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Abstract

This paper reports a numerical investigation of low turbulence buoyancy-driven
flow of moist air and heat transfer inside a rectangular cavity with differentially heated
vertical walls. The purpose is to provide a detailed technical knowledge on the effect of
moisture transfer in enclosures where humidity plays an important role through effective
prevention or mitigation against the risk of condensation. Moisture management in an
enclosed environment at the design threshold is important since condensation can cause
material damage (delamination, circuit oxidation and condensation in electronic
enclosures) and optimise energy use in buildings. The accuracy of the numerical
methodology was also scrutinised by conducting a rigorous validation study of
benchmark experimental data for the average Nusselt number for similar buoyancy
driven cavity flow.

The variations of the flow, temperature and moisture fields inside the cavity has
been analysed together with the heat transfer coefficients for a range of mass fraction of
water vapour and the temperature gradients between the vertical walls of the cavity. The
results of this investigation showed that during the natural convection process, the
charge in moisture content in the moist air has a significant influence on the flow and
temperature fields inside the enclosure and the variation of the vertical wall temperature
gradients have also shown to affect the moisture concentration inside the cavity. The
percentage change in the average heat transfer varied significantly depending on the
mass fraction of moisture in the moist air and the temperature gradient between the
vertical walls. The result also shows a 3.5% increase in the average heat transfer for
every 0.02 kg/kg increment in the mass fraction of water vapour.

Keywords: Natural convection, Buoyancy-driven flow, Moisture transport, Heat transfer,
Computational Fluid Dynamics.
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specific heat at constant pressure, J/(kg-K)
empirical constant in turbulence models

gravitational acceleration, m/s?
height of the cavity, m

mass flux of species (J/m?-s)

turbulent kinetic energy, m?/s?

average thermal conductivity, W/(m-K)

width of the cavity, m
local Nusselt number
average Nusselt number

percentage change in average Nusselt number
local mass fraction of vapour

local heat flux, W/m?

integral average heat flux, W/m?

Rayleigh number based on height

source terms .
temperature (K, C)

local temperature difference
cold wall temperature (°C)
hot wall temperature (°C)

fluid velocity component in x-direction, m/s
fluid velocity component in y-direction, m/s

cartesian coordinates
non-dimensional wall distance

Greek symbols

= RQAD " ™K

thermal diffusivity, m?/s

thermal expansion coefficient, I/K

turbulent dissipation rate, m?/s?; Emissivity

fluid density, kg/m?

Stefan-Boltzmann constant, (5.6721x10°® W/m?2-K*)
dynamics viscosity kg/m-s

kinematic viscosity, m?/s

Pg.




1.0. Introduction

Natural convection driven flow in enclosures has been the subject of extensive
research activity for the last four decades because of its relevance in many practical
applications [1-4]. The interest seems to be ongoing because more challenging
situations are emerging with time and a considerable number of studies have been
conducted of which reviews are available [5-7].

An idealised configuration of natural convection set up which has also attracted
most attention is the case of a rectangular cavity with opposing vertical walls that are
heated differentially [8-10] of which experimental data for the flow velocities, turbulence
quantities and wall heat transfer coefficients are available [8, 11]. The temperature
difference between the vertical walls results in density difference, and if the buoyancy
forces associated with the density difference are sufficient to overcome the viscous
forces, a natural convection characterised by the formation of a slow moving vortex is
developed. Natural convection flows in an indoor environment are mostly associated with
coupled heat and moist air transport processes [12]. Therefore, analysis of natural
convection in an indoor space demands a detailed representation of the air-moisture and
thermal fields established inside the enclosed space.

A recent shift in the study of natural convection driven flow in a differentially
heated cavity is the examination of coupled heat and mass transfer [13-15]. Amongst
many other factors that influence the buoyancy-driven flow phenomenon, such as the
Rayleigh number, the nature of fluid, etc., is the presence of water vapour in the air. The
amount of water vapour in the air is an important factor that influences indoor air
quality, energy consumption in buildings and the durability of building materials [16-
17].Condensation on material surface is usually perceived as a risk in the storage of
artefacts/cultural heritage objects and in a built environment since it can cause material
damage, mechanical stress due to hygroscopic swelling, oxidation of metals and
delamination.

Design for indoor humidity control is important for the moderation and control of
moisture transport in applications involving cooling or heating processes and in the
cavity of building walls [18-20]. Therefore, it is important to evaluate and quantify the
influence of moisture on natural convection flow and heat transfer in order to enhance
the performance of such applications. For example, storage facilities involving historic
building materials and artefacts have a certain recommended operational humidity
threshold. For such facility, humidity below the recommended level could result in
induced stress and strain [21-24], and high humidity level could result in a significant
damage of the materials. Also, the risk of too low or too high humidity in an indoor
environment of the human occupant, building materials, storage and drying operations
has also been given serious considerations [25-28].

There are few studies available in literature on the effect of moisture on
buoyancy-driven natural convection flow and heat transfer characteristics between
vertical plates and enclosed space with temperature gradient between the vertical walls
[15, 29-30]. Yan and Lin [31] investigated the effects of latent heat transfer in
association with water vapour evaporation from the surface of a wet channel wall on the
natural convection heat transfer. Their results showed that a significant improvement in
heat transfer was due to the exchange of latent heat of vaporisation and that the
Grashof number is a function of the relative humidity. Sun et al. [15], have numerically
investigated the coupled natural convection to wall condensation/evaporation in a two-
dimensional cavity filled with quiescent humid air subjected to time-dependent wall
uniform temperatures. They observed that condensation/evaporation occurred on the
surface of all four walls during the natural convection process. Their results showed that
the introduction of water vapour changes the flow pattern especially near the wall
surfaces when compared with a similar cavity filled with dry air only.

Experimental study conducted by Lin et al. [32], used herringbone wavy wet wall
fin geometry to show that the heat transfer does depend on the level of water vapour
present in such an enclosure. Laguerre et al. [29], investigated the flow and heat
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transfer characteristic in a refrigerating cavity with and without the presence of
moisture. Their experimental test rig was similar to that of a typical domestic
refrigerator, but with a heated water vat at the bottom. Their result showed that water
evaporation significantly influences the air velocity and temperature fields. Similar flow
behaviours were also observed in the experimental work reported by Laguerre et al.
[14], using a cavity partially filled with isolated cylindrical pipes.

Despite various researches acknowledged that moisture in air influences the
natural convection flow characteristics, however, none of the reported work explicitly
specifies such effects. This paper provides further understanding of coupled flow, heat
and moisture transport due to natural convection in a differentially heated rectangular
cavity and also provides an explicit analysis of the effect of moisture concentration in
moist air on the buoyancy-driven natural convection heat transfer coefficient in the
enclosure. A range of mass fraction of water vapour and wall thermal conditions was
used for the study in order to provide some quantitative and qualitative flow and heat
transfer behaviours due to the changes in the vertical wall temperature gradients and
moisture concentration in moist air. The study can be used as a guide during the design
phase of relevant system to detect conditions with potential risk of condensation even
before the phase change occurs. It will assist to identify sensitive areas to lower
moisture content or increase temperature and also to avoid condensation by optimizing
the design of such enclosed system so that the relative humidity remains below a given
threshold.

2.0. Problem Description

The geometrical configuration used in this study is similar to the rectangular
cavity used by Ampofo and Karayiannis [8]. The rectangular cavity is 1.5 m in depth (2Z)
and 0.75 m in length (L) and height (H) which resulted in a two-dimensional flow in the
mid-plane (=Z/2) of the cavity as shown in Figure 1. To investigate the influence of
temperature on moisture concentration inside the enclosure, a range of mass fraction of
water vapour was used and the vertical wall temperature gradient (AT= T, - T.) varied
from 20 to 60 °C with an increment of 10 °C for each value of mass fraction of vapour.
The effect of moisture concentration in moist air was investigated using a fixed vertical
wall temperature gradient but with a varying mass fraction of the water vapour from 0 to
0.12 kg/kg with an increment of 0.005 kg/kg.

The base case is a cavity filled with dry-air only with the water vapour mass
fraction of 0 kg/kg and was also used to validate our numerical approach. The mass
fraction of water vapour in moist air is the mass of water vapour in the moist air to the
mass of dry air. The mass fraction of water vapour of 0 kg/kg was imposed on the cold
wall (m.), while that on the hot wall (my) was varied accordingly. For the validation
study, the top and bottom walls were fixed at zero diffusive flux with the experimental
temperature by Ampofo and Karayiannis [8] used as the thermal boundary condition,
while an adiabatic thermal condition was specified for enclosures containing air and
water vapour mixture.

y4\ Top wall
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} Bottom wall | X

L
Figure 1: schematic of the enclosure and the boundary conditions
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The natural convection heat transfer from hot to cold wall is characterised by the
formation of a slow moving vortex. Fluid flow up along the hot vertical wall by absorbing
heat from the ‘source’, and then it flows downward along the cold wall gradually losing
the heat to the cold surface which may be termed as the ‘sink’. Depending on the
Rayleigh number shown in Eq. (1), the flow can be turbulent or laminar and for Rayleigh
number greater than 10°the flow is found to be dominated by turbulence near the walls
[33-34].

_gpn, )’ (1)

vo

Ra

Where, B is the coefficient of thermal expansion, v and a represent the kinematic
viscosity and the thermal diffusivity of the fluid respectively. The Rayleigh number of the
cases presented in this paper ranges from 7.89x10% t02.37x10°.

3.0. Numerical method

Integrated numerical simulation of the coupled flow, heat and vapour transport inside
the cavity with vertical wall temperature differential was performed using the commercial
Computational Fluid Dynamics (CFD) tool called ANSYS Fluent [35]. The CFD tool has
been used widely to explore various practical flows involving natural convection
phenomenon [36-37]. The methodology involves the iterative solution of Navier-Stokes
equations along with continuity and energy equation using the SIMPLE algorithm on
collocated variables. With the SIMPLE scheme, the velocity correction is solved explicitly
while the discretized momentum equation and the pressure correction equation are
solved implicitly. The SIMPLE algorithm is described by Patankar [38], Ferzier and Peri
[39] and Qi-Hong and Guang-Fa [40]. The steady state flow conservation equations for
continuity, velocity components and temperature are shown in Eq.(2) to Eq.(5).

Continuity equation
o) o) _, .
Ox oy

Momentum equation in y-direction

o\ pvu o\ pwv op O ov Ou 0 ov
low) dow)_ 0, 0 ueﬁ(—+—j +—[2ueﬁ—}+pﬁg(T—T0) (3)
Ox oy oy Ox ox Oy oy oy

Momentum equation in x-direction

o\ puu o\ pvu op 0O ou 0 ou ov
( )+ ( )=——+—[2yeﬂ- —}+— ,ueﬁ-(——i-—) (4)
Ox oy ox Ox ox oy dy Ox
General transported fluid scalar, ¢ (i.e.,T,k,g)
0 0 0 o 0 o
—(pu¢)+—(pv¢):—(r¢—j+— r,— |+5, (5)
0x oy Ox 0x oy oy

Where, ¢ represents the concentration of the transported quantity for the momentum,

scalar mass and the energy conservation equations and 7';is the exchange coefficient
forg .
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From a numerical analysis point of view, the accuracy of computations is affected by
several factors; such as the choice of viscous models, grids, discretization schemes and
convergence, which has been a concern for numerical scientists [38-40]. For greater
accuracy, these uncertainties that may influence the flow physics were carefully taken
into account in the numerical modelling process.

It is worthwhile to note that the process of computing a steady-state solution using
very fine mesh has been quite challenging because of the oscillations associated with
higher-order discretization schemes. As a result, a number of steps were taken to
achieve a steady-state solution. Initially, low value of Rayleigh number was adopted for
the solution using an incompressible unsteady solver with the first-order scheme for
convection terms. The resulting data files for the three cases were then used as an initial
guess for the higher Rayleigh number simulation using the higher-order discretization
schemes. This method helped to create a more realistic initial field for low-Reynolds
number k-g£ runs. For the discretization of convection schemes, second order schemes
have been used in the convection terms of momentum, energy and water vapour except
for the Pressure term where PRESTO was used.

3.1.  Turbulence modelling

Turbulent fluxes of momentum and heat were modelled by low-Reynolds number
k-epsilon Eddy Viscosity Model of Launder-Sharma [41] with the inclusion of the buoyancy
terms in the energy equation. More details of buoyancy model may be found in Henkes
and Hoogendoorn [42]. The performance of Launder-Sharma model has been scrutinized
and evaluated by various researchers and present generally better performance for low
turbulence natural convection flow [43-47]. Unlike the high Reynolds number k- model,
the transport equations in the low-Reynolds number model can be integrated up to the
wall. Based on Bousinesq approximation, the Reynolds stress is related to the local

velocity gradients by an eddy viscosity v,. The turbulent scalar quantities (k and &) used to

calculate the eddy viscosity are determined from the transport equations of turbulent
kinetic energy and its dissipation, both represented in Eq. (6) and Eq. (7) respectively.

ook) lbu k) o[ ok
G )+ (p s ):— ﬂ+&]—}+13k+Gk+pe+D (6)
ot axj 6xj_ o, 6xj
) opuse) o a ?
ﬁ_*_gz_ Iu+& _8 +Cg]f[£(})k +Gk)_C€2f28_+E (7)
ot ﬁx/ ﬁxj o, 6xj k k

Where the eddy viscosity g, =pC#f#(k2/8), and the numerical values assigned to the
constant are:C, =0.09; C,=144, C,=192; o,=10ando, =13

P, is the generation of turbulence kinetic energy due to the mean velocity gradients and
the generation of turbulence kinetic energy due to buoyancy is G, = —ﬂg(,ut/aw )(6(p/6y).

The expressions for the terms D= 2v(8\/;/8y)2 and E = 2,11%(62U/6y2)2

These terms are needed to balance the molecular diffusion of k in order to satisfy the
transport equation in the near wall region. At low Reynolds numbers, the damping

functions fu and f, become dependent upon the value of the turbulence Reynolds

number Re,. Where Re, = pkz/,ue ,

fo=epl-34/(14Re, /50 } fi=10 and £, =1-03ex|- RED)
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The main implication of the low-Reynolds humber k- model functions (f,,,f1 and f2) is to

modify the models constants C,, C, and C,to account for low Reynolds number effects.

3.2.  Radiation modelling

The Discrete Ordinate Method (DOM) [48-49] has been used to simulate the
radiative heat transfer between all wall surfaces and the fluid for both the humidified and
un-humidified cases. The DOM has been chosen due to its proven superiority in
predicting radiative heat transfer involving a participating medium and surface-to-
surface radiation as reported by Versteeg and Malalasekera[50] and lyi et al. [51]. The
humid air was treated as absorbing-emitting and non-scattering gray medium. The DOM
solves the radiative transfer equation for a finite number of discrete solid angles and
spans the entire range of optical thickness. The model considers the radiative transfer
equation in the direction s and position vector 7 as a field equation shown in Eq. (8) [50].

4 4
VLG 0, + a0 65) = T 2 [ (25 ) o )i
T Ty

4

Where s is the direction vector, 5'is the scattering direction vector, 7 is the position
vector, 1, is the radiation intensity of the wavelength, ¢ is the phase function, @' is the

solid angle in radian and ¢ is the Stefan-Boltzmann constant.

3.3. Moisture transport modelling

The fluid used was computed as a binary mixture of water vapour and air. The
vapour-air interaction has been modelled by adding to the basic flow equation a
convection-diffusion conservation equation of vapour mass fractions. The species
transport model considered the vapour as a scalar transport by the airflow and at the
same time the water vapour influence the airflow governing equations. The vapour

content present in the moist air was defined by the local vapour mass fraction m,which
is defined as the ratio of the mass of water vapour to the mass of the total mixture. In
the presence of a dynamic field characterised by a velocity u,the conservation equations

[35] in tensor notation is shown in EQ.(9), and represents the convection-diffusion
relation;

0 0
—(puimi,)+ —Jl.,’i =S, (9)
Ox; Ox;
The convective term is the first term on the left-hand side and the second term

represent the diffusion flux, while the last term S, is the rate of species creation in
addition to any user-defined sources. The diffusion flux represented in Eq.(10)accounts

for the diffusion due to concentration gradients and any additional mass diffusion caused
by turbulence.

Jo=| p, om;  Drp; oT (10)
l o Sc, | Ox; T Ox;

Where, Sc,is the turbulent Schmidt number which accounts for the turbulent diffusivity,

D,, is the mass diffusion coefficient of the water in the humid air and D, represents the

thermal diffusion coefficient. The convection-diffusion equation [Eq. (9)] is added to the
flow model to take into account the interaction of water vapour mass fraction in the
domain.
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3.4. Boundary conditions and material properties

A validation study was conducted by setting the temperature of the hot and cold
wall at 50°C and 40 °C respectively resulting in Rayleigh number of 1.58 x 10°. The
horizontal walls were set as conducting walls and using a best-fit polynomial adopted
from the dimensionless temperature profile [T=T.—(T—T.)] as a function of the
dimensionless distance (x/L)along the top and bottom walls based on the experimental
benchmark data by Ampofo and Karayiannis [8] shown in Figure 2. This represents the
most realistic boundary conditions at the top and bottom horizontal walls since the setup
was used for the validation. The coefficients for the best-fit polynomial T* = a(x/L)* +
b(x/L)% + c(x/L)? + d(x/L) + 1 are displayed in Table 1. The temperature profiles were
coded in C++ programming language and incorporated into ANSYS-FLUENT through the
User-Defined-Function with zero diffusive flux imposed on all walls.

Table 1: Coefficients for the polynomial
Walls a b c d

Top -2.458 | 1.686 | 1.211 | -1.440
Bottom | 2.458 | -8.146 | 8.477 | -3.789

T~ ———-Top wall
Bottom wall

0 0‘.2 Oj4 Ot6 U‘.S l
x/L
Figure 2: temperature profiles for top and bottom wall

In order to investigate the influence of moisture transport on the flow and heat
transfer, isothermal temperature boundary conditions were assumed for both vertical
walls and zero heat flux was imposed on the top and bottom walls. A reference case was
considered for all temperature range used in the study in order to evaluate the effect of
moisture on the flow and heat transfer. Fixed temperature of 10 °C was imposed on the
cold wall; while the temperature at the hot wall was varied from 30 °C by an increment
of 10 °C resulting in Rayleigh number ranges from 7.89 x 10% to 2.37 x 10°. The mass
fraction of water vapour was varied from 0 kg/kg to 0.12 kg/kg with an increment of
0.005 kg/kg. Instantaneous vapour diffusion was assumed at the hot and the vapour
concentration in the enclosed cavity was modelled using the species transport model.
Both the dry-air and air-vapour mixture cases were modelled as a participating medium
using the DOM with 0.9 specified for emissivity on all the walls.

The thermos-physical properties of each consistent specie in the fluid mixture was
evaluated using the temperature average between the vertical walls, while the combined
mixture properties were defined as follows; incompressible ideal gas was specified for
the density, mass weighted mixing law for the thermal conductivity and viscosity, kinetic
theory was selected for the mass diffusivity and thermal diffusion coefficient. The specific
heat of the mixture was defined as the mass fraction average of the air and vapour heat
capacities. The second order upwind discretization scheme was used for the convection
terms of each governing equation, except for the pressure term were the PRESTO
scheme was used.
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4.0. G@Grid Sensitivity Analysis and Validation

At the very outset of this study, we decided to scrutinise grid sensitivity effect
and the results for the near-wall y-plus (y*) distributions along the horizontal and
vertical walls are presented in Figure 3. The y* value is a non-dimensional distance from
the wall to the first mesh node. Since natural convection are wall-bounded flows,
therefore, accurate presentation of the flow in the near-wall region determines the
successful prediction of flow and heat transfer and a y-plus value of about 1 are
desirable for near-wall modelling. A mesh density of 200 x 200 with grids clustering
near the walls and y-plus values well below 1 was adopted for all simulations reported in
this paper. The results of the validation study are shown in Figure 4 (a-d). The
temperature profile at mid-width and the velocity profile near the hot wall compared
favourably well with the experimental data of Ampofo and Karayiannis [8]. The wall heat
transfer coefficient (Nusselt number) also shows a favourable comparison with the
experimental data as shown in Figure 4 (c-d).
1T =100 X 100 A-671
T 14

Y ----- 200 X 200 I T s
——— 240 X 240 124+ 7/ e

—+—-100 X 100

0.4 27 180 X 180
S
+ : : : | 0 + t + +
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
x/L 1-(y/H)
(a) (b)

Figure 3: comparison of y-plus profile (a) top wall (b) cold wall

——This study
i ;
0.8 Experimental data [8]
0.6
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<
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0.4
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0 + g At

0.25 0.35 0.45 0.55 0.65 0.75 0.2 0.3 0.4
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(a) (b)
140 - 140
\ —-©—- Experimental data [8] —-A—- Experimental data [8]

120 - —— This study 120 A —— This study
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E] g 60 + SE
T = 1 -
8 = 40 S=A
- Q

S 20 f
0 + t + +
0 0.2 0.4 0.6 0.8 1
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(c) (d)
Figure 4: Comparison of numerical and experimental results (a) Temperature profile at mid-width
(b) velocity profile at mid-height near hot wall (¢) Cold wall local Nusselt number (d) hot wall local
Nusselt number.
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The average Nusselt number for the un-humidified case (m=0 kg/kg) has been
compared with experimental benchmark data to Ampofo and Karayiannis [8]. The
validation shows very good comparisons for all the walls with a minimum and a
maximum error of about 0.8% and 3% associated with the bottom and cold wall
respectively. The top and hot wall had shown about 2.5% of percentage error. The
average Nusselt number comparisons are presented in Table 2.

Table 2: Comparisons of wall average Nusselt number
Un-humidified cavity (m=0) Top wall Bottom wall | Cold wall Hot wall

This study 13.55 14.28 60.58 61.15
Experimental Data [8] 13.90 14.40 62.60 62.90

5.0. Results and Discussions

The effect of varying the mass fraction of vapour in the air-vapour mixture as a
function of vertical wall temperature gradients on the behaviour of the natural
convection flow and heat transfer coefficient are presented in this section. The average
relative humidity inside the cavity for the various vapour mass fractions at different
temperature are presented first and then followed by the flow and temperature fields.
The variances of the wall heat transfer coefficient as a function of mass fraction of
vapour for the various temperature gradients between the vertical walls were evaluated
and presented thereafter as a local Nusselt number and percentage change in average
Nusselt number.

5.1. Cavity average relative humidity
For the range of the mass fraction of water vapour used in the study, the cavity
average relative humidity was evaluated and plotted for the different temperature
gradients between the vertical walls as shown in Figure 5 (a). It is our intention that by
quantifying the average relative humidity inside the cavity for the various mass fractions
of vapour will offer a better understanding of how it influences the behaviour of the
natural convection flow and heat transfer inside the cavity. The variation of cavity
average relative humidity as a function of temperature gradients between the vertical
walls for various mass fractions of vapour is shown in Figure 5 (b). It can be observed
that the moisture content in the moist air is strongly dependent on the temperature
gradient between the vertical walls. Therefore, one of the importances of modelling
moisture transport in an indoor environment is to identify potential risk of condensation
even before phase change occurs. This will assist in locating sensitive areas in the
enclosed system where the relative humidity remains below or above a given threshold
and in humidity management by moderating the moisture content or temperature in

such sensitive areas to avoid condensation.

400 T ——7v=e0 240 = m=0.005
_— -+ AT=50 o
T | —e--aT=40 P
—~ —B-- AT=30 - < 120
9 — o AT=20 & >
< 300 g =~
= o -a T 100
3 250 or - 5
o P - P
g P 5 2 80
o - P -9 g
> 200 & P=g e ]
® - ” o 5
z @ - e x 7 60
3 150 ¢ g’ e o Zz
“ 100 0/0}7}32/9/ ' § 40
o8 g,e'g_ >
- £ Oex 20
0 0
0 0.02 0.04 0.06 0.08 0.1 0.12 15 25 35 45 55 65
Mass fraction of water vapour AT (°C)
(a) (b)

Figure 5: cavity average relative humidity as a function of (a) mass fraction of vapour (b)
temperature gradients of cavity vertical walls.
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5.2. Flow and temperature fields

It is known that temperature influences air and water vapour transport via the
thermal properties and accounts for the latent heat of vaporisation. Since water vapour
and dry air have different physical and thermal properties, therefore, the thermal
properties of the fluid mixture are significantly dependent on the moisture content in the
moist air. Therefore, the change of water vapour content in the moist air will affect the
behaviour of the natural convection flow and heat transfer inside the cavity.

The comparison of temperature distribution field inside the cavity for the un-
humidified case and humidified cases of mass fraction of 0.04 and 0.08 kg/kg each for
two temperature gradients of 40 and 60 °C are shown in Figure 6 respectively.
Temperature stratification behaviour can be observed in all the cases, but there are
variations of temperature distribution inside the cavity with the various mass fractions of
vapour used. Therefore, temperature distributions inside the cavity is a function of the
water-vapour content in the moist-air, with significant changes near the top wall region
when compared to the bottom wall region. Figure 7 shows the comparison of the
moisture concentration fields of the cases involved three different vertical wall
temperature gradients of 20 °C, 40 °C and 60 °C using two mass fraction of vapour of
0.002 kg/kg and 0.008 kg/kg respectively.

AT=20 °C
10.35

10.35

Figure 6: comparison of temperature distribution fields as a function of mass fraction of vapour for
two temperature gradients of cavity vertical walls.

Almost in a similar manner as the temperature stratification behaviour, mass
stratification can be observed inside the cavity with high concentration of the low density
fluid (vapour) at the upper region of the cavity, while the higher density fluid (air) is in
the lower region of the cavity. Also, the moisture concentration decreases with
increasing temperature gradients and increase with a reduction in the Temperature, this
behaviour could be significant in moisture management in an indoor environment. The
mass and temperature stratification effects can affect the flow and heat transfer inside
the cavity as evidence in the stream function fields comparability (shown in Figure 8) for
the un-humidified and humidified cases (with a mass fraction of 0.04 kg/kg and 0.008
kg/kg) with two different temperature gradient cases of 20 °C and 60 °C respectively.
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m= 0.02

[ —] [ = = ] [ —]
0.05  1.25 (x10° kmol/m?) 0.05 1.15 (x10%kmol/m?) 0.05 1.05 (x10%kmol/m?®)

m= 0.08

| = |
0.2 4.6 (x10° kmol/m?) 0.2 4.2 (x10? kmol/m?) 0.2 4.2 (x10° kmol/m?)

Figure 7: comparison of moisture concentration fields as a function of cavity vertical walls
temperature gradient for two mass fraction of vapour.

6.0 (x10%kg/s) 0.5 4.5 7.5 (x10°% kg/s)

m=0.04

0.5 4.5 7.5 (x10°kg/s) 0.5 4.5 8.5 (x10°kg/s) 0.5 5.0 9.5 (x10° kg/s)

Figure 8: comparison of stream function fields as a function of vapour mass fraction for two
temperature gradients of the cavity vertical walls.

5.3. The wall heat fluxes
The effects of moisture concentration on the natural convection heat transfer
coefficient are presented in this section. The wall heat transfer coefficient results due to
the variation of water vapour mass fraction with the vertical walls set at fixed
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temperature gradient are presented first. This is followed by the case of varying the
vertical wall temperature gradient at fixed water vapour mass fraction. The wall heat
transfer coefficients were evaluated in terms of local Nusselt number and percentage
change in average Nusselt number using Eq. (11) and Eq. (12) respectively.

The effect of moisture on the local Nusselt number profile along the cold and hot
walls for various mass fractions of vapour with cavity vertical wall temperature gradients
fixed at 40 °C is shown in Figure 9 (a) and (b) respectively. The heat transfer coefficient
results for the un-humidify (m=0 kg/kg) cavity is also presented and was used as a bass
case in order to estimate the influence of moisture variation on the heat transfer. The
Nusselt number represents the heat transfer at the wall surface inside the cavity and is
the ratio of convective to conductive heat transfer normal to the wall. The local and
average Nusselt number is shown in Eq. (11) and Eq. (12) respectively.

O,L

Ny =—~—

Tk, -1 -
- QL

Ny = ———

R Ay (2

Where ¢ is the integral average wall heat flux, L is the width of the cavity, kis
the average fluid thermal conductivity and Q, is the local heat flux evaluated at each

node along a given wall.

The local Nusselt number profiles along the cold wall (Figure 9a) and the hot wall
(Figure 9b) was compared for mass fraction values of water vapour ranging from 0 kg/kg
to 0.1 kg/kg with an increment of 0.002 kg/kg in a 40 °C temperature gradient between
the cavity vertical walls. It is observed that as the mass fraction of vapour increase the
local Nusselt number along the wall also increase accordingly with an average increment
of about 12.5% at the cold wall and 20.0 % at the hot wall. This was achieved by raising
the mass fraction of the water vapour from 0 kg/kg to 0.1 kg/kg. On average, an
increment of about 3.5% in the vertical walls local Nusselt number is achieved for every
0.002 kg/kg increment in the mass fraction of the water vapour, while the horizontal
walls shows almost insignificant change in the local Nusselt nhumber with a varying mass
fraction of water vapour. This shows a significant increase in the heat transfer coefficient
in the presence of moisture and the amount of moisture present in the air influence the
magnitude of the heat transfer.
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Figure 9: local Nusselt number comparison for various moisture concentrations, (a) cold wall (b)
hot wall

The percentage change in the average Nusselt humber is evaluated using Eq.
(13). The percentage change of the average Nusselt humber represents the percentage
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change in the average Nusselt humber between the humidified (moist-air) and the un-
humidified (dry-air) conditions. Figure 10 (a-b) shows the comparison of the percentage
change average Nusselt number as a function of mass fraction for different temperature
gradients between the vertical walls. It is observed that the amount of moisture in the
moist air has a significant effect on the heat transfer coefficient.

- N_uwe — Nuyg
% ANy = —=

(13)
x 100 %

Nu dyy

The change in the average heat transfer coefficient as a function of the variation
in the water-vapour content in moist air and the change in the vertical wall temperature
gradient can be explained by the mass differential between dry air and water vapour.
Since the molecular weight of water is less than that of dry air, an increase in the
amount of water vapour in the moist air will increase the buoyancy force which will result
in an increase in the convective current inside the cavity [51]. Hence, the species
density gradient in the fluid mixture will increase with increasing water vapour content,
which leads to the increase in the strength of convective current associated with natural
convection flow inside the cavity.

Within the range of the temperature gradient between the vertical walls used in
this study, the percentage change in average Nusselt number at the cold and hot walls
increase proportionally with the increment in the mass fraction of water vapour as shown
in Figure 10 (a-b). Generally, it is observed that the percentage change in average
Nusselt number is almost directly proportional to the mass fraction of vapour present in
the moist air and the gradient of the percentage change in average Nusselt number
curve is optimum at lower temperature gradients than at higher temperature gradients.

Figure 10 (a-b) shows that for every 0.02 kg/kg increment in the mass fraction of
water vapour there is about a 3.5% increase in the percentage change in average
Nusselt number for the range of temperature gradient used in the study. For a mass
fraction of 0.12 kg/kg at 20 °C temperature gradient between the vertical walls, an
optimum value for the percentage change in average Nusselt number of about 27.5%
and 34.8% is observed at the cold and hot wall as shown in Figure 10(a) and Figure 9
(b) respectively. For the temperature gradient of 40 °C at 0.12 kg/kg, the optimum
percentage change in Nusselt numbers is about 13.5% and 24.5% at the cold and hot
wall respectively. An optimum increment of about 8% and 18.5% in the percentage
change in average Nusselt number is observed for a mass fraction of 0.12 kg/kg and
temperature gradient of 60 °C at the cold and hot wall respectively. Therefore,
depending on the temperature profiles between the vertical walls and the mass fraction
of vapour the buoyancy-driven flow heat transfer coefficient could be affected
significantly.
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Figure 10: comparison of the percentage change in average Nusselt number as a function of
vapour mass fraction for various vertical wall temperature gradients (a) cold wall (b) hot wall
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The variation of the percentage change in average Nusselt number as a function
of the temperature gradients between the vertical walls for various mass fractions of
vapour have been compared for both cold and hot walls as in shown Figure 11(a) and (b)
respectively. A range of practical mass fraction values of moisture within the indoor
environment was used for the investigations as presented earlier in Figure 5. Most of the
relative humidity thresholds are below 100%), except for the mass fraction of 0.04 and
0.035 kg/kg that gave a value slightly greater than the 100% thresholds at 20 °C
temperature gradient.

It is our intension to quantify the effect of moisture concentration as a function of
temperature on the heat transfer coefficient even before condensation occurs. As shown
in Figure 11 (a-b) at both vertical walls. The percentage change in the average Nusselt
number decreases with increasing temperature gradients within the range of mass
fraction value used. This is of importance in the management of moisture so that the
relative humidity remains below a given threshold. This could be achieved by identifying
sensitive areas to lower/raise moisture content or increase/decrease temperature in
order to avoid condensation in such enclosed system.
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Figure 11: comparison of the percentage change in average Nusselt number as a function of
vertical wall temperature gradients for various vapour mass fraction (a) cold wall (b) hot wall
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6.0. Conclusions

The behaviour of buoyancy-driven flow distributions and heat transfer in a
rectangular cavity due to variable moisture concentration as a function of temperature
gradients between the vertical walls of the cavity was investigated and analysed
numerically. Sensitivity analysis of the grid was conducted and the flow velocity,
temperature and both the local and average Nusselt number results of the cavity filled
with dry air compared favourably well against similar experimental benchmark study [8].
The effect of moisture was explored by varying the mass fraction of moisture at different
temperature gradients between the vertical walls. The flow fields inside the cavity and
the heat transfer coefficient for the various values of the mass fraction of vapour and
temperature gradients has been compared and analysed accordingly. Key conclusions
that can be drawn from the results are:

a) The presence of moisture causes changes in the energy equation, which has a
significant effect on the heat transfer coefficient and influences the weak

natural convection flows inside the cavity.
b) The percentage change in the average Nusselt number could be varied
significantly depending on the moisture content and the vertical wall

temperature gradients.
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c) The percentage change in the average heat transfer coefficient increases by
about 3.5% for every 0.02 kg/kg increment in their mass fraction of moisture
within the range of temperature gradients used.

d) The vertical walls have been found to show greater sensitivity of the heat
transfer with changes in moisture content, while both horizontal walls are
almost insensitive to moisture content variation.

e) The heat transfer coefficient increases proportionally with increasing moisture
concentration, while the average relative humidity inside the cavity
significantly reduces with increasing temperature gradients between the
vertical walls of the cavity. However, the percentage change in the average
heat transfer coefficient decreases with increasing temperature gradient
between the vertical walls.

This study has successfully shown that natural convection flow and heat transfer

are very sensitive to moisture and its amount present in the air and even at low
temperature gradient between the cavity vertical walls. The findings are of particular
importance for the management of condensation in electronic enclosures and energy
consumption in building space and storage operations. This could be achieved by
designing such enclosure so that the relative humidity remains below a given threshold
or by identifying sensitive areas that prone to high levels of moisture where the moisture
content/temperature could be lower or raise in order to avoid condensation inside such
enclosed system.
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