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ABSTRACT
The need of precise determination of air flow pattern and temperature distribution in a room was realized by HVAC
engineers to provide comfortable temperature conditions, Relative humidity and air velocities in the occupied space.
Along with the thermal comfort, the indoor air quality control minimizes the spread of airborne respiratory and other
infections in hospitals.
Simulation has been carried out on FLUENT code from ANSYS for different velocities of inlet air stream and
different inlet air and wall temperatures i.e. for different Re and Gr. The geometry was meshed into small control
volumes. Navier-Stokes equation, energy equation and k-𝜖 equations in two and three dimensional rectangular
Cartesian coordinates have been solved at the control volumes. The result obtained by above numerical procedure
was validated by benchmark experimental result and has been found in close agreement with it.
The results of simulation of room without occupant revealed that there is drastic change in flow pattern for Gr/Re
2
>=0.1, due to prominent effect of buoyancy. It is observed that that high inlet air velocities (>=2.5 m/s) are
unsuitable as it causes non uniform temperature distribution and unnecessary energy utilization. The air flow pattern,
temperature distribution and relative humidity contours for two dimensional flow with occupant indicate that
thermal gradient due to human body temperature and body’s obstruction to flow cause significant change in flow as
compared to that of an empty room. Results of simulation of hospital general ward revealed that positioning of inlet
vents as several fragmented vents along the centre of roof and outlet vent as a continuous vent along the roof on both
the side edges directly above the patient bed is most suitable option, however this particular option is suitable for
cooling purpose and is not prescribed when there is very less temperature difference between outside temperature
and inlet air temperature i.e. Gr≈0, as for very low value of Gr contaminant is seen to be recirculating and exits the
ward after very long period of time.
Keywords: flow pattern; temperature contours; relative humidity; indoor air quality; thermal comfort;
contaminant tracking; ACH; hospital.
Nomenclature
Nu

Nusselt number

P

Non-dimensional pressure

ρ

Density of the fluid

T

Temperature of fluid

µ

Absolute viscosity of fluid

U

Velocity in x-direction

β

Coefficient of thermal expansion

V

Velocity in y-direction

ν

Kinematic viscosity

X

x co-ordinate

𝜙

Dependent variable

Y

y co-ordinate

Greek letters

Acronyms
VV

Velocity vector

TC
Rh

Temperature contours
Relative humidity

1. INTRODUCTION
Human thermal simulations are becoming a popular subject when concepts such as, safety and comfort are
indispensables in workplaces design. The computational fluid dynamics (CFD) software has been used and such
softwares have been assuming a greater impact in this field due to their higher accuracy. CFD studies can provide
detailed information about thermal comfort variables near a human computational mannequin as well as provide
information on conditions (Air temperature, velocity, Relative humidity, mass ratio of contaminants etc.) within an
enclosure, which is difficult and expensive to obtain from experiments in laboratory.
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This work is concerned with safer and efficient designing of buildings and workplaces and hospital wards so that
they are free from toxic environment and also provide optimal thermal comfort.
Among the biological forces of infection parameters in the above relationship, ventilation can affect the infectious
dose by control of the airborne infectious particle concentration and the time of exposure by lowering the mean age
in the space. By concentrating on the control of contaminant concentration and time of exposure, real engineering
can be accomplished with measurable results. In this way, rational ventilation rates, filter efficiencies and pressure
relationships can be determined. No single generalized ventilation design solution can solve all airborne infectious
particle concentration problems and be continuously cost-effective. Ventilation designers, who must always consider
the cost of installation and operation of their systems, need effective control strategies for air systems to make a
design work in practice. Unfortunately, ventilation control systems do not measure the concentration of infectious
particles in a space. A ventilation system cannot, therefore, increase airflow rates, vary the air cleanliness, or
improve air distribution in response to a burst of airborne infectious particles. Until a real-time and cost-effective
monitor for infectious particles (or a valid surrogate) is created, ventilation systems will be designed for fixed
conditions of source generation of contaminants. Ventilation system design will be controlled by the traditional
parameters of temperature, humidity, flow rate, and pressure. These are the tools the designer has available to
address infection and comfort control.
Ventilation systems can be a source of infectious particles and must be designed in such a way as to avoid becoming
amplifying sites for organisms to grow and become aerosolized. Air systems are rarely the original source of
pathogens but can quickly become a reservoir for amplification. All places where moisture and a food source can
accumulate in the ducts or air-handler must be eliminated. Air systems can distribute pathogens from an internal
source to a susceptible person nearly anywhere in the distribution system if there is inadequate filtration. Any place
where dust and dirt can accumulate in a patient room and subsequently become wet is a result of bad design practice.
Air cooling coils located within the patient room to cool air below its dew point are particularly bad, due to the
moisture they create mixing with the dust they collect. Any finned element, whether cooling or heating, may become
an amplifier for pathogens.
Sources of contamination and infection may be endogenous (originating from the patient) or exogenous (from
anywhere outside the patient). Contact contamination is contamination carried into the surgical wound by touching
or penetrating the raw tissue of the surgical wound with contaminated surgical instruments or foreign body implants
or by contact with contaminated gloves or apparel of the surgical team. Airborne contamination is carried into the
surgical wound by means of microorganisms present in the air. Contamination may reach an open surgical wound by
direct or indirect pathways. Indirect contamination occurs when instruments are seeded by airborne microorganisms
and then placed into the surgical wound, thereby combining airborne with contact contamination. Bio particles are
microscopic particles that carry microorganisms (bacteria, viruses, fungi, etc.). Airborne bacteria or viruses may be
carried on bio particles—such as dust particles, lint particles, shed skin scales (scurf)—or in moisture globules or
may be airborne as actual bacteria or spores, singly or in clusters.
The general medical/surgical patient room ventilation design is intended for patients with near normal immune
systems that protect the patient from the normal airborne organisms found in the ambient environment. General
patient rooms should have the following design parameters. Ordinary or general patient rooms should have neutral
or slightly positive pressure differential with respect to the corridor. Pressure differentials should be maintained
between patient rooms and any adjacent sterile area.
Within the isolation room itself, the goal of the HVAC system is to establish an airflow arrangement that will reduce
exposure of uninfected occupants who visit or work in the space. The recommended design approach favors creating
maximized air mixing and dilution effectiveness and, thereby, maximized microorganism removal. While ―laminar
flow‖ systems are of proven efficacy in clean-room and other applications involving much higher airflow exchange
rates, designers cannot expect to achieve or maintain true unidirectional flow in infectious isolation rooms (one need
only consider that at an air change rate of 12 ACH, the average air molecule travels about the space for an average
of five minutes before exiting). The preferred design approach emphasizes air mixing effectiveness and dilution
ventilation without attempting to establish unidirectional airflow.
2. REVIEW
Accordingly, the research on thermal comfort and room air movement started at ASHVE/US, Bureau of Mines
Laboratory, Pittsburg, US. Thereafter a group led by Haughten et al [1, 2] examined the effects of draft on Human
Comfort. In recent years, extensive research has been made in the development in field of general Fluid flow and
heat transfer programs for solving the air flow in a room. It was initiated in 1930 when Courant, Lax and Euler
equations, the inviscid and non-conducting form of Compressible Navier Stokes Equations. The maiden attempt in
numerical calculations inside a room was made by Teria [3] in Japan for the 2-dimensional buoyant convection case.
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After that many efforts have been made to develop a numerical prediction method which could be used as a practical
tool for indoor environmental design.
The first important contribution was made by Tsuchiya [4], Nomura and Kaizuka [5] and Yamazaki et al [6] which
was further extended to the 3-dimensional laminar flows using MAC Marker and Cell method which included
qualitative comparison of the calculations and flow visualizations. Followed by Lage et al [7] whose investigations
include transient removal of contaminant from a 2-dimensional closure in a Laminar flow which states that the
ventilation efficiency increases with proper orientation of the inlet and outlet ports relative to each other and to the
enclosure.
Further Kato et al [8] applied the Finite Difference methods to study the flow and diffusion fields to conventional
flow type clean rooms in which the inlet and exhaust openings are in ceiling which showed that the locally balanced
supply-exhaust airflow systems allows more efficient contaminant exhaust and lowers diffusion in closure than the
conventional ventilation system.
Lee et al [9] applied the finite element method to study characteristics of forced and mixed convection in an air
cooled room for both the laminar and turbulent regimes which proved a lower efficient cooling system in Laminar
mixed convection than that of turbulent flow system.
The work by Peterson et al [10] brought in picture a new term referred as ―Relative Risk (RR)‖ which is calculated
using statistical models which determines the strength and statistical uncertainty of associations between health
outcomes and the building and HVAC characteristics. An RR value of 1.5 indicates that the prevalence of the health
outcome is increased by 50% in buildings with the risk factor, while an RR of 0.7 indicates that the prevalence of the
health outcome is decreased by 30% in buildings with the risk factor. Limitation of the analyses is that it did not
account for correlation among risk factors. Many of the risk factors in this analysis existed in combination with
multiple other risk factors.
The work by Memarzadeh et al [11] which uses air flow modeling and particle tracking to compare the risk of
contaminant deposition in a surgical site and the corresponding ventilation systems especially non-aspirating and
diffuser type of ventilation systems are designed with necessary air change rates depending upon the areas inside the
sites for disinfection of sites.
The work by Cicciarelli et al [12] has been used to model transient nature of air borne particles in dwellings with
and without carpeted floors to check its impact on Indoor Air Quality.
Schijndel [13] worked on Heat, Air and Moisture models for simulating building environment in relation to human
thermal comfort, energy and durability.
Teixeira et al [14] simulated dynamic heat and moisture transfer through the human clothing environment system
and its effect. A CFD study of a room and human mannequin was developed in FLUENT code from ANSYS. The
influence of supply opening conditions namely air temperature, velocity and humidity were investigated.
Sinha [15] studied air conditioning of cold storages and rooms with 2- dimensional geometries by investigating air
circulation and temperature distributions at different orientations, velocities and sizes of jet of conditioned air for a
given vertical location of air inlet and outlet on opposite wall.
In an approach by Loomanst et al [18], they introduced a parameter called CFU(Colony Forming Units) and
classified the Operation theatres in three different classes namely Class 1: <10CFU/m3 (ultraclean operating
theatres); Class 2: <200CFU/m3 (low infection risk medical procedures); Class 3: <500CFU/m3 (treatment rooms).
The CFU concentration in this case has a direct relation with the infection rate in an operating theatre where Class 1
generally relates to design solutions with laminar down-flow systems and introduced the 3-T method of cooling
which suggested different air-jets of different temperatures through the ceiling. The figure depicts the top view of
ward.
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In another approach by Wong[19] carried out in a general ward of Open bay layout, Clinical and epidemiological
information was collected in real time during the outbreak. Spatiotemporal analysis was performed to estimate the
infection risk among patients. Airflow measurements were conducted, and concentrations of hypothetical virusladen aerosols at different ward locations were estimated using computational fluid dynamics modeling and they
suggested a possible role of aerosol transmission of influenza in an acute ward setting. Re-engineering and avoiding
aerosol generation and improving ventilation design may warrant consideration to prevent nosocomial outbreaks.
In an another study by Noakes [20] who analyzed the efficiency of ventilation systems of a TB ward in a Hospital
National Dos de Mayo, Lima , Peru whose main objective was to recommend how the ward may be modified to
minimize the potential risks to patients, healthcare workers and visitors. The results of the experiment suggested that
the pathogenic activity near the patient is most and is very high as compared to the rest of the room and hence
indicating the increased risk of transmission at close proximity to the patient. So by employing ventilation system so
that each area has a separate supply and extract further reduces the spread of bio-aerosols between zones and placing
partitions between beds may be a low cost way of reducing the transfer of airborne infectious particles between
areas of the room.
In an approach by Zhao[21] who tried to quantify the number of particles emitted by a nurse when she enters the
breathing zone of the patient, ICU in this case. Nurses may be the most likely sources of the infectious particles as
they are single bed rooms and visitors are forbidden to enter. They analyzed four different positions of nurse and
patients and found that particle dispersion is greatly influenced by the protective environment’s downward air flow
pattern. Particles from the body of a standing nurse seldom reach the patient, whereas particles are more likely to
contact the patient in cases where the nurse is leaning over the patient. They suggested using side-ways extracting
the air from space and maintaining the IAQ by draining out the particles emitted at a constant rate.
Another attempt was done by Drake[22] the complete hospitals in Queensland state, Australia were ran under
scanner to check the competency to fight against the nosocomial outbreaks and a new revised standards of
ventilation systems were decided for them which recommended a minimum of 12 air-changes per hour. It also
suggests that air-ducts should be covered by a layer of plastic, prohibits the use of water baths and air-sprayer type
humidifier and also positive pressurization of patients in wards. It also emphasizes employment of pressure gauges
and alarms in case of pressure drop or rise in ward and a dedicated Air handling plant per room.
The next similar attempt was made by Rim [23] who investigated the airflow in the vicinity of a human body, effects
of respiration on breathing concentration of particulate and gaseous pollutants, and inhalation exposure in relation to
source position and overall airflow patterns by introducing a thermal manikin inside the chamber and carefully
monitoring the airflow and pollutant concentration. This study suggests that breathing has a measurable influence on
the airflow in occupant breathing zone and a hand movement of manikin doesn’t affect the thermal plume. This
study shows that breathing can significantly affect inhaled article concentrations, even though the influence varies
with source position and particle size. Relatively uniform concentration patterns of gaseous and particulate
pollutants occur in the vicinity of the occupant in an environment with mixing flow, while non-uniform
concentration distributions are present with stratified flow.
A review [24] was done to study the effect of using positive pressurized rooms on infection control to immune
compromised patients. The results of this review stated that level of fungal contamination in the room is low and
therefore the potential risk of infection. By using PPR’s the spore count in the vicinity of the patients fall down by a
significant number, hence prevents the growth of fungi growth and reduced the incidence of infection in immune
compromised patients. Yam et al[26] conducted CFD analysis of an hospital general ward for corridor return and
ducted return strategy, and suggested ducted return with minimum of 12 ACH.
Due to increase in studies to optimize thermal comfort, pollution and infection control in indoor environments, CFD
techniques have been used to simulate flow patterns and temperature contour for relative positions of inlet and outlet
vents for varying temperature differences and inlet velocity. This project makes use of FLUENT code from ANSYS
12.0 to simulate results using various combinations of parameters in order to predict suitable flow patterns and
uniform air conditioning. Effect of species (humidity) has also been investigated. The following results have been
validated with experimental results by Nielson [16].
3. PROBLEM FORMULATION
CFD has been widely used to solve various engineering flow problems and has proven to be an efficient approach
for analyzing indoor airflow, heat transfer and contaminant dispersion process. It has often been employed to
explore the over- all features like, ventilation efficiency, uniformity of temperature distribution, draft conditions and
to identify the air motion in a room conforms to the design conditions. The velocity and temperature distributions in
a room have been calculated by solving the fundamental equations of fluid mechanics and energy equation in steady,
incompressible, turbulent flow with uniform thermo-physical properties and under Boussinesq's approximation
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MODELLING
The inlet velocity U0 and inlet opening W1 are taken as characteristic velocity and length respectively. The
difference between inlet temperature To and wall temperature Tw is used for non- dimensionalisation of temperature.
The non – dimensionalization scheme is as follows:
𝑢∗ =
𝑇∗ =

𝑇−𝑇𝑤
𝑇𝑜 −𝑇𝑤

𝑢

𝑣∗ =

𝑈0

𝑣
𝑈0

𝑥
𝑊1

𝑦∗ =

𝑇∗ =

(For heated fluid)
𝐺𝑟 =

𝑥∗ =

𝑔𝛽 𝑇𝑜 −𝑇𝑤 𝑊13

𝑇−𝑇𝑜
𝑇𝑤 −𝑇𝑜

𝑅𝑒 =

𝜈3

𝑦
𝑊1

(For cold fluid)

𝑈0 𝑊1
𝜈

Table 1
Expressions of 𝝓, 𝚪𝝓 and 𝑺𝝓 for various conservation equations for turbulent flow
Equation

𝜙

Γ𝜙

𝑆𝜙

Continuity

1

0

0

u-momentum

u

1
𝑅𝑒

v-momentum

v

1
𝑅𝑒

Energy

T

1
𝑅𝑒𝑃𝑟

−
−

𝜕𝑝
𝜕𝑥

𝜕𝑝
𝐺𝑟
+ ( 2 )𝑇
𝜕𝑦
𝑅𝑒
0

Where Re is the Reynolds number and Gr is the Grashof number. The superscript * has been dropped for brevity in
the following discussions. The resulting governing equations in non-dimensional conservative form may be
expressed by a single general equation (I) as follows:
𝜕(𝜌𝜙 )
𝜕𝑡

=

𝜕
𝜕𝑥

Γ𝜙

𝜕𝜙
𝜕𝑧

− 𝜌𝑢𝜙 +

𝜕
𝜕𝑦

Γ𝜙

𝜕𝜙
𝜕𝑦

− 𝜌𝑣𝜙 + 𝑆𝜙 .……………….. (I)

Where the term 𝜙, the diffusion coefficient Γ𝜙 and the source term 𝑆𝜙 for various equations are given in Table 1
Temperature difference in the flow field gives rise to density difference which acts as driving force for natural
convection. Boussinesq's approximation has been used to simplify the buoyancy term.
As the paper is concerned about modeling the case of natural convection in a closed domain, the solution will
depend on the mass inside the domain. Since this mass will not be known unless the density is known, hence the
flow is modeled as under:
1. A steady state calculation using Boussinesq’s approximation is performed by specifying a constant density;
hence the mass is specified properly.
2. This approach is valid only if the temperature differences in the domain are small. This is the limitation of
Boussinesq’s approximation.
k- 𝝐 turbulence model
All the simulations of the air flow use the k- 𝜖 turbulence model. The standard k- 𝜖 model is a semi-empirical model
based on model transport equations for the turbulence kinetic energy (k) and its dissipation rate (𝜖). The model
transport equation for k is derived from the exact equation, while the model transport equation for ε was obtained
using physical reasoning and bears little resemblance to its mathematically exact counterpart.
The terms from Table 2 are used in equation (I) above to get the k and 𝜖 equations:
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Table 2
Expression showing turbulent energy and heat dissipation rate

𝜖

Heat dissipation rate

𝜇𝑡 = 𝑅𝑒

𝑐𝜇 𝑓𝜇 𝑘 2
𝜖

,

𝐺𝑏 =

Γ𝜙
1
𝜇𝑡
+
𝑅𝑒 𝜎𝑘 𝑅𝑒
1
𝜇𝑡
+
𝑅𝑒 𝜎𝜖 𝑅𝑒

𝜙
k

Equation
Turbulence energy

𝐺𝑟 𝜇 𝑡 𝜕𝑇
𝑅𝑒 3 𝜎𝑡 𝜕𝑦

,

𝐺𝑘 =

𝜇𝑡
𝑅𝑒

(2

𝜕𝑢 2
𝜕𝑥

𝜕𝑣

𝜕𝑢

𝜕𝑦

𝜕𝑦

+ 2( )2 + 2(

𝑆𝜙
𝐺𝑘 − 𝜌𝜖 − 𝐺𝑏
𝜖
(𝐶 𝑓 𝐺 − 𝐶2 𝑓2 𝜌𝜖 + 𝐶3 𝐺𝑏 )
𝑘 1 1 𝑘
+

𝜕𝑣 2
) )
𝜕𝑥

Inclusion of the Species Diffusion Term
Equations both include the effect of enthalpy transport due to species diffusion.
When the pressure-based solver is used, the term ∇. ( 𝑗 𝑗 𝐽𝑗 ) is included in Equation by default. When the densitybased solver is used, this term is always included in the energy equation.
ASSUMPTIONS IN MODELLING
1. For 2-D flow the inlet and outlet are considered to be extended throughout the width of the room.
2. The flow is considered to be steady and incompressible under Boussinesq’s approximation.
GEOMETRY OF ROOM
For this study, a room of dimension 6m x 3m high is considered in 2 dimensions. An inlet air condition vent and an
outflow vent are positioned at three different locations along the height of the room, inlet being on left wall and
outlet on right wall. The air flow is studied for different values of Re and Gr.
The sketches of the room geometries are shown in Figure 1.

Figure 1(a): 2-D geometry showing inlet at y=2.525m on left wall and outlet at y=2.5m on right wall from floor
(Geometry 1)
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Figure 1(b): 2-D geometry showing inlet at y=0.475m on left wall and outlet at y=2.5mon right wall from floor
(Geometry 2)

Figure 1(c): 2-D geometry showing inlet at y=2.525m on left wall and outlet at y=0.5m on right wall from floor
(Geometry 3)
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Figure 1(d): Geometry with occupant having inlet at y=2.66mon left wall and outlet at y=0.34m on right wall from
floor (Geometry 4)

*Occupant height = 180 cm
BOUNDARY CONDITIONS
No wall motion and no-slip conditions have been used on the wall. Air flow takes place only through inlet and outlet
vents. Boundary conditions are given as follows:
For the cases of cooling room
At the walls, ceiling and floor:
u= 0,
v= 0,
T= 1,
At the inlet:
u= 1,
v= 0,
T= 0,
𝜕𝜙
At the outlet: Neumann conditions have been set for fluid variables i.e.
=0
𝜕𝑛
For the cases of heating room
At the walls, ceiling and floor:
u= 0,
v= 0,
T= 0,
At the inlet:
u= 1,
v= 0,
T= 1,
𝜕𝜙
At the outlet: Neumann conditions have been set for fluid variables i.e.
=0
𝜕𝑛
where n is the direction normal to the outflow boundary
For Two Dimensional cases with occupant, Rh = 20% at inlet and Rh = 65% [14] over human mannequin.
For Three Dimensional case Rh= 40% at inlet.
4. NUMERICAL SOLUTION PROCEDURES
Figure 1 shows the geometry that was used for the computation of this project. The geometry was created on Design
Modeler (incorporated in ANSYS 12) and the mesh generation was completed in the ANSYS meshing tool. For the
2-D geometry, mesh was created using automatic method (patch conforming/ sweep) available in the meshing tool.
Mesh was made finer at critical observation points like inlet, outlet, and mannequin than at the interior of the room,
edge sizing technique using sphere of influence was used for this purpose. Sphere was created at the center of inlet,
outlet and mannequin. For mannequin sphere radius was 1.4 m , for inlet and outlet sphere radius was 1 m. Edge
length in the region of sphere was 5x10-2 m and 2.510-2 m for inlet, outlet vents and mannequin respectively.
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For 3-D geometry mesh was generated by patch conforming method. Mesh was made fine near inlet vent, outlet
vent and all the patient beds. Grid points are located at the centre of the control volumes where the scalar variables
such as pressure, density and temperature are defined. Geometry was considered to be symmetric about the vertical
plane at y=3m, i.e. perpendicular to floor and ceiling to save computation and meshing time.
Table 3
Number of elements and skewness of mesh for geometries used
Skewness
Type of geometry
Number of elements
Maximum
2-D geometry
3823
0.58
2-D geometry with mannequin
12218
0.66
3-D geometry
897280
0.84

Average
0.177
0.171
0.215

The discretised equations are obtained by integrating the Navier Stokes and energy equations over the controlled
volumes. The SIMPLE algorithm due to Patankar [17] was used to solve the problems of air flow without the
introduction of humidity while the PISO algorithm was used to solve the problems of air flow involving the study of
relative humidity levels in the room with transient flow. FLUENT made use of the pressure-based solver for steady
flow conditions. The numerical solutions were compared with benchmark experimental results reported by Nielson.
The height (H), length (L), and width of the test room were 2 m, 6 m, and 2 m respectively. The inlet and outlet
dimensions are 0.112 m and 0.32 m respectively and extend throughout the width of the room. Figure 2 shows a
comparison of the horizontal velocity (u) at the vertical cross section of the room. These experimental results are at
the central plane where two dimensional predictions can be compared with the measured data of the three
dimensional case. The agreement is observed to be good in the central region of room. It is not found satisfactory
along the region of main stream adjacent to walls.
25

20

y*

15

exp

10

simu

5

0
-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8
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Figure 2: Comparison of Velocity (u*) profile from Neilson Experiment & Numerical Simulation at

X/H = 2

5. RESULTS AND DISCUSSIONS OF NUMERICAL SIMULATION OF ROOM
The computed distribution of temperature contour and velocity vectors for the cases of cooling and heating with dry
air and moist air in the room are illustrated in following Figures. A case of a room with an occupant is also analyzed.
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1. Cooling
1.1 Cooling at Gr=8.12x106
Figure 3 shows velocity vectors and temperature contour for Re=27439. For this case since Gr/Re2 ratio is very less
hence inertia force dominates over the buoyancy force. Thus the main stream moves straight for short distance and
attaches to the ceiling due to Coanda effect. There is a counter clockwise recirculation cell at top left corner due to
entrainment and a clockwise recirculation cell covering the entire room below the main stream. Figures 4(a) and 5(a)
show flow patterns for inlet at y= 2.6 m and outlet at y= 2.6 m of the walls for Re=27439 and 5945 respectively. For
Re=27439, it is observed that one anti clockwise recirculation cell at top left corner is weak which can be inferred
from less diffusion of thermal potential core near the inlet as can be seen in figure 4(b), and the clockwise
recirculation cell which covers major part of room has shifted towards right hot wall. As Re reduces to 5945, the
length of thermal potential core reduces and greater temperature uniformity is observed in figure 5(b). In addition to
this there is a weak anti clockwise recirculation cell at bottom right corner in figure 5(a).
Table 4
Corresponding velocities and temperatures for different values of Gr and Re
Tw(oC)

Ti(oC)

Re

V (m/s)

1.1

8.12x10

6

40

20

27439

3

1.2

4.36x106

30

20

1.3
1.4
2.1

1.66x106
9.92x106
9.09x106

25
50
0

20
20
25

3.1

8.12x106

40

20

5945
6583
4702
7083
6140
26336
25224
6306
5044
27439
8176
7085

0.65
0.7
0.5
0.75
0.75
3
2.5
0.6
0.5
3
0.75
0.65

Case No.

Gr

Figure 3(a): VV for Re=27439, Gr= 8.12x106(Geometry 3)
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Figure 3(b): TC for Re=27439, Gr= 8.12x106 (Geometry 3)

Figure 4(a): VV for Re=27439, Gr= 8.12x106 (Geometry 1)
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Figure 4(b): TC for Re=27439, Gr= 8.12x106 (Geometry 1)

Figure 5(a): VV for Re= 5945, Gr= 8.12x106 (Geometry 1)
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Figure 5(b): TC for Re= 5945, Gr= 8.12x106 (Geometry 1)
1.2 Cooling at Gr=4.36x106
Figures 6(a)-8(b) show velocity vector and temperature contour plot for different values of Re. In these cases flow
pattern exhibits drastic change as Re decreases. The cold jet drops down due to buoyancy and attaches to the floor at
x≈5m, moves along the floor then leaves through the exit. The clockwise recirculation cell has shifted towards left
hot wall significantly as compared to case of Re=27439. As Re further decreases to 4702, the cold jet attaches to the
floor at x≈2.5m, due to greater dominance of buoyancy force, causing the clockwise recirculation cell to shift further
left. A weak counter clockwise recirculation cell can be seen at top right corner. For the geometry with inlet at
y=2.525 m and outlet at y=2.5 m, at Re= 7083, flow pattern remains similar but intensity of recirculation cell
decreases.

Figure 6(a): VV for Re=6583, Gr=4.36x106 (Geometry 3)
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Figure 6(b): TC for Re=6583, Gr=4.36x106 (Geometry 3)

Figure 7(a): VV for Re= 4702, Gr= 4.36x106 (Geometry 3)
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Figure 7(b): TC for Re=4702, Gr=4.36x106 (Geometry 3)

Figure 8(a): VV for Re=7083, Gr=4.36x106 (Geometry 1)
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Figure 8(b): TC for Re=7083, Gr=4.36x106 (Geometry 1)
1.3 Cooling at Gr=1.66 x 106
Figure 9(a & b) shows velocity vectors and temperature contour for Re= 6140, though Re is less as compared to
case 1.1 (Gr= 8.12x106) but Gr/Re2 is very less due to small value of Gr. Thus in this case inertia force dominates
buoyancy force and flow pattern is similar to that of case 1.1, while there is slight difference in temperature contour
due to different Re from that of case 1.1.

Figure 9(a): VV for Re=6140, Gr= 1.667x106 (Geometry 3)
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Figure 9(b): TC for Re=6140, Gr= 1.667x106 (Geometry 3)

1.4 Cooling at Gr=9.92x106
Figure 10 (a & b) shows flow pattern for Re=26366 with inlet and outlet both at y= 0.4 m. The cold jet travels very
short distance and attaches to the floor due to Coanda effect. The clockwise recirculation cell which covered entire
room in previous cases shifted to left bottom corner and intensity has reduced.

Figure 10(a): VV for Re=26366, Gr=9.92x106 (Geometry 2)
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Figure 10(b): TC for Re=26366, Gr=9.92x106 (Geometry 2)

2. Heating
2.1
Heating at Gr=9.09x106
Figures 11(a)-12(b) show flow pattern and temperature contour for room with inlet at y= 0.4 m and outlet at y= 2.6
m and Re= 25224, 6306 and 5044 respectively. At high Re inlet jet attaches to the floor near the inlet and moves
along it, then rises up and leaves from exit. In this case inertia forces dominate over buoyancy force thus jet fails to
rise up. As Re decreases the jet rises up after attachment with the floor, splits into two streams at the roof. Counter
clockwise recirculation cell is formed near the left wall, in which main stream jet rises up quickly and is stronger
when Re=5044 than at Re=6306. The thermal potential core is long at Re=25224 and shortens as Re decreases. At
Re=5044, temperature distribution is more uniform as compared to the case when Re=6306.
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Figure 11(a): VV for Re=25224, Gr=9.09x106 (Geometry 2)

Figure 11(b): TC for Re=25224, Gr=9.09x106 (Geometry 2)
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Figure 12(a): VV for Re=6306, Gr=9.09x106 (Geometry 2)

Figure 12(b): TC for Re=6306, Gr=9.09x106 (Geometry 2)
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Figure 13(a): VV for Re=5044, Gr=9.09x106 (Geometry 2)

Figure 13(b): TC for Re=5044, Gr=9.09x106 (Geometry 2)

3. Cooling with an occupant
3.1
It is evident from the Figures 14(a)-16(c), that as the free stream of air touches the human mannequin, it
receives more moisture than the air that is away from the mannequin. The relative humidity is found to be high at
points where the stream of air is unable to take sharp bends because of inertia. Thus concentration of moisture is
very high at these points. In these Figures, convection due to human thermal plume can also be observed, especially
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along x≈ 3.5 m. There is clockwise recirculation cell on right side of mannequin primarily due to thermal plume. As
Re reduces to 8176, the main stream jet drops down due to buoyancy and attaches to human mannequin on its left
side. Thus interfering with human thermal plume and as a result the height of thermal plume on left side does not
extend too much high. As Re reduces further to 7085, the height of thermal plume rises till head on the right side of
mannequin. This phenomenon can also be confirmed from the temperature contours for Re=8176 and 7085.

Figure 14(a): Rh for Re=27439, Gr=8.12x106 (Geometry 4)

Figure 14(b): TC for Re=27439, Gr=8.12x106 (Geometry 4)

421

IJRRAS 8 (3) ● September 2011

Peri & al. ● Numerical Simulation of Air Flow

Figure 14(c): VV for Re=27439, Gr= 8.12x106 (Geometry 4)

Figure 15(a) Rh for Re=8176, Gr= 8.12x106 (Geometry 4)
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Figure 15(b): TC for Re=8176, Gr=8.12x106 (Geometry 4)

Figure 15(c): VV for Re=8176, Gr=8.12x106 (Geometry 4)
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Figure 16(a): Rh for Re=7085, Gr=8.12x106 (Geometry 4)

Figure 16(b): TC for Re=7085, Gr=8.12x106 (Geometry 4)
424

IJRRAS 8 (3) ● September 2011

Peri & al. ● Numerical Simulation of Air Flow

Figure 16(c): VV for Re=7085, Gr=8.12x106 (Geometry 4)
Variation of Nusselt number along walls, roof and ceiling
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Figure 17: Variation in Nusselt number for Re= 4702, Gr= 4.36x106
Figure 17 shows variation of Nusselt number on walls, floor and ceiling for the room geometry with inlet at y=
2.525 m and outlet at y=0.50m and flow conditions are Re=4702, Gr=4.36x106.
For ceiling maximum value of Nusselt number is around 6 which is observed at x≈0.5 m near the inlet where main
stream jet attaches to the ceiling due to Coanda effect. Also Nusselt number for ceiling at the stagnant region x≈1.9
to 3.9 is in the range of 1 to 1.5, whereas for the floor maximum value of Nusselt number is approximately 6 which
are observed at x≈2 m where fluid attaches to the floor due to buoyancy.
For right wall maximum value of Nusselt number is approximately 5.8 at y≈0.52 m just above the outlet and for left
wall maximum value of Nusselt number is 4.4 at y= 1.5 m due to the strong clockwise recirculation zone of main
stream jet.
6.

NUMERICAL SIMULATION OF GENERAL WARD OF A HOSPITAL

After studying the above 2-D results of the enclosed room and the effect of various variables on the human body, a
hospital general ward has been modeled. A three dimensional flow has been considered in this case as the two
dimensional flow is suited for study in only one plane, thus it does not give any information on lateral movement of
air. The entire phenomena like recirculation zone, thermal potential core, Coanda effect that was visible for two
dimensional flow is experienced over the entire domain in this case. Three dimensional flow is a more realistic
approach when contaminant particle tracking is considered.
Simulation of air flow has been done for an empty room of 6m x6m x 3m dimension, for determining the difference
of behavior of three dimensional flow from two dimensional flow. The boundary conditions are identical to that of
2-D cases considered earlier.
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Outlet

Inlet

Trail 3-D room
The reason for simulating the geometry in 3-dimension is that the recirculation cells are formed in more than one
plane. In actual flow of air, the flow takes place not only along the length but also laterally across the room. 3-D
analysis helps us understand the real fluid flow phenomena of air and its behavior with respect to all directions.
7. LAYOUT OF GENERAL WARD OF HOSPITAL
The geometry of the ward has been shown in figure 18 (a-c). The ward is modeled with dimension of 14m x 6m x
4m. The inlet vent is in the form of seven 1m fragmented vents at the centre of the ceiling. An additional inlet vent is
provided at the door, with greater inlet velocity. This acts as an air curtain that prevents the air or contaminant from
escaping outside the ward. The outlet vent was provided at the two edges of the ceiling as shown.
The model was provided with eight beds occupied with patients and a nurse station at the end of the ward. The
simulation involved a study of velocity streamlines for necessary flow of air within the ward, temperature contours
for determining thermal comfort of occupants and particle tracking of contaminants within the ward affecting
patients and healthy individuals.
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Figure 18(a): Top View of general ward of hospital

Figure 18(b): Isometric View of general ward of hospital
The numerical solutions, problem formulation and boundary conditions applied to this simulation are the same as
applied to the cases of 2-D simulation, except that inlet air has Rh=40%. The case for 3-D hospital ward included
two different inlet conditions namely 1m/s air flow at the central vents and 2.5m/s air flow at the door inlet. The
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results were obtained for a set of different Grashoff Numbers but same Reynolds’ Number. There was also a test for
suitable inlet vent position and size for uniform temperature distribution, reaching recommended values of ACH
(Air Changes per hour) and quicker and safer contaminant removal. An image of a actual general ward is shown
below.

Figure 18(c): General ward of a Hospital

Assumptions for contaminant tracking
Contaminant was assumed as an smooth inert particle of ethyl alcohol ( liq).
Diameter= 1x10-6 m
Mass flow rate= 5.8x10-4 kg/s
Drag coefficient calculated by spherical drag law,
The drag coefficient for smooth particle is given by:𝐶𝐷 = 𝑎1 +

𝑎2
𝑎3
+
𝑅𝑒 𝑅𝑒 2

𝑎1 , 𝑎2 , 𝑎3 , and several ranges of 𝑅𝑒 are given by Morsi et al[25].
Contaminant is assumed to be ejected from an object kept on table adjacent to patient beds.
Three locations have been considered for ejecting particle namely,

S.No
1
2
3

Table 5
Location of particle ejection
X position (m)
Y position (m)
3.1
0.5
6.4
0.5
11.6
0.5
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Z position (m)
1
1
1
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8. RESULTS AND DISCUSSIONS FOR SIMULATION OF GENERAL WARD OF A HOSPITAL
Case 1: The case involves a geometry having inlet vent as a strip at the centre of the ceiling. The vent is a
continuous opening of length 13m and width 0.4m. Figure 19(a) shows the velocity streamlines flowing within the
enclosure. The flow shows an even and uniform flow of air. There is no drastic change in the velocity of air inside
the ward, except at the door, which is intended.

Case No.
1
2
3
4

Table 6
Corresponding ACH and temperature for different values of Gr
Gr
Tw(oC)
Ti(oC)
7
3.69x10
30
20
9.38x106
30
20
5.39x106
40
20
0
20
20

ACH
66
18
19
19

Figures 19 (b, c & d) show temperature contours at vertical central section, horizontal section at 1.2m from floor and
at 2.5m from floor respectively. The temperature conditions were suited for a case of cooling. The thermal drafts
produced were uniform, thus concluding a good design. On ejecting a contaminant from the patient bed, the design
supported a quick removal of the contaminant, neither affecting other patients nor healthy individuals.
The major drawback of this design which leads to its infeasibility is the large value of ACH (Air Changes per Hour).
Due to high flow rate of air entering the ward the ACH value increased up to 65 Air changes in one hour.

Figure 19(a): Velocity streamlines for Gr=3.69x107, ACH=66
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Figure 19(b):TC for Gr=3.69x107, ACH=66

Figure 19(c): TC for Gr=3.69x107, ACH=66
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Figure 19(d): TC for Gr=3.69x107, ACH=66

Figure 19(e): Contaminant Residence for Gr=3.69x107, ACH=66
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Figure 19(a): Contaminant Residence for, Gr=3.69x107, ACH=66
Case 2: Due to the infeasibility of case 1, the flow rate had to be reduced. This can be done by dividing the inlet
vent into number of parts. The inlet vent was divided into four separate ducts of 0.4m x 0.4m positioned away from
each other at the central plane. Figure 20 (a) shows the velocity streamlines of air flow within the ward. The flow
appeared to be less uniform than the one produced in the former case.
Figure 20 (e & f) show the motion and residence time of contaminant ejecting from beds closer to the door. The
contaminant displays a very haphazard motion affecting patients on other beds and possibly healthy individuals
around. Besides, the contaminant resides within the enclosure for time ranging between 70 to 90 seconds.
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Figure 20(a): Velocity streamlines for Gr=9.38x106, ACH=18

Figure 20(b): TC for Gr=9.38x106, ACH=18
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Figure 20(c): TC for Gr=9.38x106, ACH=18

Figure 20(d): TC for Gr=9.38x106, ACH=18
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Figure 20(e): Contaminant Residence for Gr=9.38x106, ACH=18

Figure 20(f): Contaminant Residence for Gr=9.38x106, ACH=18
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Figure 20(g): Contaminant Residence for Gr=9.38x106, ACH=18
Case 3: This case is a much improved version of case 2. The inlet vent is evenly divided into equally spaced vents of
dimension 1m length and 0.1m width. Figures 21 (e & f) show the motion and residence time of the contaminant.
When the contaminant ejects from the beds next to the door the residence time is very high reaching to 600 seconds.
Moreover the motion of the contaminant in the ward tends to affect every patient and the nurse station in the ward.
This is a very precarious situation. However, when the contaminant is ejected from any other bed there is a very
quick path taken by the particle. The contaminant moves through the shortest path possible within 16 seconds,
making this a better design.

Figure 21(a): Velocity streamlines for Gr=5.539x106,ACH=19
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Figure 21(b): TC for Gr=5.539x106, ACH=19

Figure 21(c): TC for Gr=5.539x106, ACH=19
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Figure 21(d): TC for Gr=5.539x106, ACH=19

Figure 21(e): Contaminant Residence for Gr=5.539x106, ACH=19
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Figure 21(f): Contaminant Residence for Gr=5.539x106, ACH=19
Case 4: A case was tried using variation in the temperature difference between wall and inlet air. The following case
was for zero value of Gr. The contours show the most uniform temperature distribution around the heat generating
human body as well as throughout the ward. Figure 22 (e & f) show the high residence time of contaminant. The
contaminant circulates numerous times before exiting through the outlet. The velocity streamlines are nevertheless
uniform and steady.

Figure 22(a): Velocity streamlines for Gr=0, ACH=19

440

IJRRAS 8 (3) ● September 2011

Peri & al. ● Numerical Simulation of Air Flow

Figure 21(b): TC for Gr=0, ACH=19

Figure 21(c): TC for Gr=0, ACH=19
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Figure 22(d): TC for Gr=0, ACH=19

Figure 22(e): Contaminant Residence for Gr=0, ACH=19
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Figure 22(f): Contaminant Residence for Gr=0, ACH=19
9. CONCLUSIONS
The analysis of all the above cases have led to the following conclusion:1.
Two Dimensional Flow (Simulation of airflow in a room):
 Drastic change in flow pattern is observed for Gr/Re2=0.1 with prominent effect of buoyancy.
 Effect of buoyancy prevails for Gr/Re2>0.1.
 For the geometry with inlet at 2.525m and outlet at 2.5m, decrease in Re has very less effect on flow pattern,
though intensity of current decreases.
 It is observed that at high Re, temperature distribution is not uniform, thus leading to unnecessary energy
consumption due to high velocity main stream jet.
 It is observed that arrangement of inlet at y=2.525m and outlet at y=0.5m achieves greater cooling for nearly
same value of Re and Gr.

Nusselt number is found to be high at places where fluid attaches to walls, ceiling and floor due to Coanda
effect or buoyancy.
2.

Three Dimensional Flow (Simulation of airflow in a general ward of a hospital):

 Arrangement of inlet as seven fragmented ducts of 0.2 m width each is most suitable, except for Gr=0, as
contaminant is seen to make many recirculation before exit.
 For any arrangement of vents shown above, patient with heavy medication should not be placed at the beds
adjacent to door.
 Above problem can be addressed by extending the length of ward keeping the number of beds intact or vacating
the area adjacent to the door.
 Best arrangement is the inlet as an one continuous duct, but it is uneconomical due to high ACH and high mass
flow rate.
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