtain is not rotating. The relative humidity is ranging between 63.97% and 68.37% which is

comfortable for most people.

Supply air flow % Relative
Humidity ratio

rate Humidity

. (9/kg)
(m?/s)
8:00-9:00 0.24 65.2 12.13
9:00-10:00 0.26 64.6 12.05
10:00-11:00 0.27 63.97 12

11:00-12:00 0.35 65.77 12.32
12:00-13:00 0.35 65.98 12.33
13:00-14:00 0.34 66.22 12.36
14:00-15:00 0.3 66.13 12.35
15:00-16:00 0.27 66.28 12.46
16:00-17:00 0.25 68.37 12.69

Table 3: Room relative and absolute humidity for rpm=1.5
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B. Economic analysis of the proposed system vs. conventional vapor compression system
To estimate the economic feasibility and efficiency of the rotating hygroscopic curtain, it will
be compared to a conventional vapor compression system that can attain the same indoor
conditions (temperature and relative humidity) as that of the rotating curtain system. The
conventional vapor compression cycle is assumed to have a coefficient of performance (COP)
of 3. It first sub-cools the supply air to reach the required humidity ratio, and then through the
use of an electric heating coil, the supply air is reheated to the appropriate supply
temperature. For the case study office space considered during the typical summer day, the
electric energy required for subcooling and the reheat energy required during one day of
operation are shown in Table 4. A total daily electric energy consumption of 4.97 kWh is
consumed by the vapor compression cycle in the reheat— subcool process. This amount will
not change throughout the considered period of five month since the loads are mostly internal
and the supply conditions to the room are the same. In addition the solar radiation profile will
not change much over the same period; hence the total electric energy consumption will be
745 kWh for the period of five month. Nerveless, the power consumption of the electrical
motor used to rotate the curtain is 0.035KW, as stated in the motor data sheet, and energy
consumption would be 47.25 kWh for a five months operating. The rotating curtain system
will induce an electrical energy savings of about 598 kWh.

The cost of electricity in Beirut City is estimated as 0.19 $/kWh. Therefore the cost of
electricity consumption by the vapor compression cycle over the operational period of 5
month per year is calculated to be $132. As for the rotating curtain system, the price of the
motor and the related shaft is about $200 whereas the textile material cost $200. Hence the

payback period is about 3 years.
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Electric energy

Reheat Electrical
required Motor electrical
Time of the day electric energy
for the subcool energy
energy (kWh) savings
(kWh) (KWh)
(kWh)
8:00-9:00 0.231 0.233 0.035 0.429
9:00-10:00 0.247 0.249 0.035 0.461
10:00-11:00 0.256 0.261 0.035 0.482
11:00-12:00 0.337 0.342 0.035 0.644
12:00-13:00 0.337 0.342 0.035 0.644
13:00-14:00 0.324 0.327 0.035 0.616
14:00-15:00 0.290 0.291 0.035 0.546
15:00-16:00 0.258 0.260 0.035 0.483
16:00-17:00 0.191 0.190 0.035 0.346
Total energy
2.471 2.495 0.315 4.651

(KWh)

Table 4: Energy loads for the Rotating curtain system and Conventional System
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CHAPTER V

CONCLUSION

A mathematical model which simulates the transient moisture uptake of the rotating curtain
system is developed and is coupled with a building space conditioned by 100% free cooled
fresh air. The moisture curtain model is validated by conducting experiments inside AUB’s
climatic chamber. The experimental results compare well with the model simulation results.
The model is tested on a typical office in the city of Beirut of an area of 42 m. The results indicate
that a proper design of a rotating hygroscopic curtain along with a corresponding free cooled
air flow can maintain good comfort temperature and relative humidity for a typical office in
Beirut without the need of any additional mechanical equipment which requires high grade
energy. In fact by adjusting the mass flow rate of cooled air in order to obtain an indoor
temperature of 24°C, the average indoor air relative humidity has decreased to an average
value of 65.83% when the curtain is rotating at an rpm of 1.5 as compared to a value of

71.1% when the curtain is not rotating.
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