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ABSTRACT 
The heat and airflow characteristics inside a room were investigated numerically and experimentally for their potential 
building applications. Constant heat sources at different intensities and locations were considered over a range of Reynolds 
numbers 102 ≤ Re ≤104 and a Grashof number of Gr = 106 considering mixed ventilation.  The main model considered a single 
heat source in the middle of the room with an air supply inflow located in the ceiling.  The two-dimensional governing 
equations were solved numerically using the finite volume technique under steady state conditions. An experimental set-up was 
designed and constructed to study the validity of the main model. A reasonable agreement was found between the theoretical 
and experimental results. To support this conclusion, two applications testing four different case studies were considered by 
using two different workstation scenarios and different heat source locations. The optimal transitional region ranging between 
predominately natural convection to forced convection was investigated. The parameter Gr/Re2 was introduced as a measure of 
the strength of the mixed convection. The results showed the isotherm and streamline contours inside the ventilated zone were 
affected by the value of the Reynolds number. The first experimental application determined the maximum surface 
temperature of the highest heat source intensity occurs at its far side from the air supply. The Reynolds number test values 
were found to be independent of the workstation scenario conditions tested, especially at Re > 103. During testing of the second 
application, the maximum computer surface temperature was decreased with an increase in the Reynolds number.  
Keywords:  mixed ventilation, partitioned zones, office room ventilation 
Nomenclature 

a return air outlet width, m. u, v horizontal and vertical velocities component, m/s 

Ar Archimedes number, Gr/Re2 U, V dimensionless horizontal and vertical velocities 
component. 

b supply air entrance width, m. x, y horizontal and vertical coordinates, m. 
Ci average velocity at entrance, m/s. X,Y dimensionless horizontal and vertical coordinate. 
g gravity, m2/s Greek symbols 

Gr  Grashof number. α thermal diffusivity , m2/s. 
H, h dimensionless and dimensional room height. β coefficient of thermal expansion, K-1. 

k thermal conductivity, W/m K. υ kinematics viscosity, m2/s. 

L, l dimensionless and dimensional room length, m. ρ density, kg/m3. 

ls heat source length, m. θ dimensionless temperature. 
Nu local Nusselt number. ψ, ω stream function and vorticity. 
Nu  average Nusselt number. Ψ, Ω dimensionless stream function and vorticity. 
p pressure, Pa. Subscripts 
Pr Prandtl number. a refers to air 
q heat generation per unit volume, W/m3 c refers to computer  

Re Reynolds number. max refers to computer  
w width, m. o refers to outside 
ws heat source width, m. op refers to operator  
T temperature, K. s refers to heat source. 
Ti ambient temperature, K.    w refers to wall 

1. Introduction 
The main benefits of proper ventilation of enclosed spaces have been to provide a comfortable and healthy environment 
for occupants. Another important aim, which has often been overlooked, is the protection of occupants from the 
airborne transmission of infectious diseases (e.g. tuberculosis, the common cold, influenza and many others), which are 
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generated in confined spaces through normal respiratory activities. Therefore, it was essential the supply of clean 
ventilation air reach occupants without prior mixing with any potentially contaminated ambient room air. This could 
suggest the efficiency of the air distribution system was of major importance. Current approaches rely upon the 
distribution of the total volume of air, mixing and displacement, as methods for the ventilating of spaces. The air was 
supplied far from the occupant’s location and with varying durations of elapsed time the supplied clean air can mix 
with the less fresh ambient air in the space. Low velocity and a small vertical gradient in air temperature were desired 
attributes in the occupied zone. Occupants were provided with limited or no control of their microenvironment. 
However, large individual differences existed between people considering an individual’s preferred air velocity and 
temperature settings at their workplace, their clothing, their level of activity, etc. Therefore, occupants often report on 
unacceptable air quality and/or an uncomfortable thermal environment in their surroundings even when the indoor 
climate standards and requirements may have been met. Controlled air supply was designed to provide localized 
cooling of occupants, but not to improve indoor air quality or to protect from airborne contamination [1]-[4].  
Four houses, before and after a renovation to improve their indoor air quality were tested to assess the effectiveness of 
the applied remedial measures [5].  Measurements of air temperature, relative humidity, ventilation rates, air 
distribution patterns, carbon dioxide levels, concentrations of formaldehyde, and concentrations of volatile organic 
compounds (VOC’s) were collected. The VOC values, in the four test houses were found to be different from the values 
observed in the reference house. It was concluded the concentrations of all identified VOC’s were lower than 0.27 
mg/m2. Proper specification of air terminal device boundary conditions was found to be the essential element in 
accurate prediction of the air distribution in a ventilated room.  
A systematic approach, which described the air terminal device boundary conditions, was proposed using CFD 
simulation [6]. Based on the detailed study of the air terminal device characteristics, the specification of complicated air 
terminal device boundary conditions was transferred to the specification of a volume around the diffuser. One surface of 
the volume was located inside the main jet region. The boundary conditions of the volume were calculated using the 
diffuser jet characteristic equations. The predictions of the proposed method were compared with the predictions of the 
conventional model as well as with the measured data. The results showed that the perceived (breathing zone) air 
quality (represented by the mean age of air) for a seated mannequin in a room ventilated using displacement systems 
was found to be between 35 and 50% better than the average air quality in the occupied zone.  
The performance of a new impinging jet ventilation system was performed to compare its performance with a wall 
displacement ventilation system [7]. The experimental data for an impinging jet in a room were presented and non-
dimensional expressions for the decay of maximum velocity over the floor were derived. In addition, the ventilation 
efficiency, local mean age of air and other characteristic parameters were obtained, experimentally and numerically, for 
a mock-up classroom ventilated with the two systems. The internal heat loads from 25 person-simulators and lighting 
were used in the measurements and simulations to provide a severe test for the two types of ventilation systems. In 
addition, a large number of experimental data and numerical simulations were used to study certain parameters in more 
detail.  
An audit methodology, for institutional buildings, was conducted to develop the Indoor Air Quality (IAQ) [8]. A staff 
room and a typical lecture theatre in a tertiary institution were selected to present the IAQ status in premises with 
different occupancy patterns and internal loads. The IAQ audit consists of monitoring of thermal comfort parameters, 
microbial counts, dust particles and the concentrations of carbon dioxide, carbon monoxide, formaldehyde and total 
volatile organic compounds. In addition, air exchange rate and ventilation effectiveness were investigated. The IAQ 
collated results were used to develop an IAQ database and guidelines for institutional buildings.  
The internal partitioning, which was frequently introduced in open-space planning due to its flexibility, was tested  to 
investigate its effects on the room air quality as well as ventilation performance [9]-[10]. A small model room and 
numerical modeling using CFD computation were utilized to evaluate different test conditions employing mixing 
ventilation from the ceiling. Partition location, height and the gap underneath as well as contaminant source location 
were considered as tested parameters under isothermal conditions. Moreover, a statistical analysis was performed as the 
final stage. It was concluded that, the partition located toward the exhaust zone and made with a greater height and gap 
underneath was beneficial to achieve better room air quality.  
A thermal comfort study was carried out using a thermal mannequin in a field environment chamber served by the 
displacement ventilation system to study the local thermal sensation [11]-[12]. The mannequin has a female body with 
26 individually heated and controlled body segments. The mannequin and subjects were exposed to three levels of 
vertical air temperature gradients, nominally 1.0, 3.0 and 5.0 K/m, between 0.1 and 1.1m heights. The thermally non-
uniform environment, served by a displacement ventilation system, was assessed using the mannequin and the 
subjective responses were correlated. In addition, the mutual effect of local and overall thermal sensation and comfort 
in a displacement ventilation environment were investigated. It was indicated that the room air temperature has greater 
influence on overall and local thermal sensations and comfort than temperature gradient. The results showed local 
thermal discomfort was decreased with the increase of room air temperature at an overall thermally neutral state. In 
addition, the local discomfort was affected by an overall thermal sensation and it was found to be lower at an overall 
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thermally neutral state than at overall cold and cool sensations. The local thermal discomfort was affected by both local 
and overall thermal sensation.  
The characteristics of wall confluent jets were investigated, experimentally and numerically under isothermal and non-
isothermal conditions [13]. The study showed the flow field of the wall confluent jets could be classified into three 
regions: free jet region, coanda effect region and wall region. An empirical equation for the decay of maximum velocity 
from jet centerline was derived from the measured velocities. The empirical equations were derived and compared with 
other types of air jets. In addition, the flow in wall confluent jets was compared with the flow in displacement 
ventilation supply, considering the vertical and horizontal spreading on the floor. Generally, the jet momentum of wall 
confluent jets was proved to be conserved compared with the other jets. Thus, wall confluent jets have a greater spread 
over the floor than displacement flow. The numerical results under non-isothermal condition were used to present the 
velocity and temperature profiles along the room floor for the wall displacement system and the confluent jets system.  
The human response to air movement supplied locally toward the face was investigated in a room with an air 
temperature of 20.0 oC and a relative humidity of 30.0% [14]. Thirty-two human subjects were exposed to three 
conditions: calm environment and facially supplied airflow at 21.0 oC and at 26.0 oC. The air was supplied with a 
constant velocity of 0.4 m/s by means of personalized ventilation towards the face of the subjects. The results showed 
the airflow at 21.0 oC resulted in a decrease of the subjects’ thermal sensation and increased draught discomfort, but 
improved slightly the perceived air quality. Heating of the supplied air by 6.0 oC above the room air temperature, 
however, was found to decrease the draught discomfort, improve a subjects’ thermal comfort and only slightly decrease 
the perceived air quality. In addition, an increase of nose dryness intensity and number of eye irritation reports was 
attributed to the elevated velocity and temperature of the localized airflow. It was concluded that, occupants’ thermal 
comfort was improved with the increase of the temperature of the air locally supplied to the breathing zone by only a 
few degrees above the room air temperature.  
The impact of air movement on perceived air quality (PAQ) and sick building syndrome (SBS) symptoms was studied 
[15]. A large number of human subjects participated in four series of experiments, which were performed in climate 
chambers at different combinations of room air temperature, relative humidity and pollution level. Acceptability of 
PAQ and freshness of the air were improved when air movement was applied. The elevated air movement was found to 
diminish the negative impact of increased air temperature, relative humidity and pollution level on PAQ. The degree of 
improvement was dependent on the pollution level, the temperature and the humidity of the room air. An energy-saving 
strategy for improving occupants’ comfort in rooms by moving room air at higher velocity and maintaining room 
temperature at higher levels, by reducing the  supply of outdoor air; or by a decrease of indoor air enthalpy was found to 
be cautiously implemented in buildings. A negative health effect, which was caused by the pollution level, was the 
suggested reason.  
Air distribution near the floor level, which propelled upward via fans mounted at the four corners of a chair, was 
developed to enhance the performance of the conventional displacement ventilation system [16]. Experiments were 
conducted in a well-controlled climate chamber with displacement ventilation and constant heat load at different supply 
air and room temperatures. Subjective assessments were carried out with 32 tropically acclimatized college students, 
who were given the choice to adjust the fan speed. The results revealed that at the ambient temperature of 26.0 oC, 
subjects preferred higher air movement and were satisfied with the cooling provided by the fans. In addition, the whole 
body thermal sensation (WBTS) reported by the subjects was correlated with the local thermal sensation (LTS) at the 
waist, the arms, the calf and the feet when the novel displacement ventilation system was employed.  
Considering the previous literature, more investigation was needed on ventilated partitioned zones.  The characteristics 
of heat flow and air distribution inside these zones were a complex problem and needed further study. In the present 
work, numerical and experimental studies were carried out to investigate airflow characteristics inside a partitioned 
zone.  The zone was provided with a constant heat flux heat source with mixed ventilation over a range of Reynolds 
numbers 102 ≤ Re ≤104 and a Grashof number of Gr = 106. The transitional zone from predominately natural 
convection to forced convection was investigated. The influx air velocity and intensity and the location of the heat 
source inside these zones were considered. The heat source was located on an adiabatic vertical partition in the middle 
of a room model and was exposed to an externally induced forced airflow in and out of ceiling openings. An 
experimental investigation was carried out to test the validity of the developed model.  Moreover, two different 
applications considering two different models were introduced. These applications were used in the examination of four 
case studies, where the intensity and location of the heat sources represented by two workstations were changed. 

2. Numerical Model 
The geometry and boundary conditions for the investigated office model were shown in Figure 1.  A heat source of 
width, ws, length, ls, and constant heat generation per unit volume, q, was located on top of the partition. The vertical 
and horizontal distances between heat source and the bottom left corner of the model were set to be h/4 and l/2 
respectively. While, h, l, b and a were considered as the model height, model width, supply air entrance width, and 
return air outlet width. The air supply entrance aspect ratio, b/l, and the return outlet aspect ratio, a/l, were considered 
to be 0.1 and 0.05 respectively.  External air was assumed to enter the model with a uniform velocity, Ci, and with a 
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constant temperature, Ti, while it left the model carrying the heat dissipated from the heat source through the return 
outlets.   

 
Figure 1 Schematic layout of mathematical model with single heat source. 

The flow was assumed two dimensional, steady and all model walls were adiabatic. The physical and thermal properties 
of air were assumed constant while, the density was changed with temperature according to Boussinesq approximation. 
The dimensional governing equations for mass, momentum and energy were defined as follows  

0






y
v

x
u  (1) 

 1
2

2

2

2




























y
u

x
u

x
p

y
uv

x
uu 


 (2) 

 )(   
 
 1

 
 

 
 

2

2

2

2

oTTg
y
v

x
v

y
p

y
vv

x
vu 

























 


 (3) 

  2

2

2

2
























y
T

x
T

y
Tv

x
Tu   (4) 

To put the governing equations in dimensionless form; one introduces the following dimensionless independent and 
dependent variables as; 
 

X=x/b, Y=y/b, L=l/b, H=h/b, U=u/Ci, V=v/Ci,  
Ω = ωh 2 /υ, Ψ= ψ/υ and θ = (T-To )/(qls ws /ka ) 

(5) 

To solve these governing equations, one has to know the pressure field, which, is difficult to determine. To avoid 
solving the pressure field directly, one can use the widely accepted vorticity-stream function method. The dimensionless 
stream function () and vorticity () were defined as follows: 
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Substituting the dimensionless variables into equations (1)-(4), the dimensionless forms of the governing equations 
were obtained as follows: 
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The dimensionless Grashof number (Gr), Reynolds number (Re), Prandtl number (Pr) and Archimedes number (Ar) 
were defined according to the following relations: 
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Gr=gβqAb3/kυ2, Re=Ci b/υ, Pr= υ/α and Ar= Gr/Re2 (11) 

While, the local Nusselt number (Nu) along the surface of the heat source was expressed as:- 

ww n
Nu








1  (12) 

 Where, n is the coordinate normal to the surface of the heat source. The dimensionless equations (8)-(10) must satisfy 
the following boundary conditions: 

At left wall for X = 0.0: 

U = V = 0.0,   0.0


X
  

At right wall for X = L 

U = V = 0.0,  0.0


X
  

At bottom wall for Y = 0.0 

U = V = 0.0,  0.0


Y
  

At top wall for Y = H 

U = V = 0.0,  0.0


Y
  

At supply air grill for Y = H, 0.45 L ≤ X ≤ 0.55 L 

U =0.0, V = Ci, 0.0


X
  

At return air A for Y = H, 0.15 L ≤ X ≤ 0.2 L 
U =Ui, V = Vi 
At return air B for Y = H, 0.8 L ≤ X ≤ 0.85 L 
U =Ui, V = Vi 

At heat source for 0.25 H < Y ≤ 0.275 H, 0.495 L ≤ X ≤ 0.52 L 
U=V=0.0, q=constant 

(13) 

The governing partial differential equations describing the convective airflow (8)-(10) with the boundary conditions 
(13), were discretized using finite volume approximation [17]. The domain was subdivided into a number of control 
volumes, each associated with a grid point, and the governing equations were integrated over each control volume 
giving a system of algebraic equations. These systems of algebraic equations were solved using the gauss-elimination 
method. An iterative solution procedure was employed to achieve convergence of the solution of the problem. A number 
of 310×125 uniform grids were considered to give grid independent results. A computer program in FORTRAN was 
developed to perform the numerical solution. The dimensionless velocity and temperature at different position were 
obtained. Consequently, a local Nusselt number and an average Nusselt number were derived with the aid of their 
definitions.  
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3. Experimental Set-up 
A schematic diagram representing the experimental set-up was shown in Figure 2.  It consisted of the air supply unit, 
the transfer channel, the test section and the data acquisition unit. Fresh air was supplied, at atmospheric pressure, 
using a medium pressure centrifugal blower (11) through a bell-mouth inlet (20). The mass flow rate of air was 
controlled using a blower control gate (12) after which the air flowed through a pipe (8) with a 0.11 m diameter and 2.5 
m length. A calibrated orifice meter (9) measured the mass flow rate of air using a U-tube manometer (10) in this pipe. 
As air travelled through the pipe, it entered a wooden box (4) used for instantaneously settling turbulence, which 
measured 0.25 m × 0.25 m in cross section and 1.3 m in length. Finally, air flowed into the test section by passing 
through a transfer duct (2) having a cross-section of 0.4 m × 1.2 m and a height of 0.5 cm. The transfer duct contained 
a fine mesh (3) at its inlet to ensure flow at the entrance of the test section. The test section consisted of a wooden box 
(6) with a 0.4 m × 0.4 m cross-section and 1.2 m in length.  The back and front of the test section were made of highly 
transparent Perspex with a 0.006 m thickness and a surface area of 0.4 m × 0.4 m. The top of the test section consisted 
of four wooden sections.  Two sections were 0.01 m × 0.06 m in cross-section and the other two sections were 0.01 m × 
0.1 m in cross-section.  Between these four sections, two return air outlets, each with a width of 0.02 m were created.  
Holes were made in the top and sides of the test section to permit the installation and adjustment of temperature and 
velocity measuring devices as well as to provide access to permit the changing the heat source (14) location. An electric 
heater with a diameter of 0.0008 m and a length of 1.3 m was used as the heat source.  

 

 
1- Thermocouples, 2- Transfer duct, 3- Fine mesh, 4- Settling box, 5- Hot-wire anemometer, 6- 
Wooden box, 7- Hot-wire anemometer positions, 8- Pipe, 9- Orifice meter, 10- U-tube 
manometer, 11- Air blower, 12- Airflow control gate, 13- Electric motor, 14- Heat source 
positions, 15- Voltmeter, 16- Ammeter, 17- Multi points switch, 18- Digital temperature recorder, 
19- Autotransformer, 20- Bell – mouth inlet. 

Figure 2 Schematic diagram of experimental set-up. 

The data acquisition unit was used to record the data collected from the measuring devices for air temperature, air 
velocity and power input to the heat source. Twelve thermocouples (1), T-type of 0.25 mm diameter, were installed 
vertically to measure the air temperature inside the test section. Another four thermocouples were fixed to the heat 
source surface to measure its average temperature.  The power input to the heat source was controlled by an 
autotransformer (19) and measured using a voltmeter (15) and an ammeter (16). Temperatures were recorded by 
connecting the ends of all thermocouples via a selector switch (17) to a 6-channel digital temperature recorder (18) 
with 0.1o C resolution and an accuracy of ± 0.5 o C.  A calibrated digital hot wire anemometer (5) with a range of 0.2-20 
m/s, a resolution of 0.1 m/s and with an accuracy of ± 1% full scale was used to measure the air velocity inside the test 
section. 

4. Results and Discussion 
The numerical and experimental results of the airflow characteristics inside a partitioned zone with a constant heat flux 
source and mixed ventilation were presented. The effect of the Reynolds number and Grashof number on the flow 
patterns and isotherm contours were investigated. A single heat source was located on top of the adiabatic vertical 
partition in the middle of the model room while it was exposed to an externally induced forced airflow. Two different 
applications considered two different models by exploring four case studies. Initially two workstations were studied 
while the intensity and locations of the heat sources were changed. Further work placed the two workstations in the 
corners of the room.  

4.1. Single Heat Source on Top of the Partition  

The effect of varying the Reynolds number on the isotherm and streamline contours in the model at Gr=106 was shown 
in Figure 3.  At a low Reynolds number, Re = 102, the heat dissipation from the heat source was concentrated around 
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the heat source. The effect of an influx of ventilated air from the top seemed to be small as shown in Figure 3a.  
Consequently, the temperature of the heat source surfaces increased.  The buoyancy force effect was dominant and the 
heat was transferred mainly by natural convection.  As the Reynolds number was increased, Re = 103, the incoming 
forced airflow approached the heat sources.  Consequently, the isotherm contours moved downward as shown in Figure 
3b.  The effect of buoyancy force decreased and the effect of forced convection was increased. The presence of two 
modes of heat transfer existed at Re = 103. At a higher Reynolds number, Re = 104, the buoyancy force was eliminated 
and the heat dissipation from the heat source was solely attributable to the forced convection. The isotherm contours 
moved further downward and outward toward the model room floor and walls, respectively as shown in Figure 3c.  

Similarly at a low Reynolds number, Re =10 2 , observations showed the streamline contours moved downward and 
deflected as they reached the floor as shown in Figure 3d.  As the Reynolds number was increased, Re = 103, the 
buoyancy effect decreased.  Consequently, the zone occupied by the streamline contours was limited and it kept the 
tendency to move toward the walls of the room as shown in Figure 3e.  At higher Reynolds number values, Re = 104, 
the influx airflow took the shortest path and the streamline contours became independent of the Reynolds number as 
shown in Figure 3f. 

 

 

 
Figure 3 The effect of Reynolds number on isotherm and streamline contours at Gr =106. 

 

4.2. Model Validation 

Air velocity and air temperature distributions were investigated experimentally inside a model room. During the 
experiments, the location of the heat source was changed (y/h of 0.25, 0.5 and 0.75). To validate the model, a 
comparison was made between the numerical and experimental results for  y/h=0.5 over a range of 1.786×103 ≤ Re ≤ 
3.627×103 and 1.36×107 ≤ Gr ≤ 2.0×107 as shown in Figure 4. A fair agreement was found between the measured air 
velocities and air temperatures with those obtained from the numerical solution.  
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Figure 4 Comparison between numerical and experimental air velocities and temperatures inside the model room at 

y/h= 0.5. 

4.3. First Application of the Model on Different Case Studies 

To accomplish model validation, two applications were proposed using new mathematical models. For the first 
application, a schematic layout of the mathematical model with two activated workstations was shown in Figure 5.  The 
room had an aspect ratio of h/l=0.4 and was divided into two symmetrical zones by a partition located at the mid-point 
of the width of the room.  The supply and return air grills were located in the ceiling.  A line of operators and 
computers, which were placed on tables, represented the two workstations. A uniform heat generation per unit volume 
for each computer, qc, and for each operator, qop, was considered as the heat sources.  

Figure 5 Schematic layout of new mathematical model with two 
activated workstations, first application. 

As well, the external air was assumed to enter the model room with a uniform velocity, Ci, and with a constant 
temperature, Ti, while it left the model room through the return outlets carrying any heat dissipated from the heat 
source.  Assumptions included the air flow was two dimensional and steady and all model walls were adiabatic. Three 
case studies were considered as follows: the first case had two activated workstations; the second case had the 
computers for the right workstation switched off; and the third case had only one workstation activated. 
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4.3.1. First Case Study: two activated workstations 

 

 

 
Figure 6 The effect of Reynolds number on isotherm and streamline contours at Gr =106, first case study 

In the first case study the left and right hand side workstations were both activated. The effect of varying the Reynolds 
number on the isotherm and streamline contours in the model at Gr=106 was shown in Figure 6.  At a low Reynolds 
number, Re = 102, observations were the heat dissipation from the heat source was concentrated around the operating 
stations and the temperature contours were denser. The effect of an influx of ventilated air from above seemed to be 
small as shown in Figure 6a. Consequently, the temperature of the computers surfaces and the environment around the 
operators increased. The buoyancy force effect dominated and the heat was mainly transferred by natural convection.  
As the Reynolds number was increased, Re = 103, the incoming forced airflow approached the heat sources.  
Consequently, the isotherm contours moved downward as shown in Figure 6b. The effect of buoyancy force decreased 
and the effect of forced convection was increased. The presence of mixed convection was observed at Re = 103 [18]. At 
the higher Reynolds number, Re = 104, the buoyancy force was eliminated and the heat dissipation occurred by forced 
convection. The isotherm contours moved further downward and outwards towards the model room floor and walls, 
respectively as shown in Figure 6c. 
Similarly, at a low Reynolds number, Re =10 2 , it was observed the streamline contours moved downward and 
deflected as they reached the workstation where they were forced to spread out under the effect of the buoyancy force. 
In addition, the contours occupied most of the upper zone of the ventilated zone as shown in Figure 6d.  As the 
Reynolds number was increased, Re = 103, the effect of buoyancy was decreased.  Consequently, the zone occupied by 
the streamline contours became limited and continued to move toward the walls of the room as shown in Figure 6e. At 
a high Reynolds number, Re = 104, the influx airflow took the shortest path and the streamline contours became 
independent of the Reynolds number as shown in Figure 6f. 

4.3.2. Second Case Study: right workstation computers were switched off  
In the second case study, the left workstation was activated and only the operator represented the other workstation 
located on the right. The effect of varying the Reynolds number on both the isotherm and streamline contours in the 
two zones was shown in Figure 7 at Gr =106.  At a low Reynolds number, Re = 102, the isotherm contours on the left, 
where the intensity of heat source was higher, were packed denser than on the right. The isotherm contours on the right 
were shifted due to the tendency of influx air to move toward the left as shown in Figure 7a. The suggested reason for 
this observation was a higher buoyancy force effect resulted on the left zone.  As the Reynolds number increased, Re > 
103, the isotherm contours on both sides became identical. The location of the supply air opening in the middle of the 
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roof and the existence of the partition just below the air opening was the suggested reason for this observation. It 
appears the ventilated zone was divided into nearly two isolated zones as shown in Figure 7b and Figure 7c. 

 

 

 

Figure 7 The effect of Reynolds number on isotherm and streamline contours at Gr = 106, second case study. 

The streamline contours for a low influx air velocity, Re =102, was shown in Figure 7d. These contours were packed 
denser on the left zone, similar to those found in Figure 6d, while the contours on the right side had less penetration. 
This was attributed to the effect of buoyancy force accompanied by the low Reynolds number where the dominated 
natural flow existed. Similarly, as the Reynolds number was increased, Re=103, the streamline contours on the right 
side as illustrated in Figure 7e were similar to those shown in Figure 6e. The transition from a natural convection 
dominated mode towards a forced convection mode was noticed to commence. As the Reynolds number increased, Re > 
104, the streamline contours on both sides were almost identical as shown in Figure 7f. The dominated forced flow 
condition was the suggested reason. Generally, in Figure 7, the streamline contours on the left side were completely 
identical to those observed in Figure 6. 
 
4.3.3. The Third Case Study: one workstation was activated  

In the third case study, only the left workstation was activated. The effect of varying the Reynolds number on both the 
isotherm and streamline contours was shown in Error! Reference source not found. at Gr =106. The isotherm 
contours in the zone on the left for a range of 10 2 ≤ Re≤ 10 4 were presented. As previously mentioned, it was observed 
the transition from a predominately natural flow through the mixed flow region and finally a predominately forced flow 
eventually existed. The isotherm contours were found to be identical to those presented in Figure 6 and Figure 7. The 
absence of isotherm contours in the zone on the right was observed and revealed the temperature inside this zone was 
similar to the influx airflow temperature and was not affected by the heat source in the left zone. The inflow of supply 
air from the midpoint of the ceiling behaved as an air curtain, which followed the partition located at the middle of the 
floor. Both the air curtain and the partition isolated one zone from another, especially at higher Reynolds number 
values. 
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The streamline contours for the tested range of 10 2 ≤ Re≤ 104 were shown in Error! Reference source not found.. It 
was noticed the contours on the right side were identical and independent of the Re value. Changes to the Re value did 
have an effect in the active zone only as previously mentioned. 

 

 

 
Figure 8 The effect of Reynolds number on the isotherm and streamline contours at Gr = 106, third case study. 

4.3.4. Heat Transfer Analysis 
The parameter Ar, Archimedes number, was introduced as a measure of the strength of the mixed convection. The flow 
was considered in a forced convection dominated mode when Ar <0.1, a natural convection mode at Ar >25.0 and a 
mixed convection for 0.1 ≤ Ar ≤ 25.0. To illustrate this, the dimensionless local temperature distribution, , along the 
computer surface A-B, B-C, and C-D respectively represent the three case studies and were shown in Figure 9a at Ar = 
0.1. Generally, the value of θ was at its maximum value at the bottom left corner (point A).  At this point, it 
dramatically decreased to its minimum value just after the top of the left corner and held nearly constant along the top 
surface (B-C) until the values slightly increased along the surface (C-D). This was attributed to the absence of any 
airflow cooling effect around the corner A. However, the effect of airflow became greater along most of the upper 
surface (B-C) causing a reduction in temperature. Almost identical distributions for θ were noticed along the computer 
surfaces for the three case studies.  
The variation of the local Nusselt number along the heat source envelope surface in the mixed convection region for Ar 
= 1.0 was shown in Figure 9b. The lowest value of Nusselt was observed at the bottom edge of the left face (A-B). 
Hence, the Nu value was increased sharply around the top corner of this left face followed by a gradual increase around 
the far end of this top surface, where it became flat over the left side surface (C-D). The influence on the heat transfer 
parameters of the workstation in its operating condition was found to be negligible, especially in the transient region. 
The small volume occupied by the workstations relative to the volume of the whole zone was the likely explanation for 
this finding. 
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Figure 9 Variation of dimensionless surface temperature and local Nusselt number at Ar = 1.0, first application. 

 

 
Figure 10 Variation of maximum computer surfaces temperature and the average Nusselt number with the strength of 

mixed convection, first application. 

The variation of the maximum computer surface temperature, θmax, and average Nusselt number, Nu  with the 
strength of mixed convection, Ar, observed in the three case studies was presented in Figure 10. Generally, the value of 
θmax increased with an increase in the Ar value for all studied cases as shown in Figure 10a. As expected, the value of 

Nu  decreased with an increase in the Ar value and this was observed in all three case studies as shown in Figure 10b. 
The results indicated the dominated forced convection flow existed at Ar≤0.1 and the natural convection was dominant 

at Ar ≥ 25. The data obtained for θmax and Nu  in the three modes of heat flow were correlated into the following 
form: 

θ max= d Arf and Nu = r Arm (14) 

Where d, f, m and r were defined as equation (14) constants. The final forms of each equation were presented in Figure 
10 for the three flow regions. 
4.4 Second Application of the Model in a Single Case Study 
The second application was shown in Figure 11 in a schematic layout of the mathematical model with two workstations 
at opposite corners. A line of computers, which were placed on tables, represented each workstation. The room had an 
aspect ratio h/l=0.4 and was divided into two symmetrical zones by a partition located at the middle of the room width. 
The supply and return air grills were located in the ceiling.  A uniform heat generation per unit volume, qc, for each 
computer was considered as the heating sources. The external air was assumed to enter the model with a uniform 
velocity, Ci, and with a constant temperature, Ti, while it left the model carrying the heat dissipated from the heat 
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source through the return outlets.  The flow was assumed to be two-dimensional, steady and all model walls were 
adiabatic.  

 

 
Figure 11 Schematic layout of new mathematical model with two activated 

workstations, second application. 

 

 

 

Figure 12 The effect of Reynolds number on the isotherm and streamline contours at Gr=106, second application. 
The effect of varying the Reynolds number on the isotherm and streamline contours in the model at Gr=106 was shown 
in Figure 12.  At low Reynolds number, Re = 102, it was observed the temperature contours were densely concentrated 
around the computers. The effect of influx-ventilated air from the ceiling seemed to be small as shown in Figure 12a. 
Consequently, the temperature of the computers surfaces and the environment around the operators was raised. The 
buoyancy force effect was dominant and the heat was mainly transferred by natural convection.  As the Reynolds 
number was increased, Re = 103, the incoming forced flow approached the heat sources.  Consequently, the isotherm 
contours moved toward the wall as shown in Figure 12b. The effect of the buoyancy force decreased and the effect of 
the forced convection increased. The presence of the two modes of heat transfer existed at Reynolds number of about 
103. At a higher Reynolds number value, Re = 104, the buoyancy force was eliminated and the isotherm contours moved 
further toward the wall as shown in Figure 12c.          
Similarly, at low Reynolds number, Re =10 2 , it was observed the streamline contours moved downward and deflected 
as they reached the floor where they were forced to spread out under the effect of the buoyancy force. In addition, most 
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of the upper zone of the ventilated zone was occupied as shown in Figure 12d.  As the Reynolds number increased, Re 
= 103, the effect of buoyancy decreased.  Consequently, the zone occupied by the streamline contours was limited and it 
kept moving toward the walls of the room as shown in Figure 12e. At high Reynolds number, Re = 104, the influx 
airflow took the shortest path and the streamline contours became independent of the Reynolds number as shown in 
Figure 12f. 

 
(a) Dimensionless maximum temperature                         (b) Average Nusselt number 

Figure 13 Variation of maximum computer surfaces temperature and the average Nusselt number with Reynolds 
number, second application. 

 
The variation observed in the of maximum computer surface temperature, θmax, and average Nusselt number, Nu  over 
the range of Reynolds number values tested, 102 ≤Re≤ 104, at h/l=0.4 and Gr=106 were shown in Figure 13. The value 
of θmax decreased with the increase of the Reynolds number as shown in Figure 13a. As expected, the value of Nu  
increased with an increase in Re as shown in Figure 13b. 

The variation of θ max and Nu observed in relation to the strength of mixed convection, Ar, was presented in Figure 14. 

As the value Ar increased, the value of θ max increased while the value of Nu decreased.  The results indicated the 
forced convection flow dominated at Ar≤0.1, and the natural convection dominated at Ar ≥ 25. The data obtained for 

θ max and Nu  in the three modes of heat flow were correlated into the following form: 

  107.0
max 0.0374 Ar  (15) 

   
  -0.11 50.82 ArNu   (16) 

 
(a) Dimensionless maximum temperature                  (b) Average Nusselt number 

Figure 14 Variation of maximum computer surfaces temperature and the average Nusselt number with Archimedes 
number, second application. 

5. Conclusions 
The effect of variations in Reynolds number values and Grashof number values on both isotherm and streamline 
contours in a partitioned zone by a mixing ventilation system were studied. Heat sources with different intensity and 
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locations were considered over a range of Reynolds number values between 102 ≤ Re ≤104 and at a Grashof number of 
Gr = 106. The transient region from a natural convection dominated environment to a forced convection dominated 
situation was investigated. The parameter Gr/Re2 was introduced as a measure of the strength of the mixed convection. 
The isotherm and streamline contours inside the ventilated zone with a single heat source, were greatly affected by the 
value of the Reynolds number. As the value of the Reynolds number increased, the flow patterns moved downward and 
pressed the isotherm contours toward the floor and walls of the room.  
Considering the first application over three case studies with two workstations, the heat and flow patterns were affected 
by the operating conditions of these workstations, especially at low Reynolds number levels. With the increase of 
Reynolds number, the jet of influx supply air from the middle of the ceiling behaved as an air curtain and resulted in an 
isolation of both the occupied zones from each other. The value of the dimensionless local temperature distribution 
along the computer surface was highest at the bottom left corner of the computer's surface. It decreased dramatically to 
its minimum value just after the top left corner.  It remained nearly constant along its top surface opposing the influx 
supply air. The values of the Reynolds number were found to be independent of workstations conditions, especially at 
Re > 103. 
Considering the second application, the value of maximum computer surface temperature was decreased with the 
increase in the Reynolds number. However, the value of average Nusselt number increased with an increase in the 
Reynolds number. 
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