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ABSTRACT

This research is concerned with a computational study to simulate a turbulent three
—dimensional buoyancy recirculation flow in an air-conditioned space. The study
includes the smulation of heat and moisture generated from an internal source inside the
space. An experimental facility to study temperature and moisture distribution in an air-
conditioned space has also been designed, constructed and tested in a laboratory scale. A
numerical procedure was carried out to solve the liptic partial differential equations that
govern the flow, heat and mass transfer in a finite —volume form. The finite -volume
approach was applied to solve these equations using the upwind —differencing scheme.
The SIMPLE iterative procedure [1] for solving the algebraic equations is employed in
the present study. The proposed method is the line by line technique uses the Tri-
Diagonal Matrix Algorithm (TDMA) as its basic unit. A modified version of a three-
dimensional elliptic computer code was used to simulate heat and moisture transfer
generated from the internal source inside the space. A study of the flow, heat and mass
transfer in air-conditioned space are used as test cases to justify the performance of the
computational procedure. The temperature and moisture distribution were compared with
predictions of previous researchers. The data from the experimental model was also used
to verify the computational procedure predictions.

Keywords: CFD, Heat and Mass transfer, Thermal comfort.
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INTRODUCTION
he main aim of conditioning the interior environments of buildingsis to provide a
comfortable and healthy indoor environment. Increasingly, concern is being
expressed over the quality of the indoor environment, where by failure to provide
satisfactory thermal conditions has resulted in many reports of discomfort and ill
health. As such, there has been a constant need to study the thermal conditions of
these indoor environments. Numerous studies have been conducted to explore the
conditions of residential and commercial buildings, in which occupants spend large
amount of their time everyday [2]. The concepts of both thermal comfort and
computational fluid dynamics have been widely researched upon. Some studies have
been published on the fundamentals of thermal comfort and case studies have been
conducted for buildings in the temperate and tropical climate. Other studies have been
conducted to develop models, which could enhance the study of thermal comfort in the
indoor environments. Research works on computational fluid dynamics result in
innumerable articles on the application of CFD, as well as its usage in designs. CFD was
used to model air movement and thermal comfort in mechanically and naturally
ventilated offices [3,4]. Cheong et.al.[5] presented a CFD thermal comfort study of an
air-conditioned lecture theatre. The CFD tool was used to model and simulate the indoors
thermal conditions provided by the air-conditioning system of the lecture theatre. Rohles
and Nevins [6] studied the nature of thermal comfort for sedentary men. Negrao et.al.[7]
described a simplified computational model to predict indoor air temperature distribution.
Pitram et. al. [8] introduced a new advanced active tool in environmental education,
directed to indoor — environment quality, that permits the predication and visualization of
air movement, air temperature and contaminant (such as tobacco smoke) distribution in
rooms. Abid [9] investigated the differences in thermal comfort conditions between the
northern Iragi and middle Iragi groups.

EXPERIMENTAL WORK

An experimental heat and mass transfer facility of small-scale room has been
designed and constructed to investigate the characteristics of temperature and moisture
distribution in rooms. The experimental model which is a single room with interior
dimensions of (80" 60~ 60) cm. The model can best be described as an isolated box with
well-insulated walls. The model was connected to an air-conditioning device that supplies
the air to the model at a given flow rate, temperature and humidity (Figure 1). The walls
of the experimental model are constructed from insulated perspex sheets of 4mm
thickness. The internal moisture source has exterior dimensions of (20~ 10" 10) cm. It
is constructed from insulated perspex sheets of 6mm thickness and contains an electrical
immersion heater (steel structure, 100 Watt, 220volt) to produce water vapor. A sensor
(type K, (Nicked—Cormv/ Nickd-Aluminum)) was used in the source to regulate water
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temperature, and then the vapor generation rate. Heater and sensor are connected to (O-
400°C) digital thermal control and temperature selector switch. Temperature and
humidity were measured by temperature —humidity sensor which is connected to
humidity / temperature — meter (type HT — 3005 HA) with specifications: Humidity
range:10% to 95% RH; Temperature range: 0 to 50 °C / 32 to 122°F; Humidity accuracy:
1% RH; Temperature accuracy: + 0.8°C. Seven sensors are used in the experiment to
measure temperature and humidity at various points. All of them were connected to the
multiplexer of seven inputs and one output to the humidity /Temperature meter.
Multiplexer with 220 volt / DC current and relay system manufactured with a timer (1-
10) second between every one sensor and the meter is fixed to read each sensor at 10
seconds, interval, respectively. The sensors are placed inside the experimental model as
seen in Figures (2 and 3). Theairflow rate was measured using a digital flow meter.

MATHEMATICAL FORMULATIONAND NUMERICAL SOLUTION

The essence of CFD's is to numerically model physical processes occurring within a
fluid by the solution of a set of non-linear partial differential equations to express the
fundamental physical laws that govern the conservation of mass, momentum, energy and
moisture content. For room air motion the driving forces are pressure differences, which
are caused by wind, thermal buoyancy, mechanical ventilation system or combinations of
these. The characteristics of indoor airflow are low velocity and high turbulence intensity
[10]. When applying CFD to the indoor air motion field, the Navier-Stokes equations are
derived by applying the principles of conservation of mass and momentum to a control
volume of fluid [11].

Conservation of Mass:

Tu v, fw_, e
x fy 9z
Conservation of Momentum:
f(ruu) , T(rwu) | T(rwa) _
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It is more compact to write equation (2) to (4) in Cartesian tensor notation as[12].

Truw) _ fp LA Ty

..
™ 1 TM ; TM)] i )

Where the suffixes i and | represent the three-co-ordinate direction .S, are
buoyancy source or sink terms.

The conservation equations governing the dispersion of certain scalar properties of
the flow, such as temperature, humidity, turbulence kinetic energy K or turbulence
dissipation rate €, have a similarity of form. They can therefore be represented by a
single differential equation for some general scalar property (@) asfollows:

J .
i(ruJF) = ﬂ F.]
ﬂXj ﬂXJ

+S ... (6)

The scalar property flux Ji. ; in equation (6) can be related to gradient of velocity

components and scalar properties respectively. In constant-property flows this
constitutive relation is as follows [12]:

= (E) . (7)

The equations to be solved could be expressed in the general form:

1(rfu)+1(rfv)+r1(rfw):
.8
—(G —) —(G WHE(G —) S
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The expressions for the diffusion coefficient G , and source term, § , corresponding to
each variable are given in table (1).

The effective viscosity, generation rate and buoyancy source in the K and €
transport equation is given by [13].

- Ez ﬂz Mz H ﬂz
Gk—m[Z((ﬂX) *+( )+(."Z))+(."y+ )

Ty x
+ U Wy, IV, W,
(i " g (g 79y L
GB=-bgmﬂq
s Y ... (10)
C,r .K?
+m
€ (1)

The constants (Cy, C,, Cp,S g ,S ) Which are assigned the values given in table

(2)[14]. The above set of constants has been applied successfully to three-dimensional
flowsin buildings [14].

MOISTURE GENERATION
To smulate the cases that water evaporates from the bath, cooking, washing,
personal activity etc., not only moisture transfer, but also heat transfer should be taken
into account. Some methods have been developed for different research fields [15]. As
shown in Figure (4), the principle can be considered mainly as a time-dependent process,
which includes two parts:-
1- Saturated vapor across the surface to air will be changed into liquid stateand  latent
heat will betransferred to air.
2-Vapor will be in a continuous gas phase and the simple heat-mass transfer analogy
can be considered as valid.
Because it is very hard to study the transient value, a smple model is introduced in
this research to express the average heat flux during a certain period, [16].

[ =Ly
-1H=UL}I“) [ili..]l.f)l (13 3

w - _l:mi — @ g
¢" =1 +4; J (14}

(12)
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RESUL TS AND DISCUSSION

The physical problem that is consdered as the test case is the one studied
numerically and experimental by Liu et. a.[16]. This problem is concerned with the
numerical computation of three - dimensional, turbulent, generated heat and moisture
from internal source in a rectangular space, into which buoyancy effects are introduced
by heating the internal source in the centre of the base space. The main driving force is
provided by an adjoining channe flow as shown in Figure (5).The fluid enters to the
space from lower part of the left side through a channel with height (h). Recirculation
flow occurs inside the space due to driving force at the entrance (force convection). The
fluid leaves at the upper part of the right side through another channel, which has the
same height (h), and the internal source in the center of base, the measuring planeis fixed
in(Z1 =300 and Z2 =900) mm. Figure (5) , shows the dimensions of the spaceas ( H =
1500,L=1220, Ws=1210, Hi;= 210, Ho=1160, h=80, Is=236, Hs=180 and Ws=234) in
millimeters. This case was used to verify the present computer code. A grid size of (39
x47 x 39 x) nodes was employed. The values for the velocity, temperature, moisture
content and turbulent quantities at the inlet and all the solid boundaries are given in table
(3).The computational results of the buoyant flow have been compared with predictions
of Liu et.al. [16].The results are presented in Figures (6 and 7). These figures show a
comparison between the predictions of the present code with that of Liu et.al.[16] for the
steady-state temperature and moisture distribution. Both figures represent stations at
(Z1=300 mm) and (Z2=900 mm), respectively. The comparison shows a relatively good
agreement with the present  predictions. The condensation was avoided in this case,
because of the higher temperature of the water. The air temperature was increased to
15.5°C as in Figure (6.b). Due to the buoyancy effect and the exhaust open near the
ceiling, supply air moved upward and results in a higher a humidity a ratio to (10
Owv/KQea) near the ceiling, compared to that at the floor of (7.5 gyvw/kgsa). The
discrepancies are less than (1.0 °C) for Figure (6) and (1.5 gw.v/kg4.) in Figure (7) which
arereatively small.

Figures (8-11) show the velocity vector, temperature and moisture contour for this
case predicted by the present code. Figure (8, a) shows the flow movement parallel to the
floor and leaves toward outlet opening. In Figure (8.b) the flow drops before the heat —
moisture source, due to the buoyancy effect and moves parallel to the floor then rises up
along the heat-moisture source and mixes with recirculated flow after the heat —moisture
source before leaving towards outlet opening.

It is clear that the flow reciculates above the heat- moisture source and boundary
surface forming a recirculating core in the room centre above the source which can be
seen in Figure (9,8) at a plane just above the source . There is a small recirculation zone
near the floor due to the pressure difference in this zone. Figure (9.b) shows that the inlet
flow forming a large recicrulating core above the heat — moisture source and another
small vortex to the right of that zone.

The temperature and humidity contour are plotted in figures (10 and 11) respectively.
It can be seen from these figures that the humidity diffused more than temperature .This
is due to the buoyancy effect that forced the supply air to move up ward to ward the
ceiling carrying the water vapor from the source pan with it. This phenomenon has also
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been noticed by Liu et a [16].Unfortunately there was no velocity vector, temperature
and moisture contour for Liu et. al.[16] to compare with.

COMPARISON WITH EXPERIMENTAL WORK

Another verification case to the present computer code was the three dimensional
flows of the present experimental model. The geometrical arrangements that have been
examined are the same of experimental work. The air-conditioned room was chosen to be
a single room with length (L=80cm), height (H=60cm) and width (Ws=60cm) as shown
in Figure (5). It contain a heat moisture source with dimensions (Ls=20cm, Hs=10cm,
Ws=10cm) located in the floor at distance (0.5L) from left hand wall. The room is
ventilated with a side wall dot of (length=2.4cm, height 3cm) located at a distance
(Hin=2cm) from the floor. The outlet was chosen to be in the opposite wall at a distance
(Hout =55cm) from the floor level. The upwind differencing scheme was used in the
calculation with a (19x19x19) grid of non uniform distribution. With expansion factor =
(1.01) for x, y and z direction. The comparisons between the results obtained with the
present elliptic code and experimental work are shown in Figures (12-16).

Figure (12) shows a comparison between present predictions and experimental data
obtained for 2 ACH. It can be seen that the agreement between the present prediction and
the experimental data for temperature values is quite reasonable for the two positions (1,
2) see Figure (2). In position (1) the temperature above the source is larger than others
around the source due to buoyancy effect. The temperature of position (2) above the
source is lower than position (1) because it is higher than position (1). Temperature
around source for position (1) and (2) are in little difference because of the small
buoyancy effect in this zone.

Figure (13) shows a comparison between present predictions and experimental results
for moisture content. A reasonable agreement between present prediction and
experimental data can be seen for the two positions (1, 2). In position (1), the moisture
content above the source is larger than others around it and the middle one is more than
others due to moisture diffusion. The moisture content in position (2) above the source is
lower than position (1) because it is higher than position (1).Moisture content around the
source for pasitions (1, 2) are differs because of the buoyancy effect and diffusion of
moisture content.

Figure (14) shows the velocity vectors representing the air flow distribution inside the
space. It shows the flow moves parallel to the floor deflected upward by the source wall.
Because there is no difference in temperature between inlet and source walls except the
top of the source which has a higher temperature and the flow moves upwards due to the
effect of buoyancy. A recirculation zones above the source at Ieft and right appears and
then mixing with the flow above the source then moves upward to the outlet.

Figure (15) shows the distribution of the temperature above the source due to the
buoyancy effect at the middle height of the model. The diffusion of temperature is higher
because of the heat transfer from water vapor to air.

The diffusion of moisture content in Figure (16) is clear from the top surface of the
source because of the other surface are the same moisture content of inlet. It diffuses
upwards because of buoyancy effect. It is evidence that moisture content diffuses more
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than temperature because the source works as a humidifier. The diffusion of moisture
content in the 3-dimension is shown in Figure (17).

Kin = 0.003 (Win)* ...(15)
_3/2

gn = CmKin™ = ....(16)
0.001325" h

Where h: isthegrille height.
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SYMBOLS

SIMPLE semi-Implicit Method for Pressure Liked Equation RH Relative Humidity
ACH Air Change per Hour g, Latent heat flux from
source (W. m?)

CFD Computation Fluid Dynamics g2 sensible heat flux

from source (W. m’®)
C, C, C; Cosfficient in turbulence model.

Gk Generation rate of turbulence energy. Gg Buoyancy
production.

H Room height, building height (m). Wy Roomwidth (m)

Hs Source height (m). L  Room length,
building length (m).

J Tota (convection +diffusion) flux. ® Time-averaged
valueof F.

Ls Length of internal source (m). bs Width of internal
source (m)

& Rate of dissipation of (K). (m*s?®) k  Turbulent kinetic
energy.

= moisture flux, (kg/s. m)
o; ,0,, = humidity at the saturated air layer and main free-stream stream, kg.w.v/ kg.d.a
hi h,, =Enthalpy at the saturated air layer and main free —stream, kJ/ kg
g =latent heat, kJ/ kg
o = heat flux per unit area, W/ m’?
a = coefficient that expresses the ratio of heat flux which is generated by  latent
heat to the total heat flux. It can be considered as a function of temperature
difference between water surface and ambient air.
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Table (1) Exchange Coefficient and
Source Termsof f

Conserved p)
Mass 1|0 0
(continuity)

Direction-|
momentum

Thermal

energy
(Temperature)
Moisture 0
content

Turbulence Gk + GB -re

kinetic energy

Turbulence e
energy E[Cle +Gg)- Cre]
dissipation
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Table (3) Boundary conditions for the verification case

Boundary condition
Variables At At At walls

Jilts! SOUrce Feoor Ceiling | Left | Right | Up Down

wall | wall wall | wall

U 0 0 0 0 0 0 0 0
(m/ se)
Vv 0 0 0 0 0 0 0 0
(m/ sec)
w 05 0 0 0 0 0 0 0
(m/sec)
mean axis
velocity
T 14 35 14 14 14 14 14 14
C)
w 0.0053 | 0.033 ] 0.0075 | gradient=0
(kg /
kgd.a)
K (J) Kin The gradient normal to the walls set equal to zero
e €n 0 o o o Jo o Jo

Figure (1): Photograph of the experimental rig
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Position (1)

- Position (2)

i

Figure (2): Sensorslayout in the experimental models

Figure (3) Schematic diagram of measuring planein the
experimental models
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Saturated air layer
Heater wi, hi

Figure (4) Schematic of simultaneous heat and moisture transfer [14]
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Figure (5) Schematic Diagram of space flow
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Figure(6) A comparison of the temperature between the present prediction and that of

Liu[16] at:(a) Z1=0.3m (b)Z2=09m
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Figure (7) a comparison of the moisture content between the present
Prediction and that of Liu et al [16] at :
(a)21=03m , (b)Z2=09m
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ia) ()

Figure(8) Veocity vector representing the air-flow distribution inside the space for:
(a) Inlet and outlet (b) middle of the space

Figure (9) Velocity vector co representing the air-flow distribution
inside the space for top view:
(a) Middle of the source (b) Inlet
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Figure(10) Temperature contour at themiddle  Figure (11) Moistur e content contour
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Figure(12) a comparison of thetemperature  Figure (13 ) a comparison of the moisture
between the present prediction and content between the present
experiment resultsfor positions( 1, 2). prediction and experiment results for

positions (1, 2)
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Figu_re (14) V_elocity v_ectqr . Figure (15) Temperatur e contour at
representing the air -flow distribution the middle of the space
inside the space

Figure (16) Moistur e content contour at the middle
of the space
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Figure (17) Moistur e content contour at the 3-dimension of the space
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