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Numerical Study of the Distribution of Temperatures and Relative
Humidity in a Ventilated Room Located in Warm Weather
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Abstract: In the present study, an analysis of the heat and mass transfer in a ventilated
cavity in a warm climate zone was carried out to analyze, among others, the temperatures
and percentage of relative humidity (RH). The governing equations of the mathematical
model were solved through the finite volume method. We used the k-¢ turbulence mode
to find the results of the variables of interest in seven climate records on a given day.
The velocity of the inlet flow of the air-H,O mixture was varied through the Reynolds
number (Re) from 500 to 10000. The outdoor weather conditions considered were
solar radiation, ambient temperature, and RH. It was found that at low velocities, flow
recirculation was formed inside the cavity which increased the temperature and concentration
of RH. For Re=5000 the flow is predominantly forced, which tends to set the values of
temperature and RH as 20°C and 20% respectively. The values of the RH increase in the
afternoon hours when the solar radiation decreases to the value of zero. However, the mass
transfer through the values of Sh is maintained with similar values in the seven weather
records. It was concluded that when air conditioning supplies air at speeds higher than
0.26 m/s at low temperatures it produces cooling with low RH, this causes discomfort, illness
and/or discomfort to the users.
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Nomenclature

C=concentration of chemical specie, Kg/m* or ppm.

Cs,=concentration of reference chemical specie, Kg/m? or ppm.
Ciner=concentration of chemical specie at the mixture inlet, Kg/ m?® or ppm.
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Couer=concentration of chemical specie at the mixture outlet, Kg/ m?* or ppm.
Ciource oF Cry=concentration of chemical specie at the mixture inlet, Kg/ m* or ppm.
Cp=specific heat of the mixture (Air-H,0), J /kgK.

Cpn,=specific heat of the conductive wall (Air-H,0), J /kgK.

Ciy Cy, Cs,, Cy=constants of the turbulence model.

D, p=diffusion coefficient of the chemical specie from A to B, m?/s.
g=acceleration due to gravity, m?/s.

hey=convective heat transfer coefficient, W /m? K.

H,;=aperture height at the mixture inlet (Air-H,0), m.

H=height of the cavity, m.

Le=Lewis number, Le=o/D 5.

Nu=local Nusselt number.

Nu=average Nusselt number.

P=pressure of the fluid, N /m?.

Pr=Prandtl number, Pr=v/o.

g=imposed heat flux at the opaque wall, W /m?.

qeonv—exy=eXterior convective heat flux, W/ m2.

qconv—imy=1nterior convective heat flux, W/ m2.

Grad—exy=exterior radiative heat flux, W/ m2.

Re=Reynolds number, Re=u;,.; p H;/ 1.

Sh=local Sherwood number.

Sh=average Sherwood number.

T=temperature, °C, K.

Taverage=average temperature of the mixture (Air-f,0) inside of the cavity, °C, K.
T,»=temperature of the conductive wall, °C, K.

Tiniee=temperature of the mixture (Air-H,O) at the inlet, °C, K.
T,uqee=temperature of the mixture (Air-H,0) at the outlet, °C, K.
umier=horizontal component of velocity at the inlet, m/s.

u=x component of velocity, m/s.

v=y component of velocity, m/s.

W=width of the cavity, m.

W,,=thickness of the opaque wall, m.

x=distance along x coordinate, m.

y=distance along y coordinate, m.

Greek symbols

a=thermal diffusivity, m?/s.
Br=volume expansion coefficient K.
&"=Emissivity.

e=rate of dissipation of k, m?/s>.
g=overall effectiveness coefficient for temperature distribution.
ec—=overall effectiveness coefficient for concentration distribution.
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k=turbulence kinetic energy, m?/s.

A=thermal conductivity of the mixture (Air-H,0), W /mK.
An=thermal conductivity of the conductive wall, W /mK.
pu=dynamic viscosity of the mixture (Air-H,0), Kg/m s.
p=mixture density (Air-H,0), Kg/m>.
o=Stefan-Boltzmann constant, 5.67x10~% W /m?> K*.

1 Introduction

Currently, several studies available in the literature have analyzed the influence of weather
conditions on the behavior buildings. These studies are essential because the human being
who lives in urban areas spends more than 90% of their time in closed spaces [Larsen
(2006)]. A study of fluid flow and mixed convection in complex geometry as a square
enclosure with lower temperature sliding lid was conducted. The nanofluid medium used
was a water-based nanofluid and Al,Os. The effective viscosity and thermal conductivity
of the solid-liquid mixture were determined. The local Nusselt number picked up at
different spots on the hot wall length in correlation with the Richardson number were
found. And the average Nusselt number showed linearity with respect to the variation of
the nanoparticles volume fraction [Arefmanesh, Najafi and Nikfar (2010)]. Nicolas et al.
[Nicolas and Bermudez (2011)] conducted a study of mixed convection viscous
incompressible fluid flows in rectangular cavities. The unsteady Boussinessq
approximation for the study was considered. The results were obtained with a numerical
method. The aspect ratios, Grashof numbers and Reynolds numbers were reported. The
Fluid motion was not stronger and has some monotonic growth as A (A=ratio of the
height to the width) are increases or decreases were found.

Therefore, it is desirable to have thermal comfort conditions in the spaces used by
inhabitants. However, in thermal studies of rooms, it is necessary to propose a
mathematical model that can predict the behavior of the study variables. For this purpose,
researches use the tool known as Fluid Dynamics Computations (CFD) [Blazek (2001);
Xaman and Gijon-Rivera (2015)]. CFD predict the values of the variables; however, all
part of the physics of fluid behavior. Predicting the movement of a fluid is a complex
task, several models have been proposed to solve the Navier-Stokes equations
[Lukaszewicz and Kalita (2016)], with which the fluid movement can be predicted,
however, to apply them to particular cases several considerations must be taken. In
addition to the complexity of the differential equations that predict the movement of the
fluid other equations are coupled to them; for example, the energy equation, the chemical
concentration equation, the equations of the turbulent variables, etc., mentioned here the
turbulence, when the problem is solved in a turbulent flow regime. Modeling turbulence
is a challenge due to the random behavior of the study variables; therefore, various study
models have been developed to predict the variables of interest. Analyzing the context
already discussed, there is an interest in solving the equations that predict the behavior of
temperature and humidity as concentrations of water vapor in an indoor space. Therefore,
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a literature review of the solved problems related to this subject was performed. Studies of
cavities were found in two classifications of closed cavities, which mainly study the
behavior of the flow by natural convection. For instance, Das et al. [Das and Basak
(2016)] conducted a study of solar gain through different materials. This study is focused
on the analysis of discrete heat sources in which the heat transfer by natural convection
is involved. In the study, the geometry of the cavity was either rectangular or triangular
along with discrete heat sources. The numerical solution was obtained with the finite
element technique. The local and average Nu values were shown along with the flow
patterns, the maximum efficiency of the heat transfer for the configurations and the flow
patterns for different values of Ra. Dou et al. [Dou and Jiang (2016)] developed a
numerical study of the flow instability and heat transfer by natural convection in a
differentially heated cavity with thin wire on the left vertical wall. The numerical model
was solved with the finite volume technique, the parameters varied were; the position of
the thin wire, the number of thin wires, the Ra number. It was found that the maximum
efficiency of heat transfer was when the thin wire was located in the center of the vertical
wall, it was also found the increase of Nu with the increase of Ra. Mehedi et al. [Mchedi,
Tahzeeb and Islam (2017)] conducted a numerical study of the heat transfer by natural
convection in a closed cavity with air flow with industrial and residential applications.
The numerical simulation was carried out through the ANSYS FLUENT 12.0 program
in a laminar flow regime, in a permanent and transitory state. The results of the heat
transfer were compared through Nu values. Kouroudis et al. [Kouroudis, Saliakellis and
Yiantsios (2017)] developed a numerical study of a closed cavity with natural convection
flow. A constant heat flow condition was applied to the right vertical wall. The numerical
solution was obtained with the finite element technique. The parameters of the study
were the number of Ra. The results showed the components of temperature, velocity, and
flow patterns with Ra increments. Kefayati [Kefayati (2017)] conducted a numerical
study with the finite difference method of Lattice Boltzmann for a non-Newtonian fluid
considered as a nanofluid with entropy generation through fluid friction. In the study, this
author analyzed heat and mass transfer. The parameters varied were; Ra number, Da
number, Pr number, buoyancy ratio number N,, power-law index n, Lewis number Le,
Thermophoresis parameter V,, and Brownian motion parameter N, as can be seen,
considered a large number of parameters to analyze. The results showed that the increase
in power-law index alters heat and mass transfer, the increase in the Lewis number
augments mass transfer while it causes heat transfer to drop. Miroshnichenko et al.
[Miroshnichenko and Sheremet (2018)] developed a numerical study of the conjugated
heat transfer by natural convection in a closed cavity in a turbulent flow regime. Inside
the cavity, the authors placed a solid wall with a radiative surface with a variation of the
emissivity and conductivity values. In the results, they found an increase close to 42% of
the convective heat with an increase in the number of Nu. Parmananda et al
[Parmananda, Dalal and Natarajan (2018)] presented a numerical study of a three-
dimensional differentially heated cavity with the effect of thermal radiation. Four
different configurations were analyzed to compare the variation of the local Nu number
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and the temperature distribution. The study showed the maximum heat transfer for the
minimum entropy production along with the most efficient configuration in heat transfer.
Kefayati [Kefayati (2019)] developed a number study with the Lettice Boltzmann method
of natural convection in a porous cavity. The study parameters were Ra number, Da
number, porosity & and number of Bn. The results showed the increase of the heat
transfer and the unyielded section diminishes with the increase of the number of Ra for
variation of the values of the numbers of Ra and Da and with the increment of the Bn
number the heat transfer decreases. Once the heat and mass transfer by natural
convection was addressed, it was observed that the studies are focused on the different
parameters of each study. However, in natural convection, no studies have addressed the
issue of heat and mass transfer as a concentration of water vapor.

Studies of ventilated cavities are also available in the literature, many of which have a
bioclimatic approach to determine thermal comfort or air quality in rooms, offices and
other spaces for a particular use. For instance, some of the parameters that are addressed
in these studies are construction materials, outdoor weather conditions, effect of the
inflow and outflow locations, etc. Yao et al. [Yao and Lin (2014)] studied numerically
and theoretically the effect of different types of air supply terminals like; circular
diffuser, square diffuser, perforated diffuser and double deflection grille. They performed
different experiments changing the conditions of the study variables. They analyzed the
flow patterns, the temperature distribution, and concentration of CO,. The results showed
that the flow pattern is highly influenced by the type of diffuser, and they concluded that
the circular diffuser was the most efficient. Yu et al. [Yu, Yang and Xiong (2015)]
conducted a study of the thermal behavior of a hollow block in the buildings due to the
high energy demand present in China. They proposed a ventilated hollow block wall to
minimize heating or cooling thermal loads. The study was conducted with the
Frequency-Domain Finite Difference (FDFD) coupled to a CFD model. They analyzed
the influence of frequency, amplitude and angle phase on the incidence of the external
surface and the influence on the inner surface with the heat flux amplitude. Zhang et al.
[Zhang, Cheng, Fang et al. (2017)] conducted a numerical study to optimize temperatures
and achieve thermal comfort together with energy savings in ventilated rooms. They
modified the PVM model for thermal condition evaluation and found a difference of 0.14
on the scale of the thermal sensation vote. Further, they found that the optimum
temperature was 28.5°C and the energy saving was 7.8%. Pretrel [Pretrel (2017)]
conducted a study of the interaction of water spray and smoke in a ventilated cavity. The
author performed 17 experiments in a ventilated room with a fire source. He found that
the water spray influences the pattern of the smoke; there is a homogenization of the flow
and separation of the chemical and thermal stratification. He concluded that the energy
transferred to the droplet flow is above 65%. Koufi et al. [Koufi, Younsi, Cherif et al.
(2017)] conducted a numerical study of the air quality in a ventilated room using
different ventilation strategies. The model was solved with the scStream code. They
analyzed the ventilation effectiveness (¢.) and the index of indoor air quality (I,AQ). The
ventilation flow rate was 50 m’/h; the study was performed for air in a turbulent flow
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regime. They found that the air quality improves after 23 min with the best efficiency (e.).
Raczkowski et al. [Raczkowski, Suchorab, Polednik et al. (2018)] conducted a CFD study of
the thermal comfort in a ventilated room by natural convection in which a valve was placed
to introduce air from the outside. They found the temperature and velocity profiles and
compared these variables with the experimental measurements, and they found that the
numerical values are overestimated. Huang et al. [Huang, Yu and Yang (2018)]
conducted a study of the factors that influence the behavior of a hollow block that serves
as a thermal insulator. The study was done with the finite difference method and the
Number of Transfer Units. They used a three-dimensional geometry to compare the
results with experimental measurements. They found that the block significantly reduces
heat transfer in the summer season because heat fluxes through the hollow wall are
reduced by an average of 50%, and that the most critical factor in the study was the
dimensions of the cavity. Singh et al. [Singh, Kumar, Ooka et al. (2018)] presented a
statistical study of thermal comfort in a naturally ventilated classroom for the summer
season in India. They analyzed the thermal comfort conditions in accordance with
ASHRAE Standard 55, the average indoor climate conditions for the study were 30.4°C,
39.4% and 0.59 m/s of air temperature, relative humidity and flow velocity, respectively.
They found that about 81% of the responses were favorable with respect to the thermal
comfort. Kumar et al. [Kumar, Singh, Mathur et al. (2018)] presented a thermal comfort
study similar to Singh et al. [Singh, Kumar, Ooka et al. (2018)]. They performed
different actions to regulate the indoor conditions and found that the preference in the
average vote of thermal comfort was when the room had high airflow rates. All of the
surveyed people preferred to use the fan, 50% open windows and 40% the doors. The
authors verified that the bioclimatic architecture of the building was not adequate. Harish
[Harish (2018)] conducted a study of the effect of the aspect ratio of a heat source in a
ventilated cubic cavity in a turbulent flow regime. The turbulence was modeled with the
LES turbulence model, and the numerical technique used for solving the governing
equations was finite differences. They varied the number of Gr. In the results, they
showed the influence of the heat source with the flow pattern that was formed inside the
cavity. Huan et al. [Huan, Wang, Wu et al. (2018)] developed a nodal model to predict
the vertical temperature profile in a ventilated room. The proposed model was validated
with nine experiments in different scenarios, by comparing the results, they found that
the nodal model had an average error of 8.7% and a standard deviation of 5.8%. Al-
Kayiem et al. [Al-Kayiem, Sreejaya and Chikere (2018)] conducted a numerical and
experimental study of the influence of the location of the flow inlet in a solar chimney.
The numerical study was done with the FLUENT program. The experiments were carried
out in a built prototype. They found that the configuration with vertical cross section was
the one that showed to be more efficient. Yamamoto et al. [ Yamamoto, Ozaki, Lee et al.
(2018)] conducted a study of coupling methods between energy simulation (ES) and
CFD programs in a room heated by natural convection. The numerical model was fed by
the ES model to predict the temperature field. The results they showed were the coupling
of the systems to reproduce the temperature distributions in the space of use. Macias-
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Melo et al. [Macias-Melo, Aguilar-Castro, Xaman et al. (2018)] presented an experimental study
of a ventilated rectangular cavity with a heated wall, an inlet, and an outlet for airflow. They
analyzed four different configurations. They compared the experimental results with those
obtained in a numerical code. They found that for a power of 200 W they obtained increases
in air temperature from 4.3°C to 5.0°C in the different study configurations, for the power of
400 W, the increase was only 3.3°C. The maximum differences between the experimental
and numerical results were 9.9% and 11.5% for the test of 200 and 400 W, respectively.

Shi et al. [Shi, Liu, Wang et al. (2019)] investigated in a ventilated porous cavity in which a
forced flow was imposed and inside it contained a local source of contamination. They
studied the effect of natural and forced convection with the variation of the number of
Re, the number of Da, and the relative magnitude between the effective solute buoyancy
and the effective external force in a porous medium (f). The results showed the flow
patterns through the gradients of velocity, isolines in a steady and transient state, and the
dependence of the flow pattern of the number of Re and Da. Wang et al. [Wang, Chen
and Li (2019)] performed a numerical simulation of the temperatures in a rectangular
cavity with double facades with natural ventilation by the zone methodology. The authors
validated the results with experimental data. They found the influence of slat angle, air
cavity thickness, and DSF height on the results of temperature and airflow rate. The
maximum error they found between numerical and experimental data was 8.3%.

Finally, it can be concluded that the continuous study of closed or ventilated cavities help to
understand the phenomenon of heat transfer and/or mass, as can be seen there are studies
with different study parameters. However, studies that study the distribution of
temperatures and the percentage of relative humidity (RH) in a room with the
considerations of this study were not found. So, this paper will contribute to the better
understanding of the behavior of airflow with water vapor as chemical species
concentration inside a ventilated room, this will give new solutions to create better
hygrothermal conditions within a building with this will facilitate the stays and/or tasks
of the users within the architectural spaces for habitability.

2 Physical model of the ventilated cavity with heat and mass transfer of a mixture of
air-H,0

Fig. 1 shows the physical model of the ventilated cavity; the model has been simplified to a
two-dimensional square geometry with inlet and outlet openings of the air-H,O mixture.
Inside the cavity, there is a certain amount of moisture in the air generated by a wet
source. The opening of the flow inlet of the air-H,O mixture is in the lower part of the
right vertical wall. Regarding the exit opening of the air-H,O mixture, it is located on the
left vertical wall. The right vertical wall is solid opaque in which a flow of heat is
imposed on the outside of the surface. As a result of this thermal energy, the wall
increases its temperature, and when interacting with its surroundings, heat losses are
produced by convection and radiation to the external environment. In the interior, due to
the temperature difference, there is convective heat flow and a variation of the mixture
density. Further, there is a difference in the concentration of H,O vapor, which also
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Figure 1: Physical model of the ventilated cavity

produces a density variation. When this density change occurs, the air-H,O mixture moves.
The movement thus produced is added to the forced effect by the flow supplied at the
opening of the flow inlet. The flow provided in the inlet opening has a constant speed, a
constant temperature, and a vapor concentration of H,O in the air.

3 Mathematical model for the heat and mass transfer of a mixture of air-H,O

The mathematical model consists in the representation of those governing equations that
best characterize the physical behavior of the ventilated cavity. The equations presented
below represent the movement of the flow through the momentum equation; the heat
transfer is represented by the energy transport equation; and mass transfer is represented
by the transport equation of chemical species. For the equations mentioned above, it is
necessary to add the equations that model the turbulence. There are different turbulence
models; in this particular case, the modeling was performed with the k-¢ turbulence
model. The system of governing equations is:

Mass conservation equation,

dpw;)
om0 M

Momentum conservation equation,

8(,0 uiuj) _ a_P 0 |:'u (814, 8u]> ﬁ:|

Ox; N 8x,~+8_xj 8xj+'u8_xi R

+pgif(T — T) + pgif.(C — Cx)

@)



Numerical Study of the Distribution of Temperatures and Relative Humidity 579

Energy conservation equation,

opwT) 1 0 oT B
ox; Cp Ox; A Ox; PCp 1 ®)
Transport species equation,
d(pu,C) 0 oC T
——~=—|pDyp—— .C 4
Ox; Ox; pras Ox; Pt @

In equations from (2) to (4) there are terms that are approximate, these are the Reynolds
stresses, and turbulent heat and mass flux vector. The approximations are shown in the
following equations:

T Uu; auj 2
puluj :ul |:ax] + 8xl‘:| + 3 p K y ( )
T e oT
C, ul =-——— 6
p P ul g, 8xi ( )
o mc
pouc = Sc; Ox; )

In Eq. (6), o; represents turbulent Prandtl number and in Eq. (7), S, represents turbulent
Schmidt number. Moreover, the turbulent viscosity term turbulent viscosity, («,) which

relates the turbulent kinetic energy (k) and the turbulent kinetic energy dissipation (&) by
2

the Kolmorogov-Prandtl empirical expression as: u,=C, P To be able to close the
€

turbulence model the values of the turbulent kinetic energy (k) and the turbulent kinetic
energy dissipation (€) are required, this can be found in the model used by Henkes et al.
[Henkes, Van Der Vlugt and Hoogendoorn (1991)]:

Turbulent kinetic energy,

dNpux) 0 U\ Ok
A = 4 — | a5 P;c K 9
Ox; ox; Ht 0,/ Ox; TPt Ge—pe ®
Turbulence dissipation rate,
dpue) 0 u\ Oe 3 pe?
= 5 — | 5 Cs PIC C83GK —— L 9
Ox; Ox; [(H + 0. ) Ox; + CalPre + ]K 2T ©)

Next, the boundary conditions for the velocity components are stated, it is considered that in
the solid surfaces the velocity components are zero.

The previous Eqs. (1) to (9) describe the convective movement of the mixture in a turbulent
flow regime, which are expressed in the literature in developed or compact form to represent
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the phenomenon under study. However, they require boundary conditions to particularize
the problem to be solved. The boundary conditions in this study are shown below.

Boundary conditions for the velocity components:

Horizontal Vertical
component of component of
velocity velocity
Boundary conditions in the inlet opening U=Ujpjer Vinler=0
of the flow of mixture air-H,0 9 9
o . u A
Boundary conditions in the outlet opening an =0 n =0
n n

of the flow of mixture air-H,O
where 7 is the normal vector to the direction of the flow

Boundary conditions in the walls of the cavity for the temperature:

Boundary condition in the inlet opening of the flow of mixture air- 7 =Tinter
H,0
or

Boundary conditions in the outlet opening of the flow of mixture on =0
air-H,0

Boundary condition of the interior surface of the q cond—muro=4 conv—int
conductive wall

.. _ or
Boundary condition of any other surface of the cavity n =0

where #n is the normal vector to the direction of the flow

Boundary conditions in the walls of the cavity for the concentration of chemical
species:

Boundary conditions for the chemical concentration

Boundary condition in the inlet opening of the flow of mixture air-H,O C=Cinier
Boundary conditions in the outlet opening of the flow of mixture air-H,O a—i =0
Boundary condition of the interior surface of the conductive wall C=Clyource
Boundary condition of any other surface of the cavity (895 =0

where #n is the normal vector to the direction of the flow
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Boundary conditions in the walls, inlets and outlets of the cavity for the flow of air-H,O
mixture for turbulent variables:

Boundary conditions for the turbulent variables

_ (k) (&)
Boundary condition in the inlet opening of k,-,,:l.5(0.04u,-,1)2'0 8,-,1:(1%)0'5 /(0.1H;)
the flow of mixture air-H,0

Boundary conditions in the outlet opening @ -0 % -0

of the flow of mixture air-H,O On On

Boundary condition of any other surface of Fixed values [Henkes, Van Der Vlugt and
the cavity Hoogendoorn (1991)].

Once the mathematical model of the ventilated cavity and the boundary conditions for the
outlets and inlets, and the solid walls are established, the following considerations are taken
into account to simplify the study model: steady state, two-dimensional flow, Newtonian
and incompressible fluid, turbulent flow regime, constant thermo-physical properties, for
the term of buoyancy forces the Boussinesq approximation is used, the effect of viscous
dissipation is neglected, the mixture diffusion coefficient for low concentrations is
considered, and finally the system of differential equations that model the flow are
averaged over time.

Fig. 2 shows the physical model of the conductive wall, in which the horizontal surfaces are
considered thermally insulated. On the right surface a constant and uniformly distributed
heat flow is imposed, this heat flow is transported to the left surface by conduction, this
left surface interacts with the fluid inside the cavity.

Considering that the conductive wall extends sufficiently in the third axis (z) to not affect the
results in heat transfer, then the equation that governs the heat transfer in the solid wall is the
two-dimensional heat conduction equation:

o (. 0T\
2 ()

where )\, is the thermal conductivity and T, is the temperature at the wall.
3.1 Boundary conditions of the conductive wall

Next, the boundary conditions of the conductive wall system, coupled to the ventilated
cavity, are presented.
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Figure 2: Physical model of the conductive wall

The inferior boundary of the conductive wall is considered as adiabatic

In the direction At the selected height
of the horizontal  of the conductive

component wall
9w _, 0<x<H, y=H
dy
The superior boundary of the conductive wall is considered as adiabatic
% =0 0<x<H, y=H,
Jy

The right boundary of the opaque wall

qtotal=Y cond—muro +‘Jrad—ext + qconv—ext
qtotalz)\m %"" GE(T::, - T:xt) +h(Tm — Texl)
The left boundary of the opaque wall

(11)

4 cond—muro =Y conv—int
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The right boundary of the wall is subjected to a constant heat flux with losses by convection
and radiation to the outdoor environment with outdoor temperature 7,,,. The left boundary
of the wall is interacting with the interior of the cavity, it is considered that the heat flow by
conduction in the opaque wall is equal to the heat flow transmitted by convection through
the air at a point very close to the wall, g.ond—muro=4qconv—int-

4 Calculation of the thermophysical properties of the air-H,O mixture

To analyze the mixture of air-H,O it is required to determine its thermo-physical properties;
this calculation is done with the methodology presented by Reid et al. [Reid, Prausnitz and
Poling (1987)] and Bird et al. [Bird, Stewart and Lightfoot (2006)]. The conditions under
which the properties of the mixture were calculated for this study were at an average
temperature of (24°C) and at the pressure of one atmosphere. To find the thermo-physical
properties of the air-H,O mixture first, we found the value of the property for each
component of the mixture individually, once the value is found individually, the value is
found as a chemical mixture. In the methodology, it is necessary to know the mass
fraction of each component of the mixture. The calculation of the density was made with
the equation of state for the ideal gases for each element. Subsequently, for the
calculation of the viscosity of the air-H,O mixture, the thermal conductivity of the air-
H,O mixture, and the mass diffusion of the air-H,O mixture we used the Chapman-
Enskog methodology presented in Reid et al. [Reid, Prausnitz and Poling (1987)]. In the
case of the viscosity and the mass diffusion of the air-H,O mixture, it was necessary to
know the collision integral which was obtained from tables or could be calculated by a
correlation. For the calculation of the specific heat of the air-H,O mixture, it was carried
out through a relationship as a function of temperature [Perri (1997)].

5 Numerical model of the heat and mass transfer of the air-H,O mixture

This section we describe in a general way the methodology for the numerical solution of the
mathematical model. The solution of the equations was obtained through the Finite Volume
Method (FVM). The conservative equations are discretized and represented by a generalized
equation (convection-diffusion). The SIMPLEC algorithm was used to couple the continuity
equation and the momentum. The FVM consists of dividing the domain of the study into a
finite number of control volumes, ordered consecutively without overlapping. In this
method, the integral form of the conservation equations is used, which are used at each
point (node) of the grid. These nodes are set intentionally in the center of each control
volume (CV), for the calculation of the dependent variable. The numerical methodology
is summarized in the following steps: (1) define and generate a numerical mesh, which
represents the domain of the calculation in which we want to know the value of the
dependent variables. (2) Integration and discretization of the governing equations of the
phenomenon being studied, on all the control volumes of the domain of the solution. (3)
Solution of the algebraic equations using an iterative algorithm.

The next flow diagram, Fig. 3, shows the iterative method used for solving the governing
equations to obtain the variables of interest.
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Figure 3: General algorithm of the convection-conduction-mass solution

To solve the problem of the numerically ventilated cavity an initial grid of 71x61
computational nodes was proposed, later the number of nodes was increased by 10 in 10
until having a grid of 121x111 computational nodes. The critical values of the variables
were considered until obtaining a deviation of the computational error of 1.0% with a
mesh of 111x110 computational nodes.

5.1 Validation of the numerical code for modeling the ventilated cavity

To validate the developed numerical code, the results provided by this code were
compared with two solutions found in the literature. The first case was to validate the
turbulence model presented by Henkes et al. [Henkes, Van Der Vlugt and Hoogendoorn
(1991)] in which we compared the average Nu number (Nuavemge), the Nu number in
the center of the vertical wall of the cavity Nu(y=H,/2), the maximum Nu number
(Nttay), the vertical component of velocity at the center of the vertical wall
Viax/ (gBATH, ) (gﬁATHy)l/ 2 (yv=H,/2), and the horizontal component of velocity at the
center of the vertical wall w4,/ (gBATH,) (gﬁATHy)l/ 2 (x=H,/2). From the results, it
were found percentage differences of (7.07%), (0.68%), (2.69%), (0.59%), and
(8.87%), respectively. One can find the complete Table of comparison in Serrano-
Arellano et al. [Serrano-Arellano and Gijon-Rivera (2014)].

The other comparison of results for the numerical code was found in the literature an
experimental work for a ventilated cavity in turbulent flow regime proposed by Nielsen
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[Nielsen (1990)], Fig. 4, that consists of a cavity with dimensions of 3x9 m* with an inlet
and flow outlet on the vertical walls. The comparison of results was with the horizontal
velocity component for four different positions in the cavity, the velocity along the y-axis
was also compared at the position of X*=1.0 and X*=2.0, the velocities along the x-axis
in the positions Y*=0.972 and Y*=0.028, more details of the comparison of the results
can be found in a previous work of the authors [Serrano-Arellano, Xamén and Alvarez
(2013)]. From the comparison of results, the maximum difference was 16.14%, which
represents an acceptable difference for the numerical code. Once the numerical code has
been validated, the results of the present study are obtained.
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*>~ *
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Figure 4: Comparison of the U* velocity between Nielsen [Nielsen (1990)] and the present
study in: X*=1.0, (b) X*=2.0, (c) Y*=0.972 y (d) Y*=0.028

6 Number of Nusselt (Nu), Sherwood (Sh) and other characteristics parameters of the
air-H,0 mixture

The number of (Nu) is the parameter commonly used to quantify the heat transfer in the
ventilated cavity; this value is defined as the ratio of the magnitude of the heat transfer
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by convection with respect to a reference heat flow [Oosthuizen and Naylor (1999)] define
Nu as follows:

Nu= 4 conv—int (12)
qref

where (g,.y) is the reference heat flux or heat flux per conduction through the cavity that is

,—T
defined by g,or=A 2H 1, where (75) is the average temperature in the inner surface of the
X

conductive wall of heat. (7;) is the average temperature of the left vertical wall of the cavity.
Gcomv—int 18 the heat transfer to the interior from the inner surface of the conductive wall, and
is defined by:

oT (x,y)

Ox x=Hx

qconv—int = A (13)
The number of S# indicates the total mass transfer within the cavity, this is defined as the
ratio of magnitude of mass transfer by convection with respect to a reference mass flow
and is expressed as follows:

Cconv— int
Sh= —com=nt 14
Crf (14)

C C,-C
where C,srepresents the reference mass flux which is given by C,.r=D 43 2H 1, where C,
‘ X

represents the average concentration at the surface of the pollutant source. C; represents the
average concentration in the left vertical wall of the cavity. Finally, C,,,.i, represents the
mass transfer of water vapor (H,O) in the interior from the surface of the wall considered as
a source of moisture concentration, this term is defined as:

IC(x,y)

Cconvfint:DAB T (15)
x=Hx

The parameter overall ventilation effectiveness for temperature distribution represented by
(&) is important because in the study the maximum, minimum or average temperature
values do not ensure that thermal comfort is achieved, thus it is necessary a parameter
defining the homogeneity of the temperature in the distribution of the study space, Awbi
[55] defines & in the following way:
&= Toutlet - Tinlet (16)
Tavemge - Tinlet

where T,,.; is the average temperature of the air-H,O mixture at the opening of the outlet
and T,,qge 18 the average temperature of the air-H,O mixture inside the cavity. Finally, T;,,;,
represents the average temperature of the air-H,O mixture in the inlet opening of the
ventilated cavity.
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In the same way as defined (¢;) is now defined (g.) that represents the overall ventilation
effectiveness for HR distribution the maximum, minimum or average values of relative
humidity (RH) of the air do not assure the hygrothermal conditions of the room, it is
necessary to define a parameter that interprets the distribution of the RH inside the room.
This parameter is defined according to Awbi [Awbi (2003)] as follows:

Coullet - Cl’nlet

Ec =

ol — il (17)
Cavemge - Cinlet
where C,,.; is the average RH concentration of the air-H,O mixture at the outlet opening
and Cgyerqge 18 the average RH concentration of the air-H,O mixture within the cavity, and
C,.: represents the average RH concentration of the air-H,O mixture at the inlet opening of
the ventilated cavity.

7 Results and discussion

In this section the results found in the numerical study are shown, an analysis of the study
variables was performed, the graphs of the velocity components, the temperature and the
relative humidity percentages (RH) are presented. The values of Nu and Sh numbers are
also shown to analyze the heat and mass transfer, respectively. The graphs of uniformity
in the distribution of temperatures and the percentages of the relative humidity
concentrations (RH’s) are also shown.

The study was conducted for the following records of weather conditions at 07:50, 10:00,
13:00, 14:00, 15:50, 17:50 and 21:00 h. The climatic record values were taken from the
meteorological station located Cardenas City of the State of Tabasco, Mexico on April
14, 2019. The state of Tabasco is one of the States with more humidity relative
throughout the year in Mexico. From the weather record, variables such as solar
radiation, outdoor temperature, concentration of the percentage of RH outside were taken
into account. Tab. 1 shows a summary of the values of the parameters of the climatic
conditions for the mentioned day.

The values represented in Tab. | were taken from the Lazaro Cardenas city campus national
weather station and represent the weather data for different hours on a day in April. It is
worth mentioning that the weather station is working by the standard NMX-AA-166/1-
SCFI-2013 norm. The values of the variables for the conditions of the inflow velocities
of the air-H,O mixture flow into the room were estimated according to the ASHRAE
standard [ASHRAE (2005)].

A flow of heat imposed on the outer surface of the concrete wall was considered due to the
solar radiation incident on the right wall of the ventilated cavity, the construction material of
the right wall was a lightweight concrete block of 12 cm wide as considered by Xaman et al.
[Xaman, Tun, Alvarez et al. (2009)].

The thermo-physical properties of the air-H,O mixture were calculated as the air-H,O mass
input conditions at the inlet opening of the ventilated cavity. A concentration of 20% for RH
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Table 1: Outdoor weather conditions

Time (Hours) Solar radiation Qutdoor temperature (°C) Relative humidity

(W/m?) (% of RH)
7:50 99 27.2 55
10:00 578 28.8 70
13:00 964 30.7 66
14:00 622 30.3 69
15:50 335 28.5 75
17:50 55 27.1 77
21:00 0 25.5 76

Note: National Weather Station (https://smn.conagua.gob.mx/)

was considered as water vapor in the air-H,O mixture at the inlet of the cavity, considering
that the percentage of the RH in the interior is higher considering that the percentage of the
RH at outdoors is much greater than that considered in the inlet flow of the air-H,O mixture.

The convective and radiative losses on the outer surface of the wall were considered with the
convective coefficient A, of 6.8 W/m’K, this value was taken according to the
recommendation of the standard ASHRAE [ASHRAE (2005)] corresponds to an air
speed value 3 m/s. It was also considered that the values of wind speed on the study day
ranged from 1.23 to 4.6 m/s, so this consideration is within the range of recorded values.

Different values of the Re number were considered, 500, 1000, 5000, and 10000 that
represent the flow velocities of the air-H,O mixture of 0.026, 0.053, 0.26 and 0.53 m/s,
respectively. The flow temperature of the air-H,O mixture at the inlet of the room was
20°C with an RH concentration of 0.00241 kg/m’, in its equivalence this value
approximately represents 1490 ppm of H,O vapor particles.

In Fig. 5 the flow patterns for the ventilated cavity for the Reynolds number values of 500, 1000,
5000 and 10000 were shown. The flow pattern for the value of Re=500 showed that forced
convection at the entrance of the cavity was low enough not to transport the flow to the
opposite wall, this generated a large area of flow stagnation in most of the cavity. For the value
of Re=1000, forced convection gained strength and managed to bring the mass of the flow to
the opposite area of the cavity. With the value of Re=5000, a flow recirculation was formed
near the right wall where the flow inlet opening is located. With the value of Re=10000 a flow
recirculation was formed in the lower area of the center of the cavity, the flow took enough
intensity to evenly distribute the variables of temperature and concentration of pollutants.

The graphical results shown below were considered for Re=500. Fig. 6 shows the results of
the velocity component along the x-axis; the values are for the seven weather records at
different times during the day. Fig. 6 shows that the pattern of the velocity components
has flows in favor and against it. In low values of Re, the effect of natural convection has
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Figure 5: Flow patterns in the ventilated cavity for the different values of Re. (a) Re=500
(b) Re=1000 (c) Re=5000 and (d) Re=10000

a predominant presence, which causes recirculation of flow with advances and regression. It
was observed that the components of the flow velocities of the air-H,O mixture tend to have
a recirculation as they approach the opposite wall where the outlet opening is located.

On the other hand, the highest values of the flow velocity components for the air-H,O
mixture occur next to the inlet opening and are presented at 13:00 h. These velocities are
present because the wall receives the maximum solar radiation. However, movement in
the mass of air is dominated by natural convection, which does not happen when forced
convection begins to predominate.

Fig. 7 shows that the behavior of the vertical velocity components in the flow pattern is
similar near to the medium height of the cavity for any hour of the day. In other words,
the flow pattern does not change at heights smaller than 1 m. Once the flow exceeds the
height of one meter, the velocity components are dispersed with positive and negative
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Figure 6: Behavior of the horizontal component of the velocity

Figure 7: Behavior of the vertical component of velocity

values, which means that flow recirculation is present. Once the average height of the cavity
is reached, the highest values of the vertical component of velocity are found at the height of
2.5 m, after this height, the flow becomes stabilized in the last 50 cm near the upper wall of
the cavity.

Tab. 2 shows the values for the velocity components for all values of the number of Re at a
central point in the cavity. The variation of the velocity components was observed for the
different hours that were considered in the present study. The values shown in Tab. 2
showed changes in the flow direction, this was seen in the negative values. It was also
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Table 2: Tabulation of the velocity components

Time Re=500 Re=1000 Re=5000 Re=10000

Uy vy Uy vy Uy vy Uy vy

7:50 -7.69E-04 -5.97E-05 -1.85E-04 -4.41E-05 6.19E-02 1.00E-01 1.45E-01 -7.03E-02
10:00 -1.27E-03 3.12E-04 -5.98E-04 2.04E-04 5.51E-02 8.73E-02 1.34E-01 -4.60E-02
13:00 -7.11E-04 1.95E-05 -4.12E-04 1.72E-04 5.46E-02 8.66E-02 1.33E-01 -4.54E-02
14:00 -1.04E-03 -1.34E-04 -2.47E-04 2.36E-04 5.51E-02 8.74E-02 1.34E-01 -4.60E-02
15:50 -7.07E-04 5.07E-05 -2.94E-04 1.86E-04 5.43E-02 8.65E-02 1.33E-01 -4.53E-02
17:50 -1.77E-03 3.76E-05 -5.68E-04 2.25E-04 5.55E-02 8.81E-02 1.34E-01 -4.68E-02
21:00 -5.02E-04 3.58E-04 -4.95E-04 6.78E-05 5.59E-02 8.90E-02 1.34E-01 -4.77E-02

observed that the high values of Re, that is, 5000 and 10000 the velocity components
presented less change due to the dominant forced flow.

In Fig. 8 the behaviors of the temperature variables and relative humidity percentages with
their numerical values for the ventilated cavity are appreciated. The values of the
temperature and relative humidity variables were presented for the value of Re=500. It
could be seen that by 7:50, 17:50 and 21:00 h the lowest temperature values were found
inside the cavity. In the rest of the hours, high temperatures were reached inside the
cavity in the upper area of the cavity. It was observed that the lowest temperatures
occurred in the lower area of the cavity. Regarding relative humidity, the highest values
were recorded at 9:00 p.m. with values of 65% relative humidity, that is, when there was
no effect of solar radiation. It was observed that the lowest relative humidity values were
obtained in the lower areas of the ventilated cavity. The rest of the hours of the day
showed similar relative humidity values.

Fig. 9 shows the temperature components on the horizontal and vertical axes respectively, at
different times of the day in the room. It can be observed that the highest temperatures are
reached at 13:00 h, which is when the highest solar radiation was recorded with a value of
964 W/m?, the second highest value of temperatures was with a solar radiation of 622 W/m?
that was at 14:00 h, and so on, until reaching the lower values of temperature that was at
21:00 h, at night when the solar radiation was zero. At this time, a cooling of 20°C was
reached in most of the room. It is important to note that there was a similar temperature
in the room at 10:00 a.m. and at 2:00 p.m., because both hours had a solar radiation of
578 Wm™ and 622 W/m? respectively. In these cases, the outside temperature had a
difference slightly greater than 1°C, and the difference of the percentages of RH was
about 1%.
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Figure 8: (continued)
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Figure 8: Behaviors of the temperature and relative humidity percentages (x100%) for the
value of Re=500
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Figure 9: Temperatures 7'(°C) in the horizontal (a) and vertical (b) at the center of the
ventilated cavity

Fig. 10 shows the behavior of the percentage of the RH in the room for seven different
temperature records in the day. The effect of the percentage of the RH on the horizontal
in the center of the ventilated cavity is observed in Fig. 10a. It is interesting to note that
the values of percentage of RH in the horizontal of the cavity remain almost with
constant values. Being the highest percentage value of the RH was 77% and occurred at
17:50 hrs. The lowest value occurred at 07:50 h, with a percentage of RH of 55% in the
outdoor climate. However, in the horizontal axis at 17:50 h, the highest percentage of HR
is reached with a value of 38.5%. On the vertical, higher values of percentage of RH than
60% are reached. This phenomenon occurs due to the convective movement of the flow
of the air-H,O mixture, due to the heating of the mass of the air-H,O mixture tending to
ascend to the high zones of the cavity. The heating of the air-H,O mixture allows more
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Figure 10: Percentages of RH in the horizontal (a) and vertical (b) of the center of the
ventilated cavity
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capacity of accumulation of H,O vapor particles so that the concentration of water vapor in
the form of RH is concentrated near the upper wall.

Fig. 11 shows the behavior of the heat transfer through Nu number values for different time
records during the day. Fig. 11 shows that the maximum energy transfer occurs at 21:00 h.
This is seen in the points near the inlet of the ventilated cavity. The values of the Nu number
in the other time records tend to be equal. Although there is no heat flow due to the incident
solar radiation on the outer surface of the wall, the highest value of the Nu number registered
at 21:00 h, is due to the outdoor temperature conditions. It should be noted that the flow
velocity value of the air-H,O mixture at the inlet of the ventilated cavity was kept
constant at different times of the day with a value of 0.026 m/s, this influenced the heat
transfer in the convective effect.

400

300

local

= 200
Time
1 —=—7:50 hrs

—&—10:00 hrs

1004 —4—13:00 hrs

—v—14:00 hrs —»—21:00 hrs
1 —¢—15:00 hrs —<—17:50 hrs

T T T T T T T T
0.5 1.0 1.5 2.0 25 3.0

Y (m)

Figure 11: Values of the local Nu number on the vertical wall

Fig. 12 shows the behavior of the mass transfer through the number of S%, which unlike the
Nu number values, the mass transfer presents a similar behavior in all climatological records
to throughout the hours of the day. This effect occurs because the Sk values depend mainly
on the percentages of the RH concentration. The values of the S number are not affected by
heat transfer because the Soret and Dufour effect was not taken into consideration [Mortimer
and Eyring (1980); Hollinger and Liicke (1995)].

A comparison between the different Re numbers, Fig. 13, shows that the effect of the flow
velocities of the air-H,O mixture at the inlet opening of the ventilated cavity on the heat
transfer. The values of Nu number are presented at 13:00 h when the maximum solar
radiation is having an impact on the outer surface of the conductive wall. It was observed
that the heat transfer through Nu number values for low values of the Re number tends to
decrease as the height of the ventilated cavity is advanced. This effect was presented
between the values of the Re number between 500 and 1000. A different effect occurs for
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Figure 12: Values of the local S% number on the vertical wall
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Figure 13: Values of the local Nu number on the vertical wall at 13:00 h

the Re number of 5000 and 10000, which means that the heat transfer is dominated by forced
convection, therefore, it remains practically constant. That is, at high velocities of the mass
flow rate of the air-H,O mixture inside the ventilated cavity, they tend to homogenize the
temperatures inside.

An interesting contribution of the present study is to compare the value of the Nu number for
another record of the climate in an hour of the day when there is no incident radiative flow
on the outer surface of the wall as it is at 21:00 h. It can be seen from Fig. 14 that the heat
transfer with the highest values of local Nu to the lowest values of local Nu are presented for
the value of Re of 500. This behavior is interesting because it was observed that the highest
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Figure 14: Values of the local Nu number on the vertical wall at 21:00 h

values of the heat transfer were for high numbers of Re. However, when there is no heat flow
incident on the outer surface of the wall, i.e., a value of zero, which occurs at night, the heat
transfer inside the ventilated cavity is due to the temperature conditions of the flow of the air-
H,O mixture at the inlet of the ventilated cavity.

The mass transfer is not affected at 13:00 h when there is a maximum incidence of solar
radiation on the outer surface of the wall or with some other value of solar radiation.
Fig. 15 shows a decrease in mass transfer for the lowest value of the Re number. The
highest value of S# number was around 550 occurred due to the predominant convective
natural effect inside the ventilated cavity. The effect of the natural convective
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Figure 15: Values of the local S number on the vertical wall at 13:00 h
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phenomenon can be seen by the behavior of the components of the flow velocities of the air-
H,0 mixture in Figs. 6 and 7. In that figures can be seen the changes of direction of the flow
velocity values of the air-H,O mixture in the form of recirculation. At higher values of the Re
number, that is, 5000 and 10000, the convective flow dominates the heat and mass transfer.

All the values of the S number were compared for all values of the number of Re in this study.
It was observed that the SA number for Re=500 is below the other values Sk from the average
height of the ventilated cavity until the flow reaches the upper wall. It can be seen how the
values of the S# number in general decrease when the heat flow in the outer surface of the
wall is reduced. This is because the heat and mass transfer depend on the temperature
conditions of the flow of the air-H,O mixture at the inlet of the ventilated cavity and the
conditions of the concentration percentage of RH at the inlet of the ventilated cavity.

7.1 Effect of the overall ventilation effectiveness on temperature and concentration

distributions

Fig. 16 shows the effect of temperature distribution and the percentages of RH inside the
ventilated cavity. The lowest value of temperature distribution was presented for
Re=1000 with maximum values of 30%. For Re=500 and Re=1000, the behavior between
the distribution of temperatures and the percentages of RH are opposite; this effect is due
to the influence of the natural convective effect. This behavior does not happen for the
Re=5000 and Re=10000 when the forced convective effect is the dominant, the values of
efficiency in the distribution of temperatures and percentages of RH are very similar
reaching a maximum efficiency of 60%. It can be concluded that for higher values of
efficiency, it is necessary to increase the flow velocities of the mixture at the inlet
opening of the ventilated cavity. However, this is not the best option because it requires
increasing the electrical power and it generates discomfort for users due to the high flow
rates inside the ventilated cavity.
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Figure 16: Values of overall ventilation effectiveness for temperature and concentration
distributions ¢, and ¢ respectively
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8 Conclusions

An analysis of the heat and mass transfer was carried out as concentration of the percentage
of RH in a ventilated cavity where climatic parameters were varied in seven-time records
throughout the day. The velocity of the flow in the inlet of the air-H,O mixture was
varied and it was found that for low values of the Reynolds number (Re=500) there is a
movement predominantly by natural convection of the flow mass of the air-H,O mixture.
When the flow velocities at the inlet of the air-H,O mixture increase, forced convection
predominates in the cavity, this increases the costs by increasing the electric power to
supply greater volume of the mass of the air-H,O mixture flow. In most air conditioning
(A/C) systems, which function as heat exchangers, they reduce the temperature of the air
that is introduced to the A/C evaporator. However, an A/C reduces the percentage of RH in
the air-H,O mixture, this reduction causes that in the interior of buildings circulates air in
low percentage of RH (around 20%). This type of conditions is not adequate, so it creates
discomfort in users and generally results in colds or some other symptoms of illness related
to cooling with dry air. On the other hand, the distribution of temperatures and RH
percentages showed that a large amount of electric power is necessary to homogenize the
interior, in this study only about 60% of distribution efficiency was achieved for both, the
temperature and the percentage of RH. This effect occurred because the configuration is not
optimal for homogeneously distributing the temperatures and the percentages of RH, it is
recommended to continue with other studies to find the optimal configuration in which you
can combine various factors such as natural convection, forced convection, values of
temperature and percentages of concentration of RH in the inlet opening of the ventilated
cavity and mainly the locations of the inlet and outlet flow openings.
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