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Abstract

Stratified flow in an environmental chamber has been investigated. The chamber of
dimensions (7.5m long, 5.6m wide and 3.0m) at the University of Hertfordshire has
been used. Sets of experiments investigating the effect of the major flow parameters
such as airflow rate, jet momentum, flow conditions and height of the air supply device
have been conducted. Results have been obtained to evaluate the flow characteristics
and thermal stratification mechanism. The study has demonstrated the validity of using
smoke visualization to evaluate the stratified flow characteristics such as interface level
height, stratified layer thickness, and degree of stratification. The effects of both hot and
cold airflow rates in the ranges of (0.0 to 8.0 m’/min) were investigated. The flow

characteristics vary depending on the flow parameters and the experimental conditions.

The effect of supply terminal and extract terminal at various airflow rates on the flow
characteristics is experimentally investigated. It has been found that relative influence of
inertia and buoyancy forces resolves the stratified flow characteristics. The stratification
interface level height and the ventilation flow rates are two main factors in the design of
natural ventilation system. The results can be used to obtain a good estimation of the

effectiveness of a ventilation system at design stage.

Experimental work was carried out using ceiling jet to supply hot and cold air to a
confined space, to investigate the effect of jet momentum in breaking and mixing the
stratified layer. The flow of high momentum was supplied downward from the ceiling.
The magnitude of momentum needed depends on the degree of stratification, stratified
layer interface level height and the stratification conditions. It can be seen that the jet
momentum has significant influence on the mixing of the stratified flow characteristics.
The results indicated that once the momentum was initiated a mixed flow grew in the
occupied zone above the floor. The height of this zone depends on the stratified flow

characteristics, and the temperature and momentum of the ceiling jet.

Another area of experimentation was the inversion of input airflow supplies. In this

case, the flow of high buoyancy was supplied upward, whilst the flow of high
ii



momentum was supplied downward from the ceiling. The stratified layer lost its
stability and broke down due to the drag and tearing of cold air penetrated downward
from higher levels. The compound effect of these two conditions will circulate the air in

the whole space and disturb the stability of the stratified layer to reach fully mixed flow

A comprehensive definition of the degree of stratification was formulated. Analytical
solutions were developed for the stratified layer thickness and location as a function of
temperature gradient and airflow ratios. These expressions were calibrated using the
experimental results. The critical momentum needed to breakdown the stratified layer

also evaluated. Comparisons with previous studies where also carried out.

It was found that the stratified layer interface level height is dependent on the ratio of
airflow rate and geometrical effects. If mixed flow is desired then the cold inflow
aperture should be located higher than the hot inflow aperture, whiles the interface level

height is not located at the exhaust aperture height.

The critical vertical momentum necessary in order to break down a stratified layer has
been found to depend on the stratified layer interface level height. A semi-empirical
formula based on the present experimental results has been developed to predict the

critical vertical momentum for given stratified conditions.

Based on the present experimental results, the effect of momentum is greater than the
effect of buoyancy and the time needed to break down the stratified layer is

considerable less than the time it takes to stratify.

Experimental data also demonstrate a ventilation method for increasing the occupied

zone height without breaking down the stratified layer.
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Chapter 1

Introduction

1.1 Introduction

In general, ventilation is the method used to remove the heat and contaminants in
buildings and workplaces, by delivering air of high quality and right quantity to the
ventilated space. Rapid dilution for removal of contaminants from the workplace in a
safe and reliable manner is the aim of good ventilation. It is the process of providing
fresh air to the building occupants, rather than the building itself, in order to sustain a
healthy air quality with minimum capital cost and environmental impact, [Awbi
(1998)].

A large percentage of our time is spent indoors, and the work performance is negatively
affected by unsuitable indoor temperatures and by indoor pollution [Wargocki et al.
(1998)]. Furthermore, the greatest component of energy consumption, in modemn
buildings, is probably for ventilation, and it is usually in the range of 30-60% of the
building energy consumption, [Awbi (1998)]. The environment should be designed for

comfort to satisfy the requirements of health, and to increase our productiveness.

The present focus on energy efficiency, environmental public health and high quality
work output, means that it is essential to design good ventilation systems, which fulfil

the requirements of low energy consumption and good air quality in buildings.

1.2 Ventilation Techniques

Ventilation can be achieved by natural ventilation, mechanical ventilation or mixed

ventilation (natural and mechanical). The study of ventilation and environmental

2



phenomenon is strongly supported by theoretical models such as the analytical
techniques and the use of Computational Fluid Dynamics (CFD). The latter has been
widely used [Lun (1995)]. Experimental methods are caring out for the understanding of

ventilation.

In the past, ventilation was mainly used to remove smoke and excess heat from the
buildings to the outside, rather than providing fresh air for comfort. This was done
during the natural movement of air through any apertures connecting the inside of the
building to the external environment. Over the years, the main purpose of ventilation
systems is to achieve the best indoor environment, in order to sustain a healthy air

quality with minimum capital cost and environmental impact, [Awbi, 1998].

1.3 Stratification

1.3.1 Problem Definition Description

Stratification is an interesting area of fluid mechanics and heat transfer. It is complex,
but has many important applications. It depends on the transient behaviour of the fluids
as they start to layer. Layering that occurs, mainly in the warm environment is called
thermal stratification, during which a warmer, less dense layer overlies a colder denser
layer. Between these two layers is a third called the stratified layer, where strong
vertical differences (gradients) in temperature, and therefore, density exist.It is a
process driven by density differences; therefore, it is a buoyancy driven phenomenon.

[Dagestad (1991)].

Temperature and density are the main parameters influencing the physical creation of
stratified layers. Promoting stratification is a key factor to minimize supply airflow
requirements, in design and operation, where the degree of stratification has to be
balanced with comfort consideration. In other words, it aims to minimize energy use
(reduce room air flow) while maintaining comfort (acceptable temperature and

stratification in the occupied zone). [Webster et al. (2002)].



1.3.2 Practical Examples of Stratification

Figure 1.3.2 shows a layer of Mediterranean Sea as it enters the Atlantic Ocean and

moves, horizontally, several hundred kilometres into the Atlantic before stabilizing at a

depth of about 1000 meters with its own warm, saline, and less dense characteristics. It

is stratified under the effect of density difference, where the buoyancy forces are

sufficient to stratify the flow.

The hot buoyant cloud (thermal) in a stratified environment is established when rising in

an incompressible neutrally stratified medium. After a period of time, the water motion

becomes self-controlled due to buoyancy forces, and the vertical coordinate of the water

may increase until it reaches the point of stability, where the degree of stratification is

high enough to maintain on the layer, [Makhviladze et. al., (1996)].
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Figure 1.3.2: The Mediterranean Sea water as it enters the Atlantic over the Gibraltar (Marine

Geology, Kuenen, p. 43).

1.4 Importance of the Problem

The present work is expected to increase our understanding of the processes of

stratification and mixing in the mediums of vertical temperature gradient or sharp



density interfaces. Stratification is considered a significant factor in heat and mass
transfer due to the variations in density and temperature. It finds applications in solar
heating systems, polymer technology, industrial reservoirs, atmosphere, cumulus
clouds, oceans and lakes, producing water, oil and gas in hydro cyclones. Stratification
due to concentration difference also arises in several chemical processes and systems in

industry.

In ventilation applications, the working environment is influenced by a large number of
variables such as input airflow rate, openings heights, temperature differences and
surroundings fluctuations. These variables should be changed individually or
collectualy to produce significant change in flow characteristics. This change is required
to maintain a safe environment with high quality ventilation, and efficient removal of

pollutants.

Recent research has illustrated the needs to control the flow parameters and the
stratified flow characteristics related to the ventilated working environmental
conditions. It is essential to improve working conditions and to ensure workers safety

and comfort.

Maintaining thermal stratification and stability are very important for both stratified and
mixed flow. Controlling inside temperature difference and ventilation flow rates is very

important for both energy costs and ventilation systems efficiencies.

1.5 The Aims of this Research

A major part of energy expenditure in modern buildings is due to air conditioning and

other mechanical means of ventilation [Hunt and Linden (2001)].

Temperature and density are the main parameters influencing the physical creation of
stratified layers. Promoting stratification is a key factor to minimize supply airflow
requirements, in design and operation, where the degree of stratification has to be
balanced with comfort consideration. In other words, it aims to minimize energy use
(reduce room air flow) while maintaining comfort (acceptable temperature and air

velocity in the presence of stratification). [Webster et al. (2002)]
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The global aims of the project are:

e To investigate the phenomenon of stratification in the built environment.

e To study the parameters that affect the stratified flow such as input airflow
rates, input heights and output vertical locations.

e To evaluate the stratified flow characteristics such as stratified layer thickness,
stratified layer interface level height and the degree of stratification as a
function of flow parameters.

e To study the effect of jet momentum of inlet airflow and the inverting of input

locations on the stratified flow characteristics.

These targets can be achieved using experimental methods to describe the flow

characteristics.

1.6 Thesis Outline

During the course of the research project, a wide-ranging series of literature reviews
have been conducted. It was to provide both knowledge background and skills building
to achieve the aims of the work with good qualitative results that can be considered in

ventilation applications. The report consists of eight Chapters and related Appendices.

Chapter 1 provides an introductory view of the phenomenon of stratification, the
purpose of air modelling techniques and introduces the project scope, framework, and

general argument structure.

Chapter 2 presents an overview of the development of experimental, analytical and
computational methods and highlights methods related to stratified flow that still
encountered. This review provides a general background to ventilation and stratification
techniques that can be applied to obtain high-quality results. In addition, it examines the
fluid mechanics principles, which are required to investigate ventilation problems, its
solutions and applications, and upon which the predicted results are based. Chapter 2
also includes an overview of theoretical background and a brief summary of the major

conclusions drawn from the research investigations identified by literature surveys.



Chapter 3 explains the analytical developments of stratified flow characteristics, and the
experimental set-up, experimental tests, and measuring methods used in the present
investigations. It also explains the measuring procedures, uncertainty and smoke

visualisation.

Chapter 4 studies the effect of time and spatial variations on the stratified flow. It
summarises the results of experimental and visualisation data to be analysed, compared
and discussed. The comparative performance of a number of visualisation methods and
experimental output data is conducted. In this chapter a number of different experiments
were proposed to clarify the effect of input location (input height), exhaust location
(exhaust height), airflow rates, and to provide high quality data to be studied and
analyzed. Details of the experimental results obtained are given and discussed in this

chapter.

In chapters 5, some results are presented on a number of experiments on mixing across
a stratified layer interface when the turbulence is produced by an air jet located at the
ceiling level in the middle of the environmental chamber. The effect of momentum in
destroying the stratified layer and mixing the flow using cold and warm jet flow has
been studied. In this chapter, cases explained in chapter 4 using the recent modelling
technique are repeated. Smoke and temperature visulisations are also used to validate
the experimental work and to indicate the effect of air jet flow on the stratified flow
chracteristics. Chapter 5 also studies the effect of inverting input locations on the
stratified flow characteristics and the usage of the inversion technique to destroy the
stratified layer and mix the flow. Both temperature and smoke visualisation are carried

out.

Chapter 6 presents a general discussion of the results compared with existing work, to
classify the agreements and to identify gaps between the present model and the others.
In Chapter 7 are the key conclusions drawn during the present work and in Chapter 8

are the suggestions for future work.

Appendices (A1 to A4) include explanation data, published work and supporting details
for the main lines of argument in chapters 3 through 6. Reference information for the

technical literature and other source documents are in the body of the report.



The schematic models proposed by [Skistad (1998)] and [Calay et al. (2000)] for
selective ventilation in large enclosures were the basis for the experimental models used
in this study (Chapter 3). The models were applied, in the environmental chamber, to
study the parameters that affect the stratified flow and the stratified flow characteristics,
and are given in chapter 4. In chapter 5, the physical process proposed by [Calay et al.
(2000)] for momentum jet flow was the basis for the experimental model used to de-
stratify the flow. A different smoke and temperature visualisation techniques are used to
clarify the phenomenon of stratification in the environmental chamber, and to compare

with the values obtained from the experiments.

The thermocouples, which were type K, had resolution within + 2.5% of the
temperature range of the tests. However, the repeatability of measurements indicates
that the real error is less than this. Repeated experiments and measurements give
consistent results, and consequently confidence that this error and its value are

meaningful.
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Chapter 2

Literature Review and Theoretical Background

2.1 Introduction

Thermal stratification is often a dominant feature of the flow characteristics within
ventilated buildings. There may be many heat sources such as occupants and equipment
within a room so that a thermal plume develops around them resulting in a vertical
temperature gradient. These sources may develop pure buoyancy driven plumes or
mixed convection jets as in the supply of hot air in mechanical heating systems.
Generally such jets or plumes propagate entraining air from ambient to a height where
the temperature within the jets becomes equal to the ambient temperature. At this height
the flow becomes stratified and there may be a zone above or below the stratified zone

where flow is mixed i.e. the temperature profile is uniform, [Calay et. al. (2000)]

Theoretical and experimental work has established that the location where flow
becomes stratified is influenced by ventilation system parameters in relation to the
geometric size and shape of the enclosure and the power of the heat sources. Most
studies investigated stratification in enclosures due to isolated heat sources
approximated as point sources. Normally buildings have many openings, there might
be mechanical supply or extraction of air by a fan which means that ventilation in
buildings is often due to the combined effects of pressure and temperature acting
simultaneously. Analytical solutions can only be obtained for idealised simple cases
such as natural ventilation for two identical openings. There is no analytical solution to
predict flow characteristics or ventilation rates for real condition as results strongly
depend upon the relative positioning of the openings for inflow and outflow, shape and

aspect ratio of the openings.

10



2.2 Governing Equations

Y.V -

Figure 2.2.1: The unit volume representation.

For general understanding of stratification in ventilation and air conditioning problems,

the fundamental principles and laws of physics are applied and analysed. The governing

equations commonly used for the problem under consideration are based on the

continuity equation for mass transfer, the Navier—Stokes equations for momentum

transfer and the thermal energy equation.

¢ Conservation of mass.

dp , opu), alpv), Apw) _,
& ox oy oz

e Conservation of momentum.

X- Momentum

2 2 2 2
a(l3u)+a(PQ+a(Pu")+a(PUW)__@ﬂ’l 0 u+6 u_ 0o +F,
ot ox oy 0z ox

Y- Momentum
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2 2 2 2
opv) , opuv), dpv?) dpow) __op, (3% Oy o) ooy
ot ox dy oz oy dx* dy” dz

Z- Momentum

2 2 2 2
a(pw)+a(puw)+a(puw)+c‘}(ij??EJrlLl 0 ‘;’+a ‘2’+a V2V +F,  (2.2.4)

¢ Conservation of energy.

o E  E,E JE) (o v w) (T T ST 6 225)
a oy va) Al a) N Ty a2 -

In the above equations, u, v and w are the local air velocities in x, y and z-directions, p

is the fluid density, p is the pressure, p is the dynamic viscosity, T is the temperature,

Fx, Fy and F, are the body forces (gravitational forces), E is the energy rate, Q is the

total rate of heat added, and a =k/pc, is the thermal diffusivity in which k is the
effective thermal conductivity and c is the specific heat of the fluid at constant

pressure.

Assuming that the stratified flow characteristics across the direction of the flow (y-
direction) are uniform, the flow is assumed to be two dimensional. In ventilation
applications, the flow is assumed to be steady, Newtonian, incompressible and
Boussinesq. The fluid properties are constants in a limited temperature range, except for
the buoyancy term where the density is allowed to vary, which is known as the
Boussinesq approximation[p =p.(1-B(T-T, ))] As a result of buoyancy forces, the
body forces (gravitational force) are proportional to the density gradient, and so to the

temperature gradient.

e Conservation of mass becomes:

ML Wy (2.2.6)

ox oz

For two dimensional flows, the flow of the » =0 component is neglected.
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o Conservation of momentum becomes:
——+§]+ gB(T-T,) (2.2.7)

e Conservation of energy becomes:

o (2.2.8)

U—+w—=aq

oT o’'T o°T
ox oz

In the above equations v is the kinematic viscosity, T« and p_ are the reference

temperature and density, and B = 1o —lw is the volumetric thermal
poT  p(T.-T)

expansion coefficient.

In order to solve the governing equations for a stratified flow, they must be simplified
on the basis of acceptable assumptions. For an incompressible medium the density
depends only on the temperature T. In environmental problems, the range of
temperature variations is comparatively small. As long as the temperature variation is
not large the temperature variations obeys the equation of state, and the Boussinesq

approximation is applicable.

Chamber scales are employed for non-dimensionalisation. Therefore, all distances are

normalized by chamber height, H, and velocities by chamber equivalent velocity, U

defined by U = %h- where B is the chamber width.

. u . L » X
u =— v =— X =—
U U H
== Re=—U Pr=—
H \% o
) o 8T TR o)

(Tz"'Tl) v? Ri z g'H

1= 3 ~ 2

&)
dz



where T'is the dimensionless temperature, in which T, and T, are the reference

temperatures chosen as the measured temperatures at the bottom and the top of the

environmental chamber, Re is the Reynolds number, Pr is the Prandtl number, Ri is the

Richardson number, and Gr is the Grashof number.

Using the non-dimensional scheme and dropping the stars (*) for convenience, the

governing equations may be written as follows:

° Conservation of mass:
ou ow
—+—=0
ox 0z
) Conservation of momentum.
2 2 _ 3 2
W, v (O ot TeBT-TH o' |
ox &z UH\&x* &z v (UH)

or

du ou_ 1 azu o*u
u—+w—=—|—+—|[+RiT
ox oz Rel ox’ 622

or
ou du_ 62u o’u [ Gr ]
u—+w + T
0x oz Re ox? 622 Re?
o Conservation of energy (2.2.8) becomes.

oT T a v (&°T &°T
U—+w—=— ~+ -
ox 0z v UH\ox* oz

oT ar 1 l o°’T o°T
Uu—-+w —+——
ox 62 PrRe Ox oz*
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In order to apply the results obtained by small-scale to correspond with the natural
situation, the sources of buoyancy must be scaled” [Linden et al (1990)]. Therefore, the
main conserving ventilation factors applied to attain the similarity between buoyancy-
driven flows at small-scale model to that at full-scale model [Hunt and Linden (1999)]

are the Re, Pe and Fr number:

1 3
Remodel =( %:nodel jz( Hmodel ]Z(Vfull-scaleJ =1 (2215)
Reqy cae  \ Burscate / \ Heut-scate V model
! 3
P _ [ %:nodcl ]2( Hoiel JZ(Kﬁlll—scale J =1 (2.2.16)
Perycae  \ Brutoseate / \ Hunoscate Kinodel
And
1 !
l:‘rmodel — ( Umodel J(g;’u'll—scale )2 (Hﬁul—scale Jz =1 (2'2'17)
Froncae  \ Usiicscate A\ &rmoder H a
Where U, denotes the speed of the fluid driven by the model and U, . denotes
Ap AT

the speed in the full scale, g'is the reduced gravity definedas g'=g—=g¢g T
p

The dimensionless parameters are the Reynolds numbers, Re = UH , the Peclet number
v

2
Pe = E and the Froude number Fr = U )
K gH

In the above equations, the velocity U scales for flow driven by a reduced gravity is

1/2 12
given by (g'H)'/ ’ Re= (gL)E and Pe = (g_’H_)__H_ in which v is the kinematic
v K

viscosity «is the coefficient of molecular diffusivity,  is the coefficient of expansion

and H is a typical vertical scale.

For modelling of natural ventilation in small-scale laboratory experiments, {Hunt and

Linden (1999)] characterized the reduced gravity g' with the dimensions of 1t , so

' 1t~
that, Bmedsl ( )"'“’e' (2.2.18)

’ =2
£ full—scale (lt full -scale
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from which,

1

odel =( 8 model X Lo seate ]2 (2.2.19)
t full -scale g ,full -scale l model
and,
1
U - seate _ (lg;,'n_m Jz (2.2.20)
Umodel 1gmodel

The source of buoyancy scaled by [Linden et al (1990)] is

B= gBW , where B is the thermal coefficient of expansion, W is the heat flux and ¢ is

pe,

the specific heat capacity at constant pressure. The dimensions of B are 1 t™and so

equivalent scaling can be introduced for the laboratory scale.
For air, where the density differences were created using heat, the Reynolds and Peclet

H model

2
numbers at the small-scale were reduced by ( j . For laboratory models of

full-scale
height ratios from 1: 20- 1: 100, the Reynolds and Peclet numbers were reduced by two
or three orders of magnitude. By using fresh water as a working fluid and salt water to

produce density differences in the system, the decrease in the magnitude of the

dimensionless groups due to the change in scale is counteracted as v, >> v and

water
Kpew ™ Kax Where x,.. and x_, denote the diffusivities of heat in air and salt in
water respectively[Linden et al (1990)]. A considerably larger density differences can
be achieved experimentally using fresh water and salt water, than density difference in

air due to temperature change, henceg. .., > 8t Dynamical similarity is then

~scale *

achieved at small-scale in the laboratory as g, . ™™ Ztu-ccare A9 U oger <= U pnscale -
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2.3 Previous Work Related to Stratified Flow

2.3.1 Review of Analytical Work

During spray painting of objects, stratification occurs due to over-spray and solvent
vapours. These layers may cause an explosion source or fire hazards. It may cause
toxicity by absorption or inhalation of solvent vapours and fine over spray particles, in
the place of work [Wander (2002)]. As a result, ventilation is used to remove particles
of over spray to protect the texture of the surfaces already painted and those yet to be
painted. This can be done by removing over-spray and solvent vapours by ventilation

stream to the external environment to be exhausted [Wander (2002)].

Skistad (1998) and Calay et al (2000) introduced the concept of selective ventilation,
which utilises the principle of “selective withdrawal”. In this ventilation method the
upper part of the room is divided into different regions using temporary walls whilst the
air is exhausted at the height of stratification where the extracted heat or contaminant

concentration is highest.

Thermal stratification is very important for efficient ventilation, fire exhaust, and solar
heating. It affected by the flow and the heat transfer parameters that can be improved by

controlling of these parameters, [Hahne and Chen, (1998)].

Mathematical and experimental investigations were done by [Hunt and Linden (1999)].
The study was to describe the natural ventilation using combined effects of buoyancy
and wind. They derived a mathematical model for stratified layer interface height based

on wind speed and openings heights.

Analytical study on the enhancement of natural ventilation in a solar house was
presented by [Dai et al. (2003)]. They found that a solar adsorption cooling
effectiveness, using solar house natural ventilation, could attain a value of 0.12 for COP
(coefficient of performance), which increases ventilation effectiveness and provides

cooling to the room without any change in humidity.

The position of neutral buoyancy, (the position where pressure in the room equals that
in the exterior), was investigated by [Andersen (2003), Li et al. (2000), Fitzgerald and
Woods (2004)]. [Li and Delsante (2001)], and [Chen and Li (2002)] investigated the
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effect of both wind and thermal buoyancy on the position of neutral buoyancy. They
used vents at multiple levels, and applied mass, energy and momentum equations. It
was found that the position of neutral buoyancy can be related to the ratio of the upper
and lower vent areas depending on the nature of the heat source. The analyses of [Li, et

al. (2000)] for neutral height and pressure lines are shown in Figure 2.3.1.

PRz

Figure 2.3.1: Pressure profiles across an opening in a single-zone building [Li et al (2000)].

Chen and Li (2002) studied the effects of buoyancy source, opening sizes and locations
of a single zone building on displacement ventilation. The investigations were for three
level openings. They found that the ventilation mode is a function of buoyancy source
and geometries. Also they found that the location of the stratification interface level
height is a function of the geometrical parameters and independent of the strength of
buoyancy source. The results of [Chen and Li (2002)] were in an agreement with
[Linden et al. (1990)] that the stratification within a space depends on the entrainment
produced by buoyancy sources upon the geometry of the sources and the openings
rather than the source strength while the strength of stratification however depend on

the source strength.

A relationship between neutral height of air distribution and ventilation load was
investigated by [Xing and Awbi (2002)]. Their results were obtained for a ventilated
room, under several activities, using displacement ventilation. The neutral height above

the heat source versus ventilation load based on mean temperature investigated by [Xing

and Awbi (2002)] is shown in Figure 2.3.2.
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Figure 2.3.2: Neutral height versus ventilation load (based on mean temperature) in ventilated

room, [Xing and Awbi (2000)].

Mundt (1994) found that the pollutants could be locked in at different levels (layers of
pollutants). The distribution of pollutants is very sensitive to disturbances; that can
cause a great decrease in the local ventilation effectiveness. “In spite of this, or perhaps
because of this, a person can obtain a good air quality in the breathing zone, even if this
zone is in a polluted layer. The convective plume around a body breaks through the

polluted layers very rapidly” [Mundt (1994)].

The temperature gradient in a room is always positive (or zero) and increases up to the
ceiling, while the contaminant concentration might have another form with a maximum
somewhere in the middle of the room. The temperature gradient is very much dependent
on the ventilation flow rate and not so much on the position of the heat sources [Mundt
(1995)]. The contaminant removal effectiveness (the system’s ability to remove
contaminants from the space.), in displacement ventilation, was found to be related to
the ventilation flow rate, and very sensitive to the level of the source and its position,
[Mundt (2001)]. However, [Hagstrom et al. (2000)] found that it was a function of both

the location and the power of the sources in relation to the supply and exhaust openings.

Heat loss in solar storage tanks was basically the main (destructive) item among several
loss factors, investigated by [Al-Najem (1993)]. [Al-Najem and El-Refaee (1997)] made
a comparison study for prediction of a turbulent mixing factor (eddy conductivity) at the
inlet and outlet of a thermal storage tank, also the performance of thermal stratification
in that tank. The model showed a good agreement with the experimental data of
[Loehke et al. (1978)]. The analysis of [Alizadeh (1999)] can be used to link the flow
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parameters in the stratified layer using the properties of flow in the lower and upper
zones. Figure 2.3.3 shows the vertical temperature distribution inside the tank at the end
of the simulation of [Alizadeh (1999)]. As seen in Figure 2.3.3, the temperature

distribution of the storage tank is in a well stratified state
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Figure 2.3.3 shows the vertical temperature distribution inside the tank at the end of the simulation

resuts evaluated by [Alizadeh (1999].

2.3.2 Review of Experimental Work

Behne (1999) investigated the combination of cold ceiling and mixing ventilation
system in the test chamber. Both displacement and mixing flow systems were studied
and compared directly. Both were evaluated under the same conditions. He evaluated
both the contaminant removal efficiency and the vertical air temperature rise. His results
showed that the buoyant airflow rate is much higher than the supply airflow of
about400m’ / h . The variation was due to the re-circulation that takes place in the test

chamber.
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Slater et al. (2003) studied the breathing zone, and the concentration levels generating
during Gas Metal Arc Welding (GMAW) of mild steel within a defined working
environment. They found that the use of ventilation techniques to control welder
exposure from hazardous fumes could aid in reducing consideration to meet
occupational exposure standards. Also, the most effective method of reducing operator
exposure of welding fumes was the local extraction ventilation, which produces

concentration levels below the recommended threshold of Smg/m?®.

Kikuchi et al. (2003) evaluated the effectiveness of local ventilation for industrial
workplaces. The effectiveness was evaluated using the ratio of the average contaminant
concentration in the occupied zone to the concentration of completely mixed indoor air.
Lee and Awbi (2004) studied the effect of interior partitions and the gap under the
partitions on indoor air quality. Their results showed that the gap under the partitions
has more significant effect than the partition height. This was due to the cause of

dividing the supply airflow into two parts above and below the partition.

Karimipanah (1999) studied the deflection of wall-jets in ventilated enclosures. The
experiments were described by pressure distribution using a full-scale test room with
varying room length. In the same manner, [Jeremy et al (2004)] presented a laboratory
experiment to study the transient filling of a room with a buoyant dense fluid. They
found that the steady two-layer stratification was established in the room. The height of
the interface between the cold incoming air and the warm overlying air was dependent

on the aspect ratio of the doorway to door height.

Wood et al. (2003) established a two-layer stratification and steady displacement flow
in a room of turbulent plume originating from the top. The results showed that, the
interface location is not only dependent of the opening geometry but also the source

conditions, such as location and direction (upward or downward).

2.3.3 Review of Numerical Work (CFD)

A series of experimental tests were carried out by [Jaluria et al. (1998)] to identify the
basic nature of the transport across a horizontal vent in a compartment, driven by

pressure and density differences. By [Karimipanah and Awbi (2002)] to evaluate the
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performance of impinging jet ventilation system compared with a wall displacement
ventilation system. Also by [Allocca et al. (2003)] to determine the effects of buoyancy
and wind on ventilation airflow rates whilst [Bertin et al. (2002)] studied the wall-fire
behaviour in a ventilated room. The results of [Bertin et al. (2002)] are shown in Figure
2.3.4.
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Figure 2.3.4: Evaluation of the mean temperature after thermal stabilization (under strong
stratification) and for various height values (X;=0.59 m and z,=0.205 m). [G. Bertin et al.
(2002) |.

Further series of computational and experimental studies were done by [Holford and
Hunt (2003)] to provide a prediction for thermal stratification and airflow rates, by
extending the theory of displacement flow developed by [Linden et al. (1990)]. The
experiments of [Holford and Hunt (2003)] were done on atrium buildings, using zones
and field models. An atrium is a central feature of many modern naturally ventilated
building designs. [Poreh and Trebukov (2000)] studied ventilation in a atrium under
wind effects (speed and direction), and warmed atrium ventilation by direct solar

heating as studied by [Joanne et al (2003)] .

Various numerical studies were used to predict ventilation efficiency. However, the
quality of such predictive models on the numerical methods and appropriate turbulence
models were investigated by [Woodburn and Britter (1996)], [McGrattan et al. (1996)],

[Chow (1996)], [Kunsch (2002)], [Holford and Hunt (2003)], [Karimipanah (1999)],
22



[Murakami and Kato (1989)], [Gan (2000)], [Fukuhara and Tsuji (2003)], [Nagasawa
(2003)], and that of [Dewan et al. (2003)] who showed the numerical techniques can
provide a very good prediction of the stratified flow behaviour using effective

parameters.

An experimental model (Figure 2.3.5) for the calculation of temperature gradients and
convection flows of different heat sources were presented by [Mundt (1995)]. As
investigated by [Mundt (1995)], temperature gradients and convective heat flows are the
main parameters in describing displacement ventilation. The temperature gradient is the
determining factor of temperature profile and contaminant concentration, whilst the
convection flows influenced the air quality in the room. The results of [Mundt (1995)]
suggested that “the temperature gradient in a room of moderate height with
displacement ventilation is very much dependent on the ventilation flow rate and not so

much on the position of the heat source”.

Similar to [Mundt (1995)], Bouzinaoui et al. (2005) presented an experimental study of
thermal stratification in a ventilated room of a heat source. As the temperature
stratification arises within this test room. A plume of an interface of significant
thickness was identified by the maximum standard deviation of temperature fluctuations
as shown in Figure 2.3.6, where C is the fluorescent concentration (mol/m®), T is the

temperature ("C) and o is the slandered deviation of temperature variations (°C).

Figure 3.3.5: The principle of displacement ventilation showing temperature

and contamination concentration profiles, as presented by [Mundt (1995)].
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Figure 2.3.6: Vertical profiles of normalized tracer gas mean concentration, mean
temperature and temperature fluctuation standard deviation, as presented by
[Bouzinaoni et al. (2005)1.

2.3.4 Turbulence in Stratified Flow

Laminar layers of stratified flow are stable with small perturbations. For large values of
Ri number where the flow is still stratified, turbulence may exist in the stratified flow

due to the local instabilities of concentrated vertical motion, [Calay et al. (2000)].

Subbarao and Muralidhar (1997) studied the effect of turbulence in isothermal and
stably stratified flows. They investigated the effect of shear in promoting the growth of
turbulence in isothermal flow. Their experimental results showed the vertical profiles of
temperature with significant fluctuations. The temperature fluctuations were
comparatively high in the experiment of strongest stratification. They related these
fluctuations to the local temperature of the flow, where the sign of gradient of

temperature fluctuation was the same as the sign of mean-temperature gradient.

Yam et al. (2003) provided an analytical technique using the fluctuation of both indoor
and outdoor temperatures. The instantaneous temperature was the mean and the
fluctuating component. They showed that, the magnitude of the indoor air temperature
fluctuation is always smaller than that of the outdoor air temperature, Figure 2.3.7. Also
they found that, for large time constant, the fluctuation of indoor air temperature with

time becomes small, Figure 2.3.8.
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2.3.5 Stratified Flow by Salt-Baths and Smoke Visualisation

Salt-baths and smoke visualisation are used as a simple process to display the results in
an easier form of observation. The salt-baths of easy experimental set-up can scale the
flow characteristics in ventilated areas, where the variations of density are proportional
to the variations of temperature. This technique was developed by [Linden et al. (1990)]
for the fluid mechanics of natural ventilation in buildings. The technique used salt as a
medium to increase the density of examined flow. This allows the effect of buoyancy to
be made much greater than those in the real experiment, and so long, the reduced
gravity. On the other hand larger buoyancies reduce the test time such that

measurements were difficult to take.

Salt-bath laboratory techniques have been used in a number of ventilation studies.
[Holford and Hunt (2003)] mentioned that the low value of the kinematic viscosity of
water, and the large buoyancy of saline solution, give an approximate dynamical
similarity between airflows in buildings and the flow of saline in salt-baths, where the
non-dimensional variables are defined in the same manner for both flows. On the
contrary, [Howell and Potts (2001)] presented an experimental temperature stratification
established within a full-scale enclosure to confirm the salt-bath model of [Linden et al.
1990]. They found that an agreement has been reported when neglecting the mechanism

of thermal radiation and diffusion because the salt-bath technique also neglects it,
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“Whilst the kinematics viscosity of water is only about one-tenth that of air, the
diffusivity of salt in water is less than one ten-thousandth that of heat in air (Lane-Serf,
1989). The salt-bath technique is, therefore, only suitable for modelling flows where
diffusion of heat is insignificant, since salt diffuses too slowly in water to represent the

diffusion of heat”.

In water experiments, the radiative heat transfer is not significant; so that the
temperature and concentration stratifications are coincide. In full-scale air modelling
experiments, the concentration shows larger stratification than the temperature, where
radiation is reducing the temperature gradient. Whilst the first technique is popular; the
second is given little attention, [Li et al, (1993)].

“There are two main advantages of modelling flow ventilation using small-scale models
in water. The first is that the flow visualisation is very straight forward, and complex

flow patterns can be easily determined. The second advantage is that it is possible to use

gAp

large values of reduced gravity g'==—  (much larger values than is possible in air
p

models) so that realistic Reynolds numbers and Peclet numbers (Re and Pe) may be
realized. Thus direct similarity is achieved. In addition it is possible to make
quantitative measurements of velocity and temperature (salt concentration) distribution”

[Linden et al. 1990].

Using dyed saline solution, [Jermy and Woods (2004)] classified the flow and mixing
produced by exchange processes in displacement ventilation and mixing ventilation.
The results are illustrated in Figure 2.3.9. It was observed that for some flow, steady
two-layer stratification was established with a certain interface height under a finite

source of buoyancy in the room, whilst the others leaded to a well-mixed interior.

Small-scale modeles by [Linden et al, (1990)], [Linden (1995), (1999)], [Hunt and
Linden (1999)] and others were used by many researchers to display the flow
characteristics of ventilated enclosures. [Chenvidyakarn and Woods (2005)] concluded
that “the using of small scale was not an exact replica of the full-scale, while it
replicates its key ventilation features”. As developed by [Linden et al. (1990)] and
written by [Holford and Hunt (2003)], the low value of the kinematic viscosity of water,
and the large buoyancy of saline solution, give an approximate dynamical similarity

between airflows in buildings and the flow of saline in salt-baths, where the non-
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dimensional variables are defined in the same manner for both flows. [Hunt and linden
(1999)] simulated the combined effect of buoyancy and wind in natural-displacement
ventilation. Using small-scale technique, the experimental observations and the
mathematical model developed showed a good agreement over a wide range of density

differences and wind speeds.
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Figure 2.3.9: Vertical profiles of transmitted light intensity measured during a transient

experiment of (10 cm high doorway, 90 seconds after opening), [Phillips and Woods (2003)].

In the research by [Linden et al. (1990)], the stratified layer interface level height was
predicted as a sharp interface between two layers of air of differing temperature, clean
and polluted zone, which were in opposition to the results of [Mundt (1995)]. Also, the
mathematical model of [Linden et. al. (1990)] didn’t explain the temperature
distribution within the test-room. Both diffusion of heat and thermal radiation were
neglected, while the remaining mechanism for heat transfer is convection. Therefore,
two layers of air of differing temperatures can coexist in the same confined space

without any diffusion over the sharp interface, [Howell and Potts (2001)].

Despite its capability to represent the flow of air in rooms, enclosures and buildings.
and the quantitative agreement between the temperature stratified experiments and the
salt stratified experiments, the small-scale technique has some disadvantages. [Howell

and Potts (2001)] confirmed that the salt-bath modelling technique and related
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mathematical model of [Linden et. al. (1990)] was not appropriate for the prediction of

natural displacement ventilation flow driven by a source of buoyancy at floor level.

From Figure 2.3.9, the behaviour of air and water flow shows that the viscosity of
liquids and gases is strongly affected by the temperature. The viscosity of gases used for

the calculation is the power law of temperature difference, which is given by:

. =[1J | 2.3.1)
Mo

Whilst the empirical fit for the viscosity of liquids is given by:

2
mE =a+ b(zr“—)+ c(]_;—"j (2.3.2)
)

where 1, is the value of viscosity at a reference temperature 7, which is 273°K, a, b

and c are constants (¢ =-1.94, b=-4.8 and ¢ =6.74 ) and T is the temperature in "X .

Figure 2.3.10 shows that the viscosity of water strongly decreases if the water
temperature is increased. On the contrary, the viscosity of air slightly increases by

increasing the air temperature.

The variation in the behaviour of the fluid is referred to the cohesive and intermolecular
forces within the fluid. Therefore, it is reflected on the behaviour of liquids and the
degree of agreement between the results obtained using small-scale technique and that

of using full-scale technique.

The thermal diffusivity, which is related to the steady state thermal conductivity through

the equation

k= (2.3.3)

where, xis the thermal diffusivity, k is the thermal conductivity, ¢, is the constant

pressure specific heat and p is the density. It is a measure of the ability of a certain

body to change its temperature.
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Figure 2.3.9: The viscosity ratio for air and water as a function of temperature

(aerodynamics for students 2006).

From the verification of [Howell and Potts (2001)] and [Howell and Potts (2002)] the
salt-bath modelling technique and related mathematical model of [Linden et. al. (1990)]
have limited applications in natural and displacement flows. Therefore the salt-bath
technique is not appropriate to model the ventilation flows in full-scale where both
radiation and molecular diffusion coexist. While the temperature profiles shows a
significant layer between upper and lower zones in the full-scale test-room, the model of
Linden showed a sharp interface between two layers of different temperatures [Howell
and Potts (2002)].

From the above analysis, it is confirmed that the small-scale modelling technique is not
suitable for studying the stratified flow where effects of radiative and diffusive heat
transfer are significant. In order to overcome this, the air modelling technique more
realistically describe the temperature distribution within the full-scale chamber, and the
full-scale technique is more appropriate to model the stratified flow in the built
environment. Where the full-scale environmental chamber is used for testing realistic
temperature-stratified flow, the full scale model can predict the flow behavior in a more
realistic way concerning diffusivity and interpret the stratified flow behavior naturally

more than the salt method.
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A series of visualisation tests were conducted by many experimental researchers.
Ventilation with heat transfer inside a ventilated enclosure using temperature
measurements, flow visualisations and numerical simulations have been done by
[Dubovsky et al. (2000)]. The visualisation technique was performed using smoke
sticks. The comparisons of smoke visualisation results with numerical results were in

agreement. The results of [Dubovsky et al. (2000)] are shown in Figure 2.3.11.

Figure 2.3.11: Results for the ventilated steady state: (a) by smoke visualization; (b) by

numerical simulation; (c) the simulated temperature field, [Dubovsky et al. (2000)].
L - 1 ’ x
performed by [Ziskind et al. (2002)]. They studied the natural convection using a hot
plate at the top of the building. They found that the effective ventilation could be
achieved by means of natural convection heat transfer from the hot element at the top of
the building heated by solar radiation. The experimental results of [Ziskind et al.

(2002)] are shown in Figure 2.3.12.

Figure 2.3.12: Experimental results
of Ziskind et al. (2002), using smoke

visualisation approach.
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2.4 Previous Work on the Effect of Input and Exhaust Duct

Locations

The location of the interface or the stratified layers and the strength of stratification are
depending on the location of the exhaust and the temperature and momentum

differential across the enclosure [Calay et al (2000]:

A ventilation of air supplied to both occupied and unoccupied spaces within buildings is
necessary in order to replenish the oxygen supply to act as a fluid to dilute the carbon
dioxide, odours and process emissions. It also necessary to prevent the build-up of
potentially explosive vapour mixtures in the unoccupied plant spaces to provide air
movement as a constituent part of comfort, and to control airborne contamination in
industrial ventilation. Inside the enclosures, ventilation is used to remove pollutants,
harmful gases and particulates from the multipurpose space, where different levels of
pollutants are produced during different activities such as, welding, assembling and
painting that take place side by side in one big hall, where ventilated air must conform
to standards to ensure workers safety. It must be supplied into the hall until the

contaminant concentration decreases below the harmful levels, [Calay et al 2000].

The configurations of building rooms and especially the location of inlet and outlet
openings in relation to dominant wind direction at the site have major effects on the
ventilation rates in buildings. Locating inlet openings near high-pressure surfaces of a
building, and exit openings at low-pressure ones produces higher flow rates through
windows [Ayad (1999)].

The thermal stratification generated by a localised source of heat at floor level in a
confined space is of considerable interest to building ventilation. Many sources of heat
generated in building may be regarded as being localised e.g. computers, occupants etc.,
and knowledge of the developing vertical temperature profile produced by these sources
is required before air quality and occupant comfort levels can be determined. In general,
these sources may be classified as either a 'pure' buoyancy source, e.g. an electric fire or
a radiator in a hot water heating system, or as a 'forced' buoyancy source which
characterised by non-zero momentum fluxes, e.g. in a heating system in which warm air

is injected into space, [Hunt and Linden (1999)].
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Teitel and Tanny (1999) developed a theoretical model to study the effect of openings
height and wind speed in green houses. It was based on non-dimensional mass and
energy conservation equations. The model was calibrated against experimental results.
The results showed that ventilation, in greenhouses, was increased by increasing the

height of the openings, the wind speed, and by decreasing the solar radiation

Sinha et al. (2000) discovered, numerically, the velocity and temperature distribution of
warm air introduced in a room at high values of Gr/Re? Solutions were presented for
various locations of inlets and outlets, and for different values of Gr and Re numbers.
The results of [Sinha et al. (2000)] showed that when the location of the outlet was at
higher level than the inlet the location led to a better temperature distribution. When the

location of the outlet was at a lower level than the inlet;

1. Increasing Gr number made the warm jet almost horizontal to flow downwards
towards the exit.
2. Increasing Gr number increased the intensity of recirculation and yielded

uniform temperature distribution.

Chen et al. (2001) studied the displacement ventilation in a single-zone building using a
simple multi-layer stratification model. The flow rate was driven by a heat source
distributed uniformly over a vertical wall. Experiments were carried out using a fine
hydrogen bubbles generated by electrolyses in a water tank. Theoretical expressions
were obtained for the stratification interface height and ventilation flow rate. As
concluded by them, the theoretical and experimental results of [Chen et al. (2001)]
compared with those obtained by an existing model available in the literature were in
agreement, while the upper and lower layers were might be different from those of other

layers.

The location of the interface of the stratified layers and its strength is dependent on the
location of exhaust opening, and the temperature and momentum differential through
the enclosure [Calay et al (2000)]. The sizes and locations of the room openings must be
chosen to get the balance between the depth and the temperature of the warm layer in
the upper zone. The depth must be sufficient to drive the required airflow, while the
temperature of the warm zone is in the range, and the warm layer is above the level of

occupied zone, [Hunt and Linden (2001)].
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2.5 Previous Work of Mixed Flow and Air Jets

Mixing ventilation is widely used in offices and commercial buildings [Yue (1999)}. In
mixing ventilation, the fresh air is introduced to mix through the ventilated space. The
openings are arranged so that the relatively cool air enters at high level, while the
relatively warm air enters at low level. In this case, mixing ventilation will produced

due to buoyant convection of flow, [Linden et al. (1990)].

In this type of ventilation, the air is supplied from the ceiling with a speed much higher
than these accepted in the occupied zone. Due to the air entrainment, both jet speed and
temperature differences become smaller, which dilute the contaminant to an amount

acceptable in the occupied zone [Yue (1999)].

“A jet of air is the flow resulting from the interaction of the fluid issuing from an
opening with the surrounding fluid. This process is called entrainment of the secondary
fluid (fluid surrounding the jet) by the primary fluid (the fluid issuing from the
opening)” [Awbi (1998)].

Plumes are defined as “buoyant jets where the initial jet momentum is not significant, or

has become completely dominated by the buoyancy force” [Baines P. G. (2002)].

A plume generated by a heat source will go upward. During its rising towards the
ceiling, the volumetric flow rate will increase by entrainment of surrounding air.
Therefore, a circulation of polluted air is formed in the upper region, while another large
circulation flow is also created in the lower region. In between a momentum based
separation was yielded and a stratified layer was established since each circulation
contains its regional properties with little momentum interaction, [Hee-Jin and Dale
(2001)]. Hence, “the strength and size of those circulation flows are main factors in

characterising the stratification level”. [Hee-Jin and Dale (2001)]

Linden et al. (1990) found that when the room’s upper opening size was smaller than
the lower one, the fluid flows through the small opening is high enough to work as a jet.
The jet introduced will cause an entrainment buoyant fluid across the interface. Because
of the high-density gradient above and below the interface, the interface descends faster.
When the output is somewhere down the ceiling, the amount of mixing is much greater

and the interface is diffuse. In natural ventilation under the effect of both buoyancy and
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wind driven velocity, [Hunt and Linden (1999)] found that the amount of mixing was
increased as the initial Froude number increased, and so the momentum of the incoming

buoyant jet is increased.

The flow pattern in a large enclosure is dominated by convection currents and thermal
stratification. Stratification is very common in buildings with a single large open space.
Warm air rises under the influence of buoyancy forces, which cause a positive
temperature gradient between the floor and the ceiling. Activities such as heating and
welding act as additional heat sources and contribute to already existing temperature

gradients across the space.

However, in other buildings where indoor air quality load are important, stratification
effects can be desirable. Stratification in cooling seasons can reduce the cooling loads
because the warm stratified layer below the ceiling acts as an insulating buffer, which
reduces the roof and lighting heat gain components. An additional reduction in cooling
load is achieved by locating the outlet extract at the height of stratification because heat
extracted per unit of mass flow would be significantly higher than if the extract was
positional below the stratified layer. There are many experimentalists and theoreticians
who have investigated the effect of jets or plumes on the stratified layer characteristics,
[Hung et al (1999)], [Shy (1999)], [Al-Najem and Al-Refaee (1997)], [Redondo et al
(1996)], [Cardoso et al (2001)], [Karimipanah (1999)], [Murakami et al (1996)] and
[Bloomfield and Kerr (1999)].

[Hung et al (1999)] showed that the thermal stratification reduces the heat transfer rate
from vertical surface. They also found that non-Darcian and thermal dispersion effects
have significant influences on velocity and temperature profiles as well as the local heat

transfer rate.

Shy (1999) investigated experimentally the mixing processes involving large-scale
motion and chaotic small-scale motions across a sharp density interface using a pH-
sensitive, laser induced fluorescence technique in a water tank. He used a turbulent
round jet impinging from above on the sharp density interface over a flow Reynolds
number of (2500< Re <25,000) and a flow Richardson number of (0< Ri< 5) based on
the local jet scales at the interface. He found that at large Re, molecular mixing first
occurs at the perimeter of the jet front, forming a mixed layer, in contrast to the case of

ajet in a uniform environment.
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Al-Najem and Al-Refaee (1997) studied numerically the transient behaviour of thermal
stratification in storage systems using a computer code based on Chapeau-Galerkin
integral formulation. Their results showed that the turbulent mixing (or eddy
conductivity) factor caused by hydrodynamic disturbances at inlet and outlet ports of
storage tank plays an important role in the performance of thermal stratification storage
tanks.

Redondo et al (1996) used detailed flow visualisation as well as density measurements
in zero-mean-flow laboratory experiments involving grid-stirred turbulent mixing
across a density interface and bubble-induced mixing. They found that the overall
mixing efficiency of the processes depends on the local Richardson number as well as

on the local vorticity.

Cardoso et al (2001) found that when small particles sediment from a surface current
generated by an axisymmetric turbulent plume, the concentration of particles in the
environment surrounding the plume is larger at higher levels compare with that at lower
levels. This distribution of particles in the environment results in an unstable density

stratification and as a result, convection in the environment may result.

Karimipanah (1999) conducted measurements of the pressure along the perimeter of a
slot ventilated room for different room sizes. He found that the momentum of the jet at
the end of the room is decreased with increasing room length. They could not predict
the corner flows by their CFD simulation using the linear eddy viscosity or standard
stress models. However they suggested that these effects may be captured by using a

second moment closure turbulence model with a new near wall approach.

Awbi (1998) used an experimental environmental chamber to compare the effectiveness
of both mixing and displacement ventilation. He found that using displacement
ventilation is more energy efficient than mixing technique. In mixing process, the air
was normally supplied from high levels causing a flow jet mixing the injected air with
the domain. [Awbi (1998)] found that the process of removing heat and contaminant
from the room involves both diffusion and convection. Therefore, it is influenced by the
characteristics of both the air supply and the room geometries, such as jet speed and
momentum, temperature difference between air injected and the domain, position and

type of air supply, distribution of heat and contaminant sources, etc.
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Laboratory experiments of a jet impinging on a stratified interface were done by [Cotel
et al. (1997)]. The entrainment of both vertical and inclined (15°) jets was studied using
water tank experiments. At Ri<10, [Cotel et al. (1997)] found that the entrainment of
vertical jet was proportional to Ri'?, while the inclined jet was proportional to Ri?2. At
Ri>10, the results of [Cotel et al. (1997)] show the entrainment rate was independent of

Ri, where the interface is effectively flat, according to their experimental model.

Bloomfield and Kerr (1999) preformed an experimental and theoretical investigation of
the flow and density distribution arising from the upward turbulent injection of a dense
fluid into a stratified environment of finite extent. They found that as more dense fluid
is added through either a point or line source, both fountain and the environment evolve
with time. They applied their results into two problems: the replenishment of magma

chambers and the heating or cooling of a room.

Using a ceiling jet, it is possible to ventilate the working zone without destroying the
stratified layers. This can happen by injecting the air of low momentum through a large
diameter jet or plume, where the entrainment per unit area of jet is inversely
proportional to its perimeter. This type of ventilation is very useful in many applications
like in theatres and television studios, where the inlets can’t be fixed close to the floor

or changeable decorations [Calay et al. (2000)].

Auban et al. (2001) described an experimental study of thermal plume in confined
stratified environment, where the ventilation at a given flow rate was designed to
maintain the height of this stratification. The experiments were performed in a square-
base tank using light fluid, fluorescent tracer and Laser Doppler. The stratified layer
interface level and thickness were determined based on the concentration and

fluctuations of the injected fluid.

A simple multi-layer stratification model using a fine bubble technique was proposed by
[Chen and Mahony (2001)]. The studied parameters were the stratification interface
level height and ventilation flow rate using heat source distributed uniformly over a
vertical wall. The data obtained were compared with the results of [Linden et al.
(1990)), and good agreement was achieved. [Chen and Mahony (2001)] results showed
the entrainment behaviour of fluid flow near the high ranges of interface level heights

and the entrainment at the low level of each stratification layer.
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2.6 Summary and Objectives

In this chapter, the literature reviews of the theoretical, analytical, computational and
experimental modelling were used as the base for the design of the experimental work
and test matrices. It is also used to give an indication for the various parameters that
affects the stratified flow, which are to be highlighted in details. While the analytical
and schematic models proposed by [Skistad (1998)] and [Calay et al. (2000)] for
selective ventilation in large enclosures are the motivation for the present experimental

study.

This section summarizes numbers of findings of the literature review and identifies
research needs. There is literally a wide agreement on the importance of best
applications for stratification control; hence the factors that impact ventilation and
confer significant energy savings through the applications. Another issue meriting
attention is the positive benefit of using stratified flow to maintain ventilation rates at
design levels to reduce contaminant concentration and energy consumption, which

indicates the urgent need for more research on these issues.

The general characteristics of flow in ventilated areas have been reviewed. The main
studies in ventilation and stratification areas were also covered. The studies of
[Dagestad (1991)], [Mundt (1995)], [Skistad (1998)], [Hunt and Linden (1999)], and
[Xing and Awbi (2002)] were outlined with the development of different applications in
ventilation systems. Ideas have been introduced, results have been evaluated and

conclusions have been discussed.

Despite numerous investigations of the effect of flow parameters on ventilation systems
and techniques, such as [Behne (1999)], [Chen and Li (2002)], [Dubovsky et al. (2001)]
and [Holford and Hunt (2003)], there are a few investigations regarding the stratified
flow and stratification phenomenon, [Dagestad (1991)], [Mundt (1995)], [Skistad
(1998)] are not fully explained. Whilst the experimental investigations using salt baths
have been popular [Linden (1979)], [Linden et al. (1990)], [Jermy and Andrew (2004)],
the investigations using air modelling in experimental tests to date have been limited. In
ventilation there are needs for further experimental work to understand the role of the

stratified layer.
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In order to provide comfort and healthy environment, it is difficult to generalize the
stratification effects in a built environment. The conclusion offered by a review of the
literature is that attention must be paid to maximising the advantages effects of

stratification and minimizing the disadvantages..

From the literature review, stratification describes a situation of temperature or density
gradient. In this situation, fluids of less density are lying above that of higher density.
Stratification exists because the vertical density gradients are always positive.
Stratification exists because the fluids of high density gradients do not mix easily.
While the vertical density gradient is mainly determined by the vertical temperature

gradient, stratification is determined by the degree of vertical temperature gradient.

There is some confusion in the literature regarding the terms stratified layer interface
level height, stratified layer thickness and the degree of stratification. More analysis and

clean definitions would be helpful and significant research in this area is still needed.

The degree of stratification is a measurement of flow condition. In weakly stratified
situation, the degree of stratification is so low that the stratified situation is easily
broken by small amount of momentum. In strongly stratified situations, the degree of
stratification is so high that it requires a large amount of momentum to break down the

stratified situation.

No exact definition or mathematical equation exists that can accurately define a degree
of stratification for a given stratified situation. It is therefore not possible to quantify the
stratified flow by its degree of stratification or predict the stratified flow situation by the
estimated degree of stratification without a clear definition for the term “Degree of
stratification”. Therefore, a theoretical approach is needed to establishing an effective

verification to determine the degree of stratification.

In general, the literature presents three scientific procedures that are relevant to the
stratified flow. It has covered case studies conducted through computer simulation
(CFD), small-scale model using the salt-bath technique, and some analytical and

experimental full-scale air modelling technique.

As demonstrated in the literature review, it would still be extremely useful to carry out

more experimental work using air modelling technique.
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In summary, the key objectives involved to be studied in this work are:

o The stratified flow parameters, such as airflow rate, flow direction and input and
output duct locations.

o The stratified flow characteristics, such as stratified layer interface level height,
stratified layer thickness, temperature gradient and degree of stratification.

¢ The mixing of stratified flow using both jet momentum and inversion of input

duct locations.
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Chapter 3

Experimental Design and Analytical Developments

3.1 Introduction

Most experimental studies, such as [Linden (1979)], [Linden et al. (1990)], [Hunt and
Linden (1999)], [Jeremy and Andrew (2004)], and others concentrated on modelling the
ventilation flows using salt-bath techniques. The thermal properties of air are very
different from salt solutions, especially the viscosity and molecular diffusion. The
diffusivity of salt in water is less than that of heat in air. The salt-bath technique is not
appropriate for modeling the ventilation flow through the full-scale test rooms or
buildings, where all mechanisms of thermal transport coexist, [Howell and Potts
(2002)]. Despite its high construction and operation costs, air modelling systems using

air, instead of salt promise to provide the most accurate and reliable information.

Sets of experiments investigating the stratification in an environmental chamber were
conducted. The experimental set-up used to support these models is presented. The flow
parameters such as input airflow, temperature, openings heights and other parameters
were used to model the stratified flow patterns interactions. programming, analysis and

discussion of the results are explained in details.

The analytical models proposed by [Skistad (1998)] for selective ventilation in large
enclosures is the basis for the present study. A schematic diagram of selective
withdrawal of a polluted layer of air-“Select-vent” presented by [Skistad (1998)], with
the adefinition sketch of temperature profile, stratified layer interface level height h,

stratified layer thickness 8 and stratified layer top height h' are shown in figure 3.1.1.
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Figure 3.1.1: A schematic diagram of selective withdrawal of a polluted layer of air-“Select-
vent” presented by [Skistad (1998)], with a definition sketch of temperature profile, stratified
layer interface level height h, stratified layer thickness 8 and stratified layer top height h'.

3.2 Analytical developments

It was shown in chapter 2 that there exist no formal definitions for the following

parameters:

e Stratified layer thickness &

o Stratified layer interface level height h
e Stratified layer top height h

e Degree of stratification DS

These are, in most instances, undetermined characteristics that greatly influence the
stratified layer and the prediction of stratification situation. A complete analysis of the
stratified flow parameters and characteristics is required to provide a suitable

determination of stratification situation.

However, it is clear from the literature that these parameters need to be defined in a

comprehensive manner so that it is possible to measure the parameters.
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3.2.1 Definition of 9, the stratified layer thickness

A formal definition for the temperature profile is employed to predict the stratified flow
in a built environment. A stratified region is a region in which mixing levels are low. It
consists of convectively mixed homogeneous zones separated by stably stratified layer,
in which the vertical temperature gradient is sharply increased. This sharp increase takes
place over a finite distance called the interface or stratified layer thickness. Formal
definition of stratified layer thickness is significant because, as well as being a good
estimation for the stratified layer thickness, this allows us to define the relevant

parameters h, h and DS easily.

To give a formal definition for stratified layer, the change in temperature gradient of the
stratified flows is taken into account. Figure 3.2.1 show the vertical profile of air
temperature in the environmental chamber, T(z). The function T(z) has three critical
points: (h, T(h)), (h’, T(h")) and (h+8/2, T(h+8/2)). At these points, the analytical
definitions of stratified layer interface level height h, stratified layer interface top height
h’ and the stratified layer thickness 8 are created.

From the temperature profile T (z) and the sign of the first derivative T"(z) = +ve along
the vertical height, the temperature profile is always linear in the upper and lower zones.
In between, the stratified layer is bounded by the sharp changes in temperature gradient.
This layer is established in the region of maximum temperature gradient defined by the
direction of the second derivative T” (z), where the temperature profile is concave
down. From which, the neutral height of the stratified layer is defined by the vertical
height at which. T” (z) =0.

From this definition, the neutral height of the stratified layer is define by the

characteristic height at which,

&1

dz* 8
z=h+5

=0 (3.2.1)

From the definition of the neutral height, the stratified layer thickness 8 is the stabilized-
layer thickness between the stratified layer interface level height h and the stratified
layer top height h’. It is started with sharp increase in temperature profile and ended

when the temperature profile decrease sharply.
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5=h'-h (3.2.2)

Equations 3.2.1 and 3.2.2 give both the height and the thickness of the stratified layer.
The thickness of the stratified layer primarily depends on the input airflow rates and the

geometrical dimensions of the whole space.

Temperature profile
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Figure 3.2.1 Temperature profile T (z), and the sign of the first derivative T’ (z) and the second

derivative T" (z) showing the line of maximum temperature gradient (z=1.2 m) where the stratified

layer is located and the smoke is concentrated.

3.2.2 Definition of h, the Stratified Layer Interface Level Height

As shown in Figure 3.2.1, the stratified layer established in the chamber divides the
domain into two zones (upper and lower). Each zone is having its own properties. The
lower zone, below the stratified layer, has low temperature gradient and is close to
mixed flow. The upper zone, above the stratified layer, is characterized by hot airflow
producing a fairly well-mixed flow. The height of the stratified layer is h is a
dependents of the input airflow ratio Qc/Qy, and the input and output vertical heights.

From this definition, the interface level height h is define by the characteristic height at

which,
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2
d’T = Maximum (3.2.3)
dz?

z=h

3.2.3 Definition of h , the Stratified Layer top Height

From the establishment of zones in stratified flow, stratification will typically take place
over a range of 0.1 <z/H <0.9 within the chamber height, otherwise, the flow may
stratify but without zone establishment. In which, z is the height of the temperature

sensor (thermocouple) and H is the height of the chamber.

As shown in Figure 3.2.1, h is the height of the lower zone whilst h” is the height of the
upper zone. From the same definition of h, the stratified layer top height h’ is define by

the characteristic height at which,

2
9T _ Minimum (3.2.4)
dz*

z

]
=

3.2.4 Definition of DS, the Degree of Stratification

Based on previous studies, there is no exact definition or mathematical equation that can
accurately define a degree of stratification for a given stratified situation. To quantify
the stratified flow situation by its degree of stratification, a scientific definition for the
degree of stratification is needed. From temperature distribution and smoke
visualisation, the degree of stratification depends on the temperature gradient across the
stratified layer relative to the overall temperature gradient. In other words, the degree of
stratification of a stratified flow is based on the temperature gradient of the stratified

layer within the stratified region.

From this definition the degree of stratification DS is given by:
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dT|"

Iacross thestratified layer

DS - 92 . 8 (3.2.5)
d_T AT overall temperature difference
dz|, H

3.3 Experimental Apparatus

The experimental apparatus is described in two parts: the test chamber with its heating
and cooling systems and the instrumentations. Both the experimental apparatus and
procedures take into account the [Skistad (1998)] model and the definitions of the

stratified flow characteristics as defined in the previous section.

3.3.1 Test Chamber

All tests were conducted in the environmental chamber at the University of
Hertfordshire that is presented in figure (3.3.1). The physical dimensions of the chamber
were large enough so that the walls did not affect the flow, and the height was sufficient
for the build up of the stratified layer. The dimensions of the identical rectangular
chamber were (7.5m long, 5.6m wide and 3.0m height) with two windows (double
glazed) isolated from an enclosed space. The walls of the test chamber were insulated.
The walls as well as the roof were 12.5 cm thick, with white polyester outer finish and
polyurethane foam interior made. The floor included a layer of 10 cm thick concrete,

and below it a layer of 10 cm thick Styrofoam.

Environmental flow variables were controlled by the means of airflow systems. The test
chamber vent supply airflow up to 14m>/min of hot air, and up to 12 m*/min of
cold air. The hot air supply temperature was fixed at 40 and 45°C using the chamber
heating and cooling system as shown in figure (3.3.2). The system can supply air at
temperatures ranging from —40°C to +50°C. The cold air supply temperature was the
ambient temperature. It was varied according to the surroundings and weather

fluctuations. The volume flow rate is being assumed to be the same at the inlet and
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outlet. The walls were assumed to be adiabatic and well sealed, so that the chamber was,
practically, insulated. The internal surfaces were painted white, so that the inside of the
chamber is visible from the outside. The radiative heat transfer between the surfaces

could be assumed insignificant due to the low heat conditions.
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The temperature distributions for the flow inside the chamber were measured using
eighteen K-type thermocouples. The thermocouple stand was inserted vertically on a
multidirectional movable base located at the centre of the chamber as shown in figure
3.3.1. The junctions of the thermocouples were located at the centres of eighteen equal
distances on the thermocouple stand. Three thermocouples were placed at the hot inlet
airflow, cold inlet airflow and the outlet. Another was located outside the chamber to
measure the ambient temperature. All of these are located to give continuous monitoring

of all required temperatures.

Concerning the measurements, the test chamber was equipped with sensors to determine
the air temperatures (thermocouples), as well as the input air velocities and flow rates
(A rotating vane anemometer LC6000). A procedure was allowed by distributing the
temperature sensors to cover the essential vertical and horizontal planes within the
chamber. This was done by using thermocouple stand in the vertical direction, and by
moving the base in both directions on the horizontal plane. As a result, the measurement
points were represented at 15 cm grid in vertical plane, and 75 cm x 80 c¢m grid in each

directions of investigated horizontal plane.

File Edit Tools System Controller Phone Help

00% COOLING LOOP)
L4 OUTPUT
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L3) OUTPUT -

EATER READY

Figure 3.3.2: Schematic diagram of the experimental set-up cooling and heating system.

48



The present experimental methodology showed complete descriptions for the boundary
conditions (supply air temperature and flow rate, inside temperatures and chamber
boundaries). Field measurements will facilitate the comparisons with the analytical and
numerical data based on our model. The conditions were based on the assumptions that
the walls of the test chamber were insulated, the exhaust air was leaving the room
through the exhaust opening (negligible infiltrations through the walls) and all

measurements were made under steady-state conditions.

To obtain the best possible stratifying airflow, the temperature difference must be high
enough, the entire hot airflow temperature ought to be fixed at large values (45 °C), and
the ambient temperature must be low. If this cannot be done, the stratification of air
might not of get good quality at all times and points, where the air quality in the

occupied zone will vary according to flow parameters.

3.2.2 Instrumentation

To get quantitative and qualitative results, the inputs of our modeling technique must
truly represent the conditions that the model assumes it represents. The level of
accepting the data from a measuring system is identifying by the instrument errors.
When each measuring device is well calibrated and working properly, the measurement
system as a whole can be providing a realistic observation, where the quality of the row
data is a dependent of both measuring property and confounding environmental
conditions. The instrumentation and data acquisition devices are contained within the
instrumentation apparatus. It includes two groups of measurements, the airflow

measurements and the temperature measurements.

3.2.2.1 Airflow Measurements

To determine the inputs airflow rates, air velocity measurements at the inlets were
carried out using a rotating vane anemometer LC6000 (manufactured by Airflow, 2001,
approved to BS EN ISO 9001). It was used to measure both cold and hot airflow rates.
It was suitable for most applications where the air stream was large enough, and the air

velocity was ranging from 0.25-30m/s. Its resolution at 20°C and 1013mb is better than
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+2% for the readings from 5-30 m/s, and +0.1m/s for the readings between 0.25-4.99
m/s as mentioned in the published manual (Appendix A3.4). To give the best readings,
the measurements were taken using a tube of 0.11m in diameter at the entrance of the
airflow ducts, where calculations based on airflow rates, like velocity, mass flow rate
and heat capacity could be calculated. The inflow rate was within the resolution, of the

device approximately, within+ 5.7%, as listed in Appendix A3.4. The overall accuracy

was a function of the overall parameters that affect the flow and the instruments used at

certain boundaries and the experimental conditions.

3.2.2.2 Temperature Measurements

A total of 21 copper-constantan thermocouples (K-type) were used to measure the
temperature distribution in the environmental chamber (figure 3.3.1). A rake of 18
thermocouples was to measure the vertical temperature distribution at the centre of the
chamber, while the others were to measure the temperature at the inlets and the outlet
openings. The thermocouples were distributed vertically along the chamber height using
metal stand. The stand was located in the centre of the chamber in order to capture the
temperature gradients in the stratified region. Thermocouples that placed at the inlets
and outlets were used for monitoring the inflow and outflow temperatures. All the
thermocouples are connected to the data logger by individual channels. The signals
received by the data logger are converted into the corresponding temperatures
respectively. All the thermocouples have been calibrated and the calibration results are
presented in Appendix A3.2. The thermocouples were calibrated against a platinum
resistance thermometer. The precision of the measured temperatures (using a K-type
thermocouple) was within 1.0 °C, as listed in the published catalogue. The calibration
was used at ranges of 10 to 55 °C which brought the estimated uncertainty of type K

thermocouple down to + 2.5% based on the calibration data.

3.3.3 Data Acquisition and Logging

The analog output signals from all of the sensors are received by a data logger (34970A
bench link Figure 3.3.3). The data recording system used in this study has taken the data

50



from all temperature sensors at a rate of one reading per second. The data logger has
three building blocks of 60 channels. The system can be plugged into the existing
network to send data directly to a personal computer. Signals from all the sensors are
analog DC voltages configured on the different output scales for each measurement. For
each experiment large amounts of temperature data are generated. The signals sent to

the data logger from each sensor are:

¢ Input hot air temperature
e Input cold air temperature
¢ Output temperature

e Ambient temperature

e All eighteenth internal temperatures at the thermocouple stand.

Figure 3.3.3 a): The bench link data Figure 33.3 b): An isothermal temperature lines as

logger 34970A. shown on the Strip Chart Window of the bench link
data logger software.

The temperature measurements have been monitored and stored in the data logger
software. When a scan is started, the instrument scans the data of the required channels.
It stores the resulting time-stamped data in a scan record. The data logger obtains scan
records from the instruments and logs the data into files of the computer. Each scan
record written in the data file consists of the time and the temperature values for the

computed channels. The temperature data was written to data files for further



processing. The temperature distribution was estimated by averaging the readings of 5

successive measurements at steady state conditions.

3.4 Measuring Procedures

3.4.1 Theoretical Framework

In practical experiments, the measuring methods are the ways of gathering data obtained
correctly. It is based on both analytical background and flow observations. It is used to
represent the flow characteristics and reaching the experimental objectives. The

measuring methods used in this work were listed:

1. The temperature difference in the vertical direction was measured according
to the absolute difference between the temperatures in the top and the bottom
of the chamber over the entire air column.

2. The temperature distribution in the vertical direction was measured at several
stations along the vertical column (all stations were measured at the centre of
the chamber between the inlet and the outlet).

3. Input airflow rates for both cold and hot airflow were measured at the duct
entries.

4. The readings were taken at the centre of the environmental chamber, so that
the walls would not have any significant effect on the measurements such as
mixing and heat transfer.

5. The location of thermocouple stand was varied in both directions along and

across the direction of the flow.

3.4.2 Scanning Frequency

There are three important keys affects scanning measurements, the start, the end and the
interval of scanning. The default setting was to scan every minute using a 34970A
bench link data logger shown in figure (3.3.3 a). The method used was to wait until the

system reaches the steady state, then the required number of readings were selected.
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During the scanning the preliminary results were observed on the Strip Chart Window
for all channels as shown in figure (3.3.3 b). When the system reached the steady state,
and the required measurements were obtained, scanning was stopped and the data stored

in the Bench link software database to be analyzed and discussed.

At stratified zones the streamlines will be diverge from one another. The distance
between these streamlines is a result of stratification, where the temperature profiles are
in gradient. At mixed zones the temperature streamlines will be close to one another
because the profiles are close to vertical (less stratification). The change of jet speed
does not impact only the shape of the profile, but also its position on the temperature

scale.

Before each series of tests, the facilities were setup and all instruments calibrated. The
holes in the walls were all sealed to eliminate wall leakages as an uncontrolled variable.
Profile measurements were made at a number of locations to study the uniformity of the
stratified layer in both x-direction and y-directions. The tree locations were adjusted at
the middle of the environmental chamber as necessary, to maintain a large clearance

from the input and the output where the momentum was too high.

As a result, the stratification profiles presented here implies the temperature conditions
in the chamber away from the direct influence of the supply diffusers. The temperature
profiles shown are the average of measurements taken with the thermocouple stand at

five time steps in the environmental chamber.

Tests were normally run for a long time of 2 hours to achieve steady state. Tests were
conducted several times to study the effect of one variable while other variables and
conditions were held constant. Temperature values were measured every 60 seconds.
The period of scanning (60 seconds) is sufficient to capture the temperature variations,
where the test time is so long (2 hours) and the variations are so small. The measured
temperature information was automatically recorded to a data acquirement unit. It,
automatically, sampled the output from all thermocouples and stored the data on a

personal computer connected to the device.

53



3.4.3 Measuring Stations:

1.

In the middle of the environmental chamber, to measure the vertical temperature
gradient from 0.2m to 2.8m above the floor (18 points in total). This was done to
evaluate the stratified layer characteristics (interface level height, stratified layer
thickness, temperature profiles and the degree of stratification).

At nine locations in the flow direction (x-axis) and six locations across flow
direction. Each station measured the vertical temperature gradient from 0.2m to
2.8m above the floor (18 points in total). This was done to study the influenced
length, uniformity of the stratified layer and the validity of measurements in
station].

At different inlet and outlet opening heights. Each station measured the vertical
temperature gradient from 0.2m to 2.8m above the floor (18 points in total). The
measurements were taken to evaluate the effect of these heights on stratified
flow. It can be used to destratify the flow by supplying cold air from the top of
the chamber and the hot air from the bottom.

3.4.4 Creation of Stratified Flow

Based on the previous reported analytical, numerical and experimental observations in

chapter 2, and preliminary experiments, we predicted the following:

Based on "ASHRAE 62 Standard" developed by the American Society of
Heating, Refrigerating, and Air Conditioning Engineers, the specified airflow
rates supplied to a room within a building is (15 to 60 CFM/person), depending
on the activities that normally occur in that room. Using this guideline and
assuming occupancy of (2 to 8 persons), the total typical ventilation rate would
be in the range of (0.85 to 13.6 m*/min)

From the establishment of zones in stratified flow, stratification takes place at

ranges of0.1<h <0.9, otherwise, the flow may stratify but without zone
. T Z . .
establishment. h =ﬁ and z is the height of the temperature sensor

(thermocouple) and H is the height of the chamber.
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e From the definition of Richardson number (Ri), which is the ratio of potential
energy to kinetic energy, the best stratification can occur at large values of

temperature difference A T and low values of momentum airflow.

e To study the stability of the flow, the flow rate values must cover the ranges of
Richardson numbers based on the input conditions (airflow rates and
temperatures) ranging (from 0.08 to Max.), and indicate the stability and the
type of the stratified flow.

o Stratification interface level height, stratified layer thickness and stability of the
stratified flow must be studied at full ranges of opening heights ranging (from
0.5m to 2.0m).

According to the above specifications, following are the design sets of experiments. The
technique used to evaluate the stratified flow characteristics was air modelling. Four
sets of experiments were carried out. Both cold and hot airflow rates were entered at
different inputs and outputs heights. Cold air was entered at the bottom of the
environmental chamber with five different values whilst the hot airflow was entered the
top of the chamber with five different values. Both hot and cold airflow were supplied
using rectangular diffusers of 0.5 x 0.5 m for hot air and 1.0 x 0.5 m for cold air. The
diffusers help in admitting the flow with minimum disturbance to establish the
stratification in the flow and maintain the stratified layer. The experimental data must
give the indication of the stratified flow characteristics such as stratified layer interface

level height, stratified layer thickness, degree of stratification and stability.

The first set of experiments was to study the distribution of the thermal stratified layer
in the whole space. This was done through the moving of thermocouple stand in both
directions along and across the flow. Experiments were carried out for many inflow rate

at certain inlet and outlet heights. The purposes of this set of experiment are:

e To study the symmetry of the stratified layer in both directions along and across
the flow direction.

e To study the effect of walls on the stratified flow, where both heat transfer and
disturbances were high compared with that at the centre of the chamber.

e To study the stratified layer near the openings, where both temperature

difference and momentum were varied.
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e To estimate the approximate shape of the stratified region to be used in
analytical solutions.
e To validate the measurements obtained at the centre of the chamber, where the

stand was located.

These purposes were supported by [Howell and Potts, (2002)]. They mentioned that
most of the predictive techniques neglected both thermal radiation and diffusion as
mechanisms of thermal transport. [Howell and Potts, (2002)] come to this conclusion,
for large spaces it has an insignificant effect on the temperature stratification at steady

state conditions.

The second set of experiments was to study the effect of input airflow rate on stratified
flow characteristics. Both input and exhaust heights were fixed, while the hot airflow
rates were varied. These experiments were carried out for hot airflow rates from 1.0 ~
5.0m’/min at 45°C, and cold airflow rates from 0.0 ~ 8.0m’/min at the ambient

temperature. The purposes of this set of experiments were:

e To study the effect of both hot and cold airflow rates on the stratified flow
characteristics.

o To classify the stratified flow characteristics by the inputs airflow rates.

The third set of experiments was to study the effect of input hot airflow height on
stratified flow. Both cold airflow and the exhaust heights were fixed, while the hot
airflow height was varied. This was done for four different heights 1.0, 1.5, 2.0m. The

hot air supply was then activated to produce stratification. These experiments were
carried out for hot airflow rates from 1.0 ~ 5.0m’/min at 45°C, and cold airflow rates

from 0.0 ~ 8.0m’/minat the ambient temperature. The purposes of this set of

experiments were:

e To study the effect of input height on the stratified flow characteristics.
e To study the effect of both hot and cold airflow rates on the stratified flow

characteristics in the presence of various input heights..

The fourth set of experiments was to study the effect of exhaust height on stratified

flow. It was similar to the third set, except that both hot and the cold airflow heights

were fixed at certain heights, while the exhaust height was varied for five different
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heights 0.5, 1.0, 1.5, 2.0, and 2.5 m. The hot air temperature for this case is 45°C and
the experiments were carried out for hot airflow rates of 1.0 to 5.0m’/min. The cold
inflow temperature for this case was the ambient and the experiments were carried out

for cold airflow rates of 0.0 to 8.0m’/min. The purposes of this set of experiments

were:

e To study the effect of exhaust height on the stratified flow characteristics and
contaminant removal.

e To study the effect of both hot and cold airflow rates on the stratified flow at
various exhaust heights.

e To evaluate the best exhaust height be used in ventilation applications.

3.4.5 Mixing of Stratified Flow

In the first part of this work, laboratory experiments were done to investigate the effect
of jet flow on the stratified flow characteristics. The experiments were performed in the
same setup described in the previous section 3.3. The new experiments were presented
using both cold and warm air jet flow. The jet of 0.11m diameter was used to inject air
vertically downward to destroy the stratified layer or flow through it. The injected
momentum was increased gradually by increasing the jet speeds from (0.0 ~ 15.0m/s).
The injected air has an efficient momentum to disturb the surrounding air, and hence the
temperature distribution in the environmental chamber. With combined effects of
buoyancy and momentum, the degree of stratification and the flow characteristics are
being a complement of both the buoyancy and the momentum of injected flow. The
experiments were done over various degree of stratification (weak, intermediate and
strong stratification). During the experiments the position of the interface and the

motion through the layers were monitored visually.

The jet is located at the center of the chamber to minimize the effect of sidewalls on the
determination of the amount of entrainment. A separate rotational fan was used to
supply the jet with both hot and cold airflow. The 0.11 m diameter nozzle was directed
vertically, and supplies the air with an adjustable flow rate. It is possible to go from the

stratified case to the mixed case by changing jet airflow rate, thus changing the relative
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magnitudes of the buoyancy and momentum fluxes. The thermocouples were vertically
distributed on the stand. The stand was located in the middle of the chamber in order to
capture the temperature gradients in the stratified region. A data logger was interfaced
to a personal computer to collect the flow of temperature signals arriving from the test
chamber. Pictures were recorded onto a videotape and simultaneously to computer hard
disk.

To study the behavior of the stratified flow characteristics under the effect of jet
momentum airflow, wide temperature and smoke visualisation images were taken
besides the quantitative and qualitative measurements for both stratified and mixed

flow.
The experiments were performed according to the following procedure:

When a steady state is reached and a stratified layer is established between the upper
and the clear lower zones, the source of momentum (the jet) located at the center of the
chamber is turned on. Whiles the injected air is increased, the stratified layer starts to
translate up or downward depends on the initial situation of stratification and the
amount of momentum. The experiments are done for both cold and warm jet flow

according to the test matrix showing in table (3.4.1).

Jet Type Q.. (m® / min) Q. (m* / min)

Cold Jet 1.0 2.0 4.0 6.0
= 2.0 2.0 4.0 6.0
= 3.0 2.0 40 6.0
Warm Jet 1.0 2.0 4.0 6.0
= 2.0 2.0 4.0 6.0
= 3.0 2.0 4.0 6.0

Table 3.4.1: Details of experimental tests used to mix the stratified layer of
hot and cold airflow rates listed in the table with a resolution of +5.7%. For

each test, the jet speed was increased gradually from (0.0 ~ 15.0 m/s).

For the sequence of jet experiments, the only parameter was changed from one run to

the next was the flow rate, whilst during the run the jet speed was changed gradually in
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the ranges from 0.0 to15 m/s. The thermocouple readings were taken every 10 seconds.

The criterion used to reach a steady state condition was based on 0.2 °C variations.

A last set of experiments is done to study the stratified flow characteristics and the
usage of the inversion technique to destroy the stratified layer and mix the flow. It is
used to investigate the mixing process that takes place inside the environmental
chamber and the growth of the mixed layers. This can be done by the inversion of input
airflow suppliers. In this case, the buoyant cold layer in the lower zone will loose its
buoyancy forces while being heated with the hot airflow penetrated at lower levels in

the environmental chamber.

The temperature and smoke visualisation is carried out. Two cases of relatively strong
stratification are studied using the experimental set-up presented in this chapter. The
purpose of this technique is to remove the polluted and hot gases from the occupied
zone and to mix the air to a reasonably uniform temperature, yet satisfying the
requirements of comfort. This type of experiment must be done after complete

stratification to investigate the effect of inversion of air suppliers on the stratified flow.
The experiments were carried out for 2 to 6m’/mincold airflow rates and 1 to

3 m?/min hot airflow rates.

3.5 Smoke Visualization

Smoke visualisation was used as an easy method to display the results in simple form
being to the human observer. Smoke, as a form of pollutant source was presented by
introducing the smoke into the environmental chamber using smoke generator unit
photographed in figure (3.5.1). Photographic flow visualisation records were also
prepared using digital camera with default shutter speed. A series of visualisation tests
were conducted using the smoking unit. The tests were to study the stratification flow

characteristics such as thickness, interface level height, and degree of stratification.

The maximum heater voltage of the unit is limited by 25 volts, while the oil flow rate is
adjusted by 10 steps. The oil flow rate and heater voltage were adjusted to suit
prevailing conditions as necessary. The smoke device produces a non-toxic, non-

corrosive, dense white smoke suitable for observation and photography. Oil was heated
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inside the smoke machine. An electrical resistance heated the oil to introduce a vapor of
small visible particles. As there is no entraining gas, the smoke exit velocity is due only

to effects of thermal expansion.

The recommended oil is Shell "Ondina EL" or its exact equivalent. It is medicinal
quality white oil approved for use in environmental applications. The thermal and

chemical specifications of the oil are listed below (See Appendix A3.3):

Specific Gravity 0.86 at 20 °C.

Viscosity 14.3 centistokes at 40 "C

Flash Point 159°C

Auto-ignition Temp Above 250 °C

Combustibility as for hydrocarbons with this flash point
Extinguishing Media CO2, dry chemical powder or foam

The smoke was initiated with high momentum and exhibited turbulent mixing. It mixed
with the air through the lower zone at the centre of the environmental chamber. On
reaching the interface level height, the smoke started to spread out steadily along the

interface in the stratified region, where it was seen easily in this case.

Figure (3.5.2) shows a real view of stratified flow. During the experiments, the smoke
was seen ascending and coming to rest in a stratified region to form a layer of certain
thickness. This thickness was dependent on flow parameters. After that the smoke was

evacuated through the exhaust opening.

60



Figure 3.5.1: A photograph of smoking machine used to penetrate smoke for visualisation.

Figure 3.5.2: A video-recorded picture of stratified flow induced by smoke rise in the

environmental chamber at steady state conditions.
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Chapter 4

Effect of Ventilation Aperture Location and Inflow
outflow Rate on the Stratified Flow

4.1 Introduction

4.1.1 Experimental Conditions (Test Matrix)

It was necessary to plan several scenarios of tests that cover a wide range of flow rates,
at different input and output heights. The test sequences for the experiments are shown
in Tables 4.1.1, 4.1.2 and 4.1.3. These test matrices were designed to take optimum
advantages of the stratified flow conditions. The airflow rates are based on "ASHRAE
62 Standard”, where the specified airflow rates supplied to a room within a building is
(15 to 60 ft3/min/person), depending on the activities that normally occur in that room.
Using this guideline and assuming occupancy of (2 to 8 persons), the total typical

ventilation rate would be in the range of (0.85 to 13.6 m’/min).

Measuring locations along the direction of the flow (X-axis) in m
075 | 150 [ 225 [ 300 [ 375 | 450 | 525 | 6.00 | 6.75

Measuring locations across the direction of the flow (Y-axis) in m
080 | 1.60 [ 240 ] 3.20 [ 400 [ 480

Table 4.1.1: Details of experimental trials for fifteen experimental tests included the studied
locations: nine locations were along the direction of the flow, and six locations were across the

direction of the flow.
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H, (m) | Hy(m)| Q,,,(m’ /min) Q. (m* /min)

1.5 2.0 1.0 0.0 2.0 4.0 6.0 8.0
= = 2.0 0.0 2.0 4.0 6.0 8.0
= = 3.0 0.0 2.0 4.0 6.0 8.0
= = 4.0 0.0 2.0 4.0 6.0 8.0
= = 5.0 0.0 2.0 4.0 6.0 8.0
= 1.5 1.0 0.0 2.0 4.0 6.0 8.0
= = 2.0 0.0 2.0 4.0 6.0 8.0
= = 3.0 0.0 2.0 4.0 6.0 8.0
= = 4.0 0.0 2.0 4.0 6.0 8.0
= = 5.0 0.0 2.0 4.0 6.0 8.0
= 1.0 1.0 0.0 2.0 4.0 6.0 8.0
= = 2.0 0.0 2.0 4.0 6.0 8.0
= = 3.0 0.0 2.0 4.0 6.0 8.0
= = 4.0 0.0 2.0 4.0 6.0 8.0
= = 5.0 0.0 2.0 4.0 6.0 8.0

Table 4.1.2: Details of experimental trials for a number of experimental tests included the studied
flow parameters in the environmental chamber, and the runs in which the release mechanisms and

measurement setup were tested. The tests were for variable input heights. The measurements of air

flow rate are within a resolution of +5.7%.

To analyse the data, ranges of input output airflow rates are classified into three levels.
Table 4.1.4 shows the ranges of hot and cold airflow rates related to the level of flow

(low, moderate and high). The calculations were based on, hot air diffuser area of 0.25

m? and cold air diffuser area of 0.50 m2.
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H, (m) | H_,(m) | Q,,(m’/min) Q . (m* / min)
2.0 2.5 1.0 0.0 2.0 4.0 6.0 8.0
= = 2.0 0.0 2.0 4.0 6.0 8.0
= = 3.0 0.0 2.0 4.0 6.0 8.0
= = 4.0 0.0 2.0 4.0 6.0 8.0
= = 5.0 0.0 2.0 4.0 6.0 8.0
= 2.0 1.0 0.0 2.0 4.0 6.0 8.0
= = 2.0 0.0 2.0 4.0 6.0 8.0
= = 3.0 0.0 2.0 4.0 6.0 8.0
= = 4.0 0.0 2.0 4.0 6.0 8.0
= = 5.0 0.0 2.0 4.0 6.0 8.0
= 1.5 1.0 0.0 2.0 4.0 6.0 8.0
= = 2.0 0.0 2.0 4.0 6.0 8.0
= = 3.0 0.0 2.0 4.0 6.0 8.0
= = 4.0 0.0 2.0 4.0 6.0 8.0
= = 5.0 0.0 2.0 4.0 6.0 8.0
= 1.0 1.0 0.0 2.0 4.0 6.0 8.0
= = 2.0 0.0 2.0 4.0 6.0 8.0
= = 3.0 0.0 2.0 4.0 6.0 8.0
= = 4.0 0.0 2.0 4.0 6.0 8.0
= = 5.0 0.0 2.0 4.0 6.0 8.0

Table 4.1.3:

Details of experimental trials for a number of experimental tests included the studied

flow parameters in the chamber, and the runs in which the release mechanisms and measurement

setup were tested. The tests were for variable exhaust heights. The measurements of air flow rate

are within a

resolution of £5.7%.

Type of flow\Class of flow Low Moderate High
Cold airflow rate, m*/min 0.0, 2.0 4.0, 6.0 8.0,10.0
Hot airflow rate, m*’min 0.0, 1.0 2.0,3.0 4.0,5.0

Table 4.1.4:

shows the ranges of hot and cold airflow rates that be classified into three classis low,

moderate and high. The calculations were based on, hot air diffuser area of 0.25 m? and cold air

diffuser area of 0.50 m*. The measurements of air flow rate are within a resolution of +5.7%.
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4.1.2 Preliminary Experiments

A number of preliminary experiments were carried out to test the experimental set-up.
The first round of results allowed us to approximate the flow parameters that influence
the stratified flow and the experimental set up. It provides an additional recalibration to

reduce the errors that may occur during the experiments.

Figures 4.1.1 to 4.1.3 display a number of representative data. Figure 4.1.1 shows
steady state results of temperature distribution at the thermocouple stand with different
values of cold airflow rates Q_ =0, 2,4,6,8m’ /min and fixed moderate hot air flow
rate 3m’ /min . The results give an indication of the stratified flow characteristics such

as stratified layer interface level height, stratified layer thickness and degree of
stratification defined by h,  and DS respectively.

Figure 4.1.2 shows the results of vertical temperature profile in dimensionless form with
the dimensionless height at moderate hot air flow rate 2m’/min, and moderate cold
airflow rate 4.0m* /min . The results are for steady state conditions (d7/dr ~ 0) and

higher degree of stratification DS= 4.0. The phenomenon of stratification and the

stratified flow characteristics are observed clearly.

Q,=3.0 m*/min, Q.=0.0, 2.0, 4.0, 6.0, and 8.0 m*/min

50.0
S 450 | maimeintnn

gsso— e A s it A

§ 300

25.0

0.0 2.0 40 Qc 6.0 8.0

Figure 4.1.1: Temperature distribution across the chamber at a fixed axial location of (3.75,2.8) m
of (Q, =3.0m’/min) for different cold flow rates (Q_=0, 2,4, 6, 8m’ /min ) at fixed input
and output heights of (2.0 and 1.5) m in the environmental chamber.
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X=3.75 m, Y=2.8 m, Hh=2.0 m, Hex=1.5 m,Qh=2.0 m*/min,
Qc=4.0 m*/min
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Figure 4.1.2: Dimensionless temperature profile along vertical centreline with dimensionless height

across the chamber at a fixed axial location of (3.75, 2.8) m, (Q, =2.0m’/min) and

(Q. =40 m’/min) for different temperature readings of 1min time step.

The results shown in Figure 4.1.3 are the vertical temperature profile in dimensionless
form with dimensionless height for different values of cold airflow rates. The
preliminary analysis shows the effect of increase in cold airflow rate on the stratified
flow characteristics. It increases the stratified layer interface level height (h) and the

degree of stratification until it reaches the peak value of DS=4.0 atQ, = 4.0m’ /min , it

decreases the stratified layer thickness
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X=3.75 m, Y=2.8 m, Hh=2.0 m, Hex=1.5 m,Qh=2.0 m*/min,
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Figure 4.1.3: Dimensionless temperature profile along vertical centreline with dimensionless height

across the chamber at a fixed axial location of (3.75, 2.8) m and fixed hot air flow rate

(Q, =2.0m*/min ) for different cold flow rates (Q_=0,2,4,6,8m’/min) in the

environmental chamber.

4.2 Smoke Visualisation

The distribution of contaminants in workrooms is dependent on both clean-air
volumetric flow rates and the characteristics of the contaminants, [Raisanen and
Niemela (1997)]. Contaminants in the environmental chamber are introduced as a
smoke in the lower zone. The smoke rises until it reaches the stratified layer interface
level height h. Then it starts to spread horizontally at the level of this height. A digital
camera was used to take pictures of the smoke flow visualisation under steady state
conditions. The flow visualisation photographs displayed in Figures 4.2.2 to 4.2.8
correspond to the experimental test matrix (i.e. tables 4.1.1 to 4.1.3). The figures show

the results in a clear and simple form.

Figure 4.2.1 shows the variations of isothermal temperature lines with time for input
airflow height H, = 2.0 m, exhaust height H_, =1.5 m, hot airflow rate Q, =2.0m’/min
and cold airflow rate Q,=8.0m’/min at steady state conditions as obtained from
thermocouple readings (dT/dt~ 0). For this test case, Figure 4.2.2 shows the same

results. The figure visualises the stratified layer thickness & and interface level height h.
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The smoke visualisation shows the location of the stratified layer, and at a Ri =27
and dT/ dz =3.25 °C/m, it confirms that there are stable conditions as the smoke does

not move.

Comparison between these Figures 4.2.1 and 4.2.2 shows the agreement between these
different techniques, the validity of the experimental results, and the validity of smoke
visualisation to investigate the stratified flow characteristics. Analysing stratified flow
using temperature profiles or smoke flow gives the same results in terms of §, h

and dT/dz, the advantages of smoke visualisation are listed below:

e Gives an approximate shape for the stratified layer in the whole space.
o Gives the indications for the stratified flow characteristics at all points in

chamber while the temperature isothermal lines give these indications at the

stand location.
e Could be used to indicate the type and velocity of the flow, the diffusion
between the zones, the particles movement and so the convection through the

stratified layer.

While the temperature gradientdT/dz is always positive and reaches its maximum

values across the stratified layer boundaries, the concentration of smoke should be in
the stratified layer. It is in agreement with [Mundt (1995)] who conducted both
temperature and contaminant profiles in ventilated room, where the results showed that
the contaminants has been concentrated somewhere in the middle of the room, where

the source of heat was located and the higher temperature gradient was evaluated.

Figures, 4.2.3 to 4.2.6 show smoke visualisation for two values of hot airflow rates

Q, =1 and 2m’/min and four different values of cold air flow rates
Q. =2,4,6and8m’/min. The smoke concentration gives an indication of the effect of

cold airflow rates with increasing h, 8 anddT/dz. The flow streamlines of penetrated

smoke in lower and upper zones give an indication to the momentum forces and the

amount of mixing in each zone.

69



40 —

38 e

36

34 _—

Temperature ( oC)

1
s

o 14

28 16

16:43:41 16:45:07 16:46:34 16:48:00 et 11
—18

Time (minute)

Figure 4.2.1: The temperature lines, at the 18th  Figure 4.2.2: A video-recorded picture

thermocouples ~ stand, for Q, =2.0m’/min showing stratification induced by smoke

andQ _&0 mS/min’ DS - 6 7 Visualization, for Qh =2.0 ms/min and

Q. =80 m’/min, DS =6.7.

From smoke visualisation shown in the Figures 4.2.3 and 4.2.4, it is seen that increasing
the cold airflow rates (fromQ =2m’/min toQ_ =4 m’/min at fixed low hot airflow rate
(Q, =1m’/min ) leads to an increase of 3, due to contrary changes in momentum and
buoyancy forces. The overall Ri changes from 200 to 75 and the Re changes from 7000
to 14000. Comparison between Figures 4.2.3 and 4.2.4 shows that the stratified layer
across the direction of the flow (Figure 4.2.3) is more uniform compare to the stratified

layer along the direction of the flow (Figure 4.2.4), where the momentum fluxes is

higher(Re=14000) and buoyancy fluxes is lower (Ri=75) .

Figures 4.2.3 shows a visible jet flow above the source of smoke, which is due to the
vertical momentum of smoke flow issuing from the smoking machine. This jet causes
an entrainment of buoyant smoke above the stratified layer. Locally, this causes an
increase in the smoke layer thickness due to relatively high density of smoke above the

interface

From smoke visualisation shown in Figures 4.2.5 and 4.2.6, increasing the cold airflow

rate from intermediate to comparatively higher values (6.0 to 8 m° /min ) at fixed hot

airflow rate of (Q, =2 m'/min) leads to decrease the smoke concentration, and the
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smoke layer thickness, due to the increase in momentum (the overall Re increases from

19000 to 24000).

Figure 4.2.3: A video-recorded picture showing stratification induced by smoke visualization,

across the direction of the flow forH, =20m,H_=15m, Q,=10m’/mir and

Q, =2.0m’/min, Ri~ 200, Re ~ 7000 and AT=4.8 °C) .

Figure 4.2.4: A video-recorded picture showing stratification induced by smoke visualization,

along the direction of the flow for H, =2.0m, H_ =15m, Q, =1.0m*/min and

Q. =4.0 m*/min, Ri ~ 75, Re ~ 14000, and AT= 6.68 °C.
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Figure 4.2.5: A video-recorded picture showing stratification induced by smoke visualization,

forH, =2.0m, H_, =1.5m, Q, =2.0m’/min and Q_=6.0 m’/min, at steady state conditions, Ri ~

133, Re ~ 19000, AT=11.9 °C, DS=3.4.

Figure 4.2.6 A video-recorded picture showing stratification induced by smoke visualization,
forH, =2.0m, H_ =15m, Q, =2.0 m*/min and Q. =8.0 m’/min, at steady state conditions, Ri ~

27, Re ~ 24000 and AT=9.76 °C, DS=3.27.
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Figures 4.2.3 to 4.2.6 gives an indication of the combined effect of increasing hot and

cold airflow rates (Q, =1 to 2m’ /min) and (Q, =2 fo 8m’ /min).

e The smoke visualisation in Figures 4.2.3 and 4.2.5 show an increase in the
smoke layer thickness, it confirms the increase in the stratified layer thickness &
as the smoke layer thickness is increased. As discussed earlier, it is due to the

decrease of buoyancy to momentum ratio (Ri/Re) despite the increase in

temperature difference AT, where the flow is changed from relatively low to
relatively moderate airflow. The comparative momentum fluxes are higher
(Re=19000) and buoyancy fluxes are lower (Ri=133).

e At the same manner, from the smoke visualisation shown in Figures 4.2.4 and
4.2.6, the increase in both input airflow rates (hot and cold) decreases the degree
of stratification and increases smoke layer thickness. It is due to the decrease in

buoyancy to momentum ratio Ri/Re despite the increase in AT, where the flow

is translated from relatively moderate to relatively high airflow.

Figures 4.2.3 to 4.2.6 represent video-recorded pictures for different tests conditions.
The video-recorded pictures display the results in simple form. The results demonstrate
[Skistad (1998)] suggestion, where the relatively small amount of smoke has a very

large effect on the results.

Figure 4.2.7: A video-recorded picture for  Figure 4.2.8: A video-recorded picture for the

the upper zone of stratified flow induced by lower zone stratified flow induced by smoke

smoke rise at steady state conditions. rise at steady state conditions.
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From Figures 4.2.7 and 4.2.8, the stratified region is classified by three zones, with

respect to smoke visualisation.

e Above the stratified layer there is a smoke free zone. If the source of smoke is
close to the stratified layer interface or already exceeded, the smoke penetrates
into the upper zone and go upward to reach the ceiling, as shown in Figure
4.2.7. Despite of penetration into the upper zone the flow remains stratified.

e A stratified layer of interface level height, stratified layer thickness and degree
of stratification depend on the parameters affecting the flow. It can consider as a
thermal barrier that decelerates the smoke penetration and increases both, the
temperature in the upper zone, and the smoke concentration along the interface.
In this case exhaust openings should be at the level of stratification where
smoke is concentrated.

e Below the stratified layer there is a smoke free zone. This zone is free from
smoke hazards as shown in Figure 4.2.8. It should be taken in consideration
especially for tunnels and buildings designs, where stratified flow is important

in fire control and smoke management.

At the source of smoke, as the smoke develops from ignition, oil and entrained air rise
as a buoyant flux over the source of smoke release. During penetration of smoke,
ambient conditions begin to affect the smoke, and relatively cool ambient air is
entrained with the plume gases to decrease the temperature of the smoke, [Qin et al
(2006)]. The smoke velocity of the upper part decreases due to the decrease in the
buoyancy forces and heat losses, [Lee and Ryou (2005)]. The warm smoke would
initially have lower density than the surrounding. It continues to rise freely until it
becomes as cool (as dense) as the surrounding air. Once it reaches this stage of

equilibrium at which its temperature equals that of the surrounding environment.

In the presence of stratification, while the buoyancy and momentum forces cause the
smoke to flow in the downstream direction, the stratification deflects the upward smoke
motion by entrainment of ambient air. The primary variables characterizing a smoke
penetration are the smoke characteristics and the stratification characteristics. The
smoke characteristics like the kinematic buoyancy and momentum are comparable with

the stratification characteristics like the strength and interface level height of the
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stratified layer. Depending on these parameters, the smoke motion exhibited a range of

behaviors:

Case 1: When the stratified layer interface level height, is much less than the smoke
penetration height. In this case, the smoke reaches the stratified layer before loosing its
buoyancy force, so it will go through the stratified layer to stratify at the level of neutral
buoyancy. In this case, strong stratified layer can work as a thermal barrier against the
smoke penetration due to the higher temperature gradient in the stratified layer and the
entrainment of hot air. While the smoke buoyancy flux above this level being negative,
the smoke will then descend back towards the stratified layer height and to stratify

horizontally at the level of stratification, with a bulb shape as shown in Figure 4.2.4.

Case 2: when stratified layer interface level height is much greater than the smoke
penetration height. In this case, the increase in the volumetric flux due to the
entrainment of cold air will decrease the reduced gravity in order to preserve the
conservation of buoyancy flux. Therefore the smoke will reach its neutral buoyancy
before reaching the stratified layer, and start to stratify at a height of neutral buoyancy
rather than the interface level height. In this case, [Lee and Ryou (2005)] considered the

smoke interface height would be a position of a zero velocity.

Case 3: when the smoke penetration height is at the level of stratification. In this case,
the smoke temperature equals that of the surrounding environment (have equal
densities), the buoyancy of the smoke is zero, and the neutral buoyancy height is at the
level of stratification. In which, the smoke will stratify at the neutral buoyancy height
without significant effect for the stratified layer height.

The stratified flow can be characterized by Reynolds number Re, which represents the
importance of the inertial forces to the viscous forces, the Grashof number Gr, which
represents the importance of the buoyancy forces to the viscous forces and the
Richardson number Ri which represents the importance of the buoyancy forces to the

inertial forces.

A series of visualisation tests using Aero-tech™ smoke machine were recorded. It

displays the results in a clear and simple form.
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4.3 Tests Conditions

The study of stratified flow characteristics as a function of time and space (locations)
with the other parameters such as airflow rate, input and output vertical locations can be
used for ventilation purposes, where the time, height and spacing variations of the built

environment are significant.

4.3.1 Time Variations of Temperature

Creation of stratified flow takes a considerable time. After the chamber heating system
is on, one should allow sufficient time for the temperature to stabilize, particularly if the
chamber has been at ambient temperature. Since a data logger is installed in the
chamber, the temperature is continuously monitored. All the measurements were taken
at steady state conditions. The time needed to reach this condition varied from
experiment to experiment. It depends, mainly, on the weather fluctuations, measuring
situations and flow conditions. The typical time to reach steady state in our case was

about (2-hours).

To display the variation of stratified flow as a function of time, Figure 4.3.1 shows the
relations between the temperature isothermal lines and the time variations for a specific
period of time (140 minutes). A steady (isothermal) temperature lines are shown in
Figure 4.3.1. It shows the measuring temperatures of thermocouples on the stand as
time advances. Figure 4.3.1 shows the changes of the typical temperature distribution

with time.

As can be seen in the figure, the changes in temperature are visible near the top and
bottom of the chamber, and non visible in between. Over a period of time (90 minutes
from 16:20 to 17:50), it can be shown that the isothermal line degradationdT/dt = Min .
The changes were large near the ceiling and the floor due to heat transfer, heat loss to
the ambient, thermal radiation and mixing. The observed changes are too small
compared with the accuracy in the temperature measurements of 2.5%. From the

observations it is seen that a steady state condition (dT/dt ~ 0) is reached after 2 hours.
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Figure 4.3.1: gives an isothermal temperature lines as time advances when attaining steady state conditions.
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The variations of vertical temperature profiles for long period of time (10 hours) under
the effect of increasing airflow rates are shown in Figure 4.3.2. The first three curves in
Figure 4.3.2 show the initial vertical potential temperature profile, whereas the sequence
curves illustrate the monitory reordered potential temperature profile. Figure 4.3.2
shows all the temperature profiles from mid of the day to the mid of the night,
successively offset by 2 °C to see how the depth of the layers varies with time. The
temperature profiles close to the walls show small fluctuations that resulted from
velocity disturbances and local heat transfer by the walls. While every single profile
from this sequence is only representative of the temperature at the given time, the
formation of the stratified flow shown in the figure was achieved through the following

stages:

1. Before activating airflow rate (before 12:00:46), the flow is steady and fully
mixed, where the vertical temperature profile is always uniform (dT/dt=~0
anddT/dz~0 ).

2. For the period of (12:00:46 to 14:15:46), while the hot airflow was on and the
cold air flow was of the flow started to stratify in the upper zonedT/dz> 0 . In
the lower zone the flow was fully mixeddT/dz ~ 0 , while the stratified layer

was yet to be established.
3. For the period of (14:15:46 to 16:00:46), a stratified layer has appeared in the

upper zone, and started to translate downwards. The temperature profile in the
lower zone is approximately linear i.e. dT/dz~0 °C/m.

4. Further time step of 15 minutes at time (16:15:46), a dynamical significance
full-scale stratified layer was formed with (h=1.0 m, 6=0.6 m

anddT/d5=8 °C/m). Both vertical temperature profiles above and below the

stratified layer was quite linear (dT/dz~0 °C/m), with two separate

homogeneous layers in the upper and lower zone.

5. For the period of (16:15:46 to 18:15:46), while the cold airflow was still not
activated, the stratified layer thickness 8 has become thicker and dilute.
Interface level height h has reduced. The degree of stratification dT/dz is going
down, and the temperature profile in the upper zone is quit linear

(dT/dz~0 °C/m).
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Figure 4.3.2: Vertical temperature profiles, each successive profile is offset by 2.0 °C and separated
initially by a minute and lately by 15 minutes intervals. The successive profile plot was used by
|(Lorke et al. (2004)] and others.
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6. For the period of (18:15:46 to 20:45:46), the cold airflow was activated; the
stratified layer thickness & has become thinner and more concentrated. Interface

level height h has gone up. The temperature profile in the upper and lower
zones is quit linear (dT/dz~0 °C/m).

7. Further time step of 15 minutes at time (19:15:46 to 20:15:46), a full-scale
stratified layer was formed with (h=1.4 m, 6=0.3 m anddT/d6 =15 °C/m). Both
vertical temperature profiles above and below the stratified layer was quite
linear (dT/dz~0 °C/m), with two separate homogeneous layers in the upper

and lower zone.
8. For the period of (20:45:46 to 00:00:46), while the hot airflow was increased,

the process was continuing as in step 3 with the same loop.

Figures 4.3.3 to 4.3.5 show steady state temperature visualisation for three different

values of hot airflow rates (Q, =1.0,3.0,5.0 m’ /min), and various values of cold
airflow rates (Q_, = 0.0-8.0 m*/min ). Both hot and cold airflow rates were supplied to

the top and bottom of the chamber respectively using rectangular cross section diffusers.
The diffusers help in admitting the flow with minimum momentum to maintain the
stratified layer. The data obtained gives an indication of the stratified flow
characteristics such as, interface level height h, stratified layer thickness §, degree of
stratification DS and stability defined by Ri. The results show the measured vertical
temperature distribution along with the thermocouple stand. The highest degree of

stratification DS of (dT/dd = Max) occurred at low and moderate hot airflow rates,
whilst the weakest stratification of (dT/dd = Min) occurred at comparatively high hot

airflow rates.
The effect of increasing cold airflow rate is to:

1. Increase the temperature difference, AT.
Increase interface level height, h.

Improves degree of stratification defined by DS

> w N

Decrease the stratified layer thickness, 5.

Figures (4.3.3 to 4.3.5) show that low cold airflow rates are insufficient to preserve a

thermally stratified temperature distribution, especially with the presence of
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comparatively high hot airflow rates (Q, =4and Sm’/min). In the case of

comparatively low hot airflow rate (Q, =1and 2m®/min), Figure 4.3.3 show no

significant effect due to cold airflow on the temperature of the upper zone, whilst a
significant effect was visible in the temperature of the lower zone. However, increasing
the cold airflow rates will increase the amount of cold air in the lower zone, which
increase the temperature difference, and the density in the lower zone. Thus increase the
center of mass and buoyancy forces, which thrust the hot air toward the ceiling and push

the stratified layer interface higher.

Figure 4.3.3 shows that at low hot airflowQ, =1.0m’ /min, increasing cold airflow rates
propagate the flow to stratify at high values of cold airflow rates. In this case, the flow
is stratified under the effect of high cooling loads rather than comparatively insufficient
heating loads. Whereas the cold air supply is ambient air, the flow is stratified under the
effect of ambient conditions. In other words, for stratification at low hot air supply, the

effect of surrounding conditions and ambient external fluctuations is significant.

The results in Figures 4.3.3 to 4.3.5 show the effect of hot airflow rates on the stratified
flow characteristics. Increasing the hot airflow from Q, =1.0m’/min to Q, =5.0m’/min

at fixed cold airflow will;

Decrease the temperature difference, AT.
Decrease the interface level height, h.

Extended the stratified layer thickness, 8
Decrease the degree of stratification DS.

And in the result it destratified the flow.

AN

It should be due to two reasons:

e The first reason is due to increase in the upper zone temperature, which
increases the heat transfer between the zones due to temperature differences.
Therefore, it increases lower zone temperature, so decreases the buoyancy
forces. This condition may generate downward flows that incline the upper zone
towards the bottom of the chamber.

e The second reason is due to increase in the velocity of air in the upper zone of

the chamber, which increases the shearing forces through the interface.
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Therefore, it increases mixing that promotes the flow to be destratified. Similar
to third effect has been observed by [Linden (1979)] that mixing produced by
the mean turbulent shears increases the thickness of the stratified layer.

Figur 4.3.4 shows the strongest stratification of the conditions tested (dT/dd = Max).

The results are due to increase in bouyancy forces and temperature gradient hence Ri

number is also increased.

Figures 4.3.3 to 4.3.5 show the isothemal temperature lines with small fluctuations with
time. The temperature fluctuations are visible in the stratified layer. These fluctuations
may be related to flow parameters such as density and velocity, where these parameters
are the key factors of buoyancy and momentum forces. These observations are in
agreement with [Subbarao and Muralidhar (1997)]. It may be due to small disturbances
near the measurement stand and thermocouples nodes, or small perturbations that
described by [Turner (1973)]. [Turner (1973)] analysis showed that the flow could

stabilize with small perturbations for all flow of Ri > % It is also in agreement with

[Linden et al. (1990)] that “ventilation flows are turbulent, unsteady and three-

dimensional”.
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Figure 4.3.3: Temperature distribution across the chamber at a fixed axial location of
(3.75, 2.8) m and fixed hot air flow rate (Q, = 1.0 m’/min) for different cold flow rates

(Q.=0,2,4,6,8m" / min) in the chamber.
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Figure 4.3.4: Temperature distribution across the chamber at a fixed axial location of
(3.75,2.8) m and fixed hot air flow rate (Q, =3.0m’/min) for different cold flow rates

(Q, =0,2,4,6,8m* / min) in the environmental chamber.
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Figure 4.3.5: Temperature distribution across the chamber at a fixed axial location of
(3.75, 2.8) m and fixed hot air flow rate (Q, =5.0m’/min) for different cold flow rates

(Q,=0,2,4,6,8m” /min) in the environmental chamber.
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4.3.2 Spatial Variations of Temperature

Uniform stratified flow in the environmental chamber is an important factor in
predicting and calculating the flow characteristics. Fifteen locations were tested, nine
locations along the stream-wise direction (x-axis), and six locations across the stream-
wise direction (y-axis). The tests were done to estimate the approximate shape of the
stratified layer, and to validate the choosing of the chamber centre as a reference
location for stratified flow calculations. The schematic diagram for these locations is

shown in Figure 4.3.6.

The variations of temperature profile in both along and across the stream-wise direction
have been measured. Figures (4.3.7) to (4.3.8) shows an agreement between the
measured air temperatures in the middle of the chamber to that measured at a number of

locations.

Measuring locations
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Figure 4.3.6: Definition sketch of the environmental chamber plan view showing a

diagrammatic representation of measuring locations listed in table 4.1.1.

84



The measured transitional temperature profiles at various stream-wise locations (x =
0.75, 1.5, 2.25,3.0, 3.75, 4.5, 5.25, 6.0, 6.75 m) along the longitudinal line of symmetry
are shown in Figures 4.3.7 and 4.3.8. It shows the temperature profile for a grid of 0.75
m along the distance between the inlet airflow rate and the outlet. Figures (4.3.7: a to h)
show comparisons of eight experimental temperature profiles at the entire locations
along the flow direction. The data is for the case of (DS=3.4) to show the stratified layer
distribution and the interface level height in the flow direction. The temperature profiles
appear to be independent of the x-direction, while the flow direction does, however,

influence the temperature difference.

Combinations of these profiles are shown in Figure 4.3.8. The Figure shows the
normalized temperature profiles against the normalized height in the stream-wise
direction. The comparison is based on the measured vertical temperature distribution in
the middle of the chamber. The results show that the vertical temperature profile
variation in the environmental chamber is near symmetrical in the x-direction. The
variations in the vertical values are small over the entire chamber. Whilst, near the
inlets, the temperature difference is maximum, and the momentum of inflow is so high,

which increase mixing in the region close to the flow sources.
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Figure 4.3.7 (a) to (h): Dimensionless temperature profile along vertical centreline with

dimensionless height for a number of locations along the direction of the flow, where

(Q, =2.0m"*/min )and(Q, = 6.0m* /min ).
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y=2.8 m, Qh=2 m3/min,Qc=6 m3/min, Hh=2.0 m, Hex=1.5m,
Ri~100, Re~16192, Ar~92

r

—p—=x=0.75 m =@=x=1.5m x=2.25m ==d=x=30m =O=x=3.75m

= =450 m =—E==x=525m =A=x=6.00m ====x=6.75m

(T-T1)/(T2-T1)

1.5

Z/H, Successive profile offset by 0.2

Figure 4.3.8: Dimensionless temperature profile along vertical centreline with dimensionless height

for a number of locations along the direction of the flow, where (Q, = 2.0m’ /min ) and

(Q, = 6.0m* /min ), with successive profile offset by 0.2 in z-direction.

The measured transitional temperature profiles across the stream-wise direction in the
locations of (y = 0.8, 1.6, 2.4, 3.2, 4.0, 4.8 m) across the line of symmetry are shown in
Figures 4.3.9 and 4.3.10. Figures 4.3.9 (a) to (f) show a comparison of six temperature
profile for a grid of 0.8 m from wall to wall across the direction of flow. The results
show that the temperature profile in the chamber is precisely symmetrical in the y-
direction. The variations in the vertical values are insignificant at the entire locations.
Whilst, at the walls, the temperature difference and momentum are comparatively high

due to heat transfer and disturbances near the walls.

Combinations of these profiles are shown in Figure 4.3.10. The Figure shows the
temperature profiles at six measuring locations across the stream-wise direction (y-
direction). The result shows that for large-sized environmental chamber, the flow

characteristics are uniform.
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Comparing the results of temperature profiles across the direction of flow (Figures 4.3.9
and 4.3.10) with that along the direction of flow (Figures 4.3.7 and 4.3.8), shows
insignificant variations across the flow direction compared with the variations along the
flow direction. The degree of stratification appears almost the same. It is considered,
possibly, due to the relatively decrease in flow temperature, and wall effect on both
temperature and velocity. As shown in the figures, as the distance from the center
increases, the degree of stratification lowered slightly due to the increase of heat transfer

and wall disturbances.

a) X=3.76m, Y=0.8 m b) X=3.76m, Y=1.6m
Qh=2 m*3/ min, Qc=6 M*3/ min, Hh=2.0 m, Hex=1.6m Qh=2 m*3/ min, Qc=6 m*3/ min, Hh=2.0 m, Hex=1.6m
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Figure 4.3.9 (a) to (f): Dimensionless temperature profile along vertical centreline with
dimensionless height for a number of locations across the direction of the flow for hot airflow rate

(Q, =2.0m”’/min ) and cold airflow rate (Q . = 6.0m* /min ) in the chamber.
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x=3.75 m, Qh=2 m’/min,Qc=6 m’/min, Hh=2.0 m, Hex=1.5m, Ri~100,

Re~16192, Ar~92
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Figure 4.3.10: Dimensionless temperature profile along vertical centreline with dimensionless

height for a number of locations across the direction of the flow for hot airflow rate

(Q, =2.0m"/min ) and cold airflow rate (Q_ = 6.0m * / min ), with successive profile offset

by 0.2 in z-direction.

4 .4 Effect of Input Airflow Rate

The effect of input airflow rate on stratified flow was studied. Different values of inflow

were tested, experimentally, along with several flow parameters inside the chamber. The
flow rates studied were in the ranges of Q, =1.0-5.0m’/min andQ, =0.0-8.0 m’/min.

These ranges could be useful for studying both stratified and mixed flow. It covers all
ranges of Ri (from 0.67 to 200).

The temperature profiles for various values of hot and cold airflow rates, at fixed input
and output locations, are plotted in Figures 4.4.1 and 4.4.2 respectively. The results are

in terms of the dimensionless temperature (T -T,)/(T, —T,) with the dimensionless
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height z/H, where T, and T, being respectively the temperatures at the bottom and the

top of the chamber, and H is the chamber height.

For both cases shown in Figures 4.4.1 and 4.4.2, it is observed that the temperature
distribution is affected by the input airflow rates. While the effect of hot airflow rate on
temperature profiles is significant (Figure 4.4.1), the effect of cold airflow rates is

smaller (Figure 4.4.2).

Figure 4.4.1 shows the results of various values of hot airflow Q, =1.0—5.0m’/min at
comparatively high cold airflowQ, =4.0 m’ /min. The Figure shows that for low
values of hot airflow (Q, =1.0 m’ /min), the heat released is not efficient to stratify the

flow. For high values of airflow (Q, =3.0-5.0m’ /min), the momentum is high
enough to cause weak stratification or mixed flow, while the strongest stratification is

found for moderate values of hot airflow (Q, =2.0m’ /min). For this case, the flow

characteristics are h = 1.2m, 8 = 0.6m, dT/d8 =15 °C/mand DS=7.6.

Qc=4.0 m*/min

50.0
45.0
S
g 400
2
g
@
g 35.0
2 :
300 Qh=1.0 e=gm=(Qh=2.0 ===Qh=3.0
| | =—®=Qhe40  ==M==0n=50
25.0 :
0.0 0.5 1.0 15 20 25 3.0

Height m

Figure 4.4.1: Comparison of temperature profile along vertical centreline with the height across the

chamber at a fixed axial location of (3.75, 2.8) m and fixed cold air flow rate (Q, = 4.0m?> /min ) for

different hot airflow rates (Q, = 1,2,3,4,5m ’ / min ) in the environmental chamber.
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Figure 4.4.2 shows the results of temperature profiles at comparatively low
Q, =20m’/min with various values of Q =0.0— 80m’/mir. The temperature profiles
show a visible change. For both low and moderate cold airflow rate, increasing the flow
rate increases the temperature difference and so affect the degree of stratification DS.
On the contrary, high levels of cold airflow rates cause a decrease in temperature

difference and sodT/d3. In general, the results show that the profiles are more stratified

in the interior regions (stratified region) than for exterior regions

Qh= 2.0 m*/min ‘
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Figure 4.4.2: Comparison of temperature profile along vertical centreline with the height
across the chamber at a fixed axial location of (3.75, 2.8) m and fixed hot air flow rate

(Q, =2.0m*/min ) for different cold flow rates (Q_ = 0,2,4,6,8m* / min ) in the

environmental chamber.

Comparison between Figures 4.4.1 and 4.4.2 shows that the effect of increasing hot
airflow rate on the stratified flow characteristics, at fixed cold airflow rate, is more
significant than the effect of increasing cold airflow rate at a fixed value of hot airflow
rate. In other words, hot air flow rate has more significant effect on the stratified flow

characteristics than that of cold airflow.

Figure 4.4.3 (a) to (e) presents the vertical temperature gradient dT /dz with the vertical
height. The results are displayed as a function of hot airflow rates. It can be seen that,
the increase in the amount of hot airflow rate propagates stratification to occur at low

values of cold airflow rate, and the interface level height h descends to attain the
91



ground. By the definition of Richardson number in equation (4.4.2) it decreases the

stability of the flow by decreasing the Ri, and so destabilize the flow.

(&)
dz (4.4.2)

(o)

where, f is the volumetric expansion coefficient for air.

Ri = gB

Therefore, related to the present set-up, to provide good thermal stratification, the hot
airflow has to be moderate, and the momentum must be low. This could be done when

the hot air supply is distributed vertically over a large area.
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Figure 4.4.3 (a) to (e): Temperature gradient dT /dz with vertical height across the chamber

at a fixed axial location of (3.75,2.8) m and certain values of hot air flow rate for different cold

airflow rates (Q _ = 0,2,4,6,8m * / min ) in the chamber.
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Figure 4.4.4 (a) to (e) presents the vertical temperature gradient dT/dz with the vertical
height for various cold airflow rates. It can be seen from the Figure, for low and
moderate cold airflow rates, increasing of cold airflow rate will increase the interface

level height h anddT/dz. It increases the interface level height h due to the increase in
buoyancy forces. For high cold airflow rates (Q, =8.0m’/min), the flow starts to

destabilize. The instability can be related to two causes:

e Mixing due to high momentum induce a strong fluid motion that sufficient to
mix the flow and destroy thermal stratification.

¢ Increase in radiative energy absorbed by water vapor in the lower zone, as
investigated by [Teodosiu et al. (2003)]. This could happen due to the radiative
heat transfer between the upper zone boundaries and the water vapor in the
lower zone. In our case, using ambient air as a cold air supply, with high relative
humidity, can cause this effect. This cause was supported by [Mundt (1995)].
[Mundt (1995)] related the reason to the radiation from warmer ceiling to the
cold floor, then the convection heat transport to the air from the floor in the

lower zone.

Therefore, to provide good thermal stratification, the cold airflow rate has to be
moderate, and the momentum must be low. It is in agreement with [Hejazi and Siren
(1997)] results that high cold airflow rates caused problems occurred in air distribution

and control of ventilation systems.

In conclusion, weak stratification is often due to mixing, and poor ventilation is the
cause of many factors, which leads to poor distribution of the air in the working space,
[Chung et al. (1997)].
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Figure 4.4.4 (a) to (e): Temperature gradient dT/dz with vertical height across the chamber
at a fixed axial location of (3.75,2.8) m and certain values of cold airflow rates for different

values of hot airflow rates (Q, = 1.0—5.0m* /min).
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The effect of input airflow rates on the stratified flow characteristicsh, h’ and & are
shown in Figure 4.4.5. Figure 4.4.5 shows the effect of increasing cold airflow rate to
decrease both h’ and 8, whiles it increase the stratified layer interface level height h.
The figure shows the decrease of the stratified layer thickness 8, due to the momentum
transfer from the cold airflow to the stratified layer according to the momentum
equation, which specifies the density variations effect. The decrease is not significant at
lower flow rates. When the cold airflow is comparatively high, there were higher
decrease in the stratified layer thickness and height, while the interface level height
increases. Increasing the source momentum leads to increase mixing, due to energy
transfer, and as a result the stratified layer thickness and the stratified layer height

decreased more rapidly than for low and moderate cold airflow rates.

Figure 4.4.6 shows the effect of increasing hot airflow rate to decrease both the
stratified layer top heighth’ and the stratified layer interface level height h, whiles it
increase the stratified layer thickness 8. The Figure shows that the decrease of both h
and h'is rapid whilst the increase of & is small. The effect is due to the increase of
temperature difference, heat transfer, and as a result the stratified layer is extended,

which should therefore lead to a low degree of stratification DS.

Stratified flow characteristics at Q,=2.0 m’/min

2.00 ,
160 : M
1.45
E 120
Z 1.0
Z 0.80

| =#—Interface level height R
=g Stratified layer top height | 2
Q= Stratified layer thickness

L

0.00
0.0 2.0 4.0 6.0 8.0

Qc (m"/min)

Figure 4.4.5: The stratified layer interface level height, the stratified layer height and the
stratified layer thickness with cold airflow rate for intermediate hot airflow rate. (Values on

graph are heights in m).
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Stratified flow characteristics at Qc=4.0 ms/min

2.00 ==O==Interface level height -
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Figure 4.4.6: The stratified layer interface level height h, the stratified layer height and the

stratified layer thickness with hot airflow rate for intermediate cold airflow rate.(In this case,
h reaches the ground before Q, reaches the value 4.0 m* / min so 8, while the interface top

heighth’ is still over).

Figure 4.4.7 shows the temperature gradient across the stratified layer dT/dlea and

the strongest degree of stratification DS with cold airflow rates at an intermediate values
of hot airflow rates (Q, =2.0,3.0 m’ /min). The results show that the strongest degree
of stratification DS=7.6 and 4.0 are for intermediate values of cold airflow rates

(Q,=4.0and 6.0m’/min) as listed in table 4.1.4. It is at an airflow ratio
(Q./Q, =2), where the buoyancy and momentum forces are in balanced. Compared

with the lower and higher cold airflow rates. For comparatively low airflow rates the
buoyancy forces is sufficient to stabilize the flow. For comparatively high airflow rates
the momentum is high enough to overcome the stabilizing influence of the buoyancy

forces.

The best results are for moderate airflow rates of sufficient buoyancy forces and low
kinetic energy to overcome the stabilized case. There are overcoming forces between
the buoyancy tending to stratify the interior and the momentum tending to mix it. Thus
with a forced plume it is possible to go from the stratified case to the mixed case by
changing the relative magnitudes of the buoyancy and momentum fluxes. [Hunt et al
(2002)].
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Stratified layer temperature gradient, dI/dz and Degree of Stratification, DS
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Figure 4.4.7: The stratified layer temperature gradient dT/dz ( °C/m) and the degree of
stratification DS in stratified flow with various values of cold airflow rates

(Q, =0,2,4,6,8m * / min ) for intermediate values of hot airflow rates (Q, =2,3m * / min ).

The effects of input airflow rates on the reduced gravity g’ are shown in Figures 4.4.8.

Figure 4.4.8 shows the effect of increasing cold airflow on the reduced gravity g’:

e At low and moderate hot airflow rates, increasing cold airflow rate with
comparatively low values shows rapid increase in g’, whiles more increase in
cold airflow rate results in rapid decrease.

e At comparatively high hot airflow rates, increasing cold airflow rates shows a
small decrease in the values of g’ at the full ranges of cold airflow rates.

e The maximum value of g’ is at moderate values of input airflow rates, due to

moderate balance between buoyancy and momentum.

Figure 4.4.8 shows the effect of increasing hot airflow rate on the reduced gravity g’. It

shows the increase of g’ with increase of hot airflow rates due to the increase in
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temperature difference. It also shows the maximum value of g’ is at comparatively low

cold airflow rate.

Figure 4.4.8: Reduced gravity g' m /s’ with various values of cold airflow rates
(Q, =0,2,4,6,8m* /min ) for hot airflow rates (Q, =1,2,3,4m’ /min ) in the
environmental chamber.

In summary, controlling of airflow rates can be used for controlling the degree of
stratification and stratification interface level height to maintain on stratified layer. It is
in agreement with the results of [Linden (1979)]. [Linden (1979)] identified the needs
for input flow rates to remove the mixed fluid from the stratified region in order to keep

its thickness constant.

4.5 Effect of Vertical Inflow and Outflow Location

4.5.1 Effect of Input Vertical Location

Noting that, for our case, the input location was the source of heat release in the
chamber where hot air was penetrated. This location was considered as a useful
parameter to be investigated. Various input locations were tested, experimentally, along

with several flow parameters inside the chamber. The locations studied were (1.0, 1.5,
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2.0 m). The experiments were carried out for different ranges of flow rates of both hot
and cold air corresponding to different ranges of Ri (0.67 to 200). The temperature

profiles for various values of cold airflow rates (Q, =0.0— 8.0m’/mir) and input locations

(H,=20m and H,= 1.5m), at fixed exhaust location (H_=1.5m) at hot airflow rate

X1

(Q, =2.0m’/min), are plotted in Figures 4.5.1 and 4.5.2 respectively. The results were

in terms of the dimensionless temperature (7 —7;)/(T, —7;) with the dimensionless

height z/ H , where T, and T, being respectively the temperatures at the bottom and the

top of the chamber, and H is the total height of the chamber.

For both cases shown in Figures 4.5.1 and 4.5.2, it is observed that the temperature
distribution is affected by both the input location and the cold airflow rate. While the
effect of input location on temperature profiles is significant the effect of cold airflow
rates is smaller, especially for input location of 1.5 m. The effect of cold airflow rate

was much stronger for the 2.0 m input location than that of 1.5 m.

X=3.75 m, Y=2.8 m, H, =2.0 m, Hex=1.5 m,Qh=2.0 m*/min, 1

1.20

1.00 -

| ~ 0.80 -

0.60 -
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0.40 -

0.20

0.00 ‘ ' T T - ‘
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00

Figure 4.5.1: Comparison of dimensionless temperature profile along vertical centreline with

dimensionless height across the chamber at a fixed axial location of (3.75, 2.8) m and fixed hot air

flow rate (Q, = 2.0m* /min ) for different cold flow rates (Q _ = 0,2,4,6,8m * / min ) in the

environmental chamber for 2.0 m input location.
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Figure 4.5.2: Comparison of dimensionless temperature profile along vertical centreline with

dimensionless height across the chamber at a fixed axial location of (3.75,2.8) m and fixed hot air

flow rate (Q, = 2.0m’ / min ) for different cold flow rates (Q , = 0,2,4,6,8m * / min ) in the

environmental chamber for 1.5 m input location.

Comparison between Figures 4.5.1 and 4.5.2 shows the effect of increasing input
location of hot airflow rate from 1.5 m to 2.0 m (i.e. 30% height increase) on the

stratified flow characteristics:

1. It increases the stratified layer interface level height h.
2. It increases the temperature variations in the upper zone.

3. It reinforces the effect of cold airflow rates on the stratified flow characteristics.

Firstly, the higher of the input location yields a higher interface level height; the effects
were due to the height shift of hot air flow rate (AH, ) that shifted the stratified layer

upward in response to the change in the level of the supply diffuser, so the interface

level height h. From the Figures, the increase in h was more than the height shift, which

is due to both: the height shift (A#, ) and the height difference between hot and cold
airflow rates ( H, —H ) that decreases the amount of heat transfer between the zones and

the amount of mixing and so propagates the flow to stratify.

101



Secondly, as input location H, increases, larger circulation flows are generated in the

upper region, whereas; minor ones are formed for low H, . This change of flow fields

was related to plume strength, which results in different levels of stratification, [Hee-Jin
and Dale (2001)]. When input location is located at 1.0 m, no visible stratification level
is observed because the hot airflow is ascended directly into the floor before it yields a
stratified layer, where the spread of hot air beneath the low input location is dependent
on the input location, as one would expect. Because the penetration distance is
decreased then the small height is sufficient to prevent hot air reaching the ground. In
this case it can also be observed that the flow is completely mixed where the penetration
distance and the interface level height are both found to decrease with decreasing input

location, [Abdulkarim and Yogesh (1996)].

Thirdly, when the vertical location of the heat source is at lower levels, a convective
heat gain from the heat source to the lower zone is increasing. The lower zone is
originally cold, this will increase the temperature in the lower zone leading to decrease
it in the upper zones, so a reduction in the average temperature of the work zone will
result, [Sinha et al.(2000)]. Thus, the cold airflow rates have a wide domain to affect the

flow, especially in both the stratified layer and the upper zone.

From the Figures 4.5.1 and 4.5.2, it can be seen that, when input location is reduced by

25% (from H,=20mto H,= 1.5m), the shape of temperature profile showed less

sensitivity to the change in cold airflow rate. It also can be seen that, the decrease of

H, affects the flow to stratify at lower height while the interface level height descends

to attain the ground.

It can be noted that, in the stratified layer, the temperature profiles is more mixed close
to the upper zone than that close to the lower zone, while it is more mixed in lower zone
than that in the upper zone. However, as the input location increases or the amount of
cold airflow rates increases, the interface tends upwards towards the ceiling, and
therefore extends the stratified layer thickness 8. As a result, the flow becomes more

dilute and the stratified layer more diffused.

As a heat source supply, the results showed that the input location has a significant
influence on the flow characteristics. Figures 4.5.2 to 4.5.4 illustrates that as the hot

airflow rate increases, the amount of heat in the upper zone, and the interface level
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height migrates downwards from the top of the chamber to reach the ground, even
though the input location is increasing. It also showed that the interface level height h

seen to increase with increase the H, , and to decrease with increase in the hot airflow

rate.

(T-T1)(T2-T1)

0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0
h/H ‘

Figure 4.5.3: Comparison of dimensionless temperature profile along vertical centreline with
dimensionless height across the chamber at a fixed axial location of (3.75,2.8) m and fixed hot

air flow rate (Q, = 3.0m * /min ) for different cold flow rates (Q , = 0,2,4,6,8m * / min )

in the environmental chamber for 1.5 m input location.

The results show that higher input location offer a stable stratified flow in which the
layer is built up and becomes strong enough to overcome mixing forces. For this case,
increasing the hot airflow rates will increase the temperature in the upper zone, and then
the hot air in the upper region pushes the stratified layer downward. More increase in
flow rate will make the layer to lose its buoyancy. In this case, only one type of flow
would be observed in whole space. It is deduced that when the source is at low location,
a large circulation is created yielding a lower stratification level. The reverse is applied
to the case of higher locations of the heat source where momentum based stratification

is to form at a higher level.

Typical temperature profiles are shown in Figures 4.5.5 and 4.5.6 for input location of
heights 1.0, 1.5 and 2.0 m. The flow rates were varied for these tests. The temperature
distributions were for cases of mixing flow. The Figures show the flow was fully mixed

for both modes of low and high airflow rates.
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Figure 4.5.4: Comparison of dimensionless temperature profile along vertical centreline with

dimensionless height across the chamber at a fixed axial location of (3.75,2.8) m and fixed hot

air  flow rate (Q, =4.0m’/min ) for different cold flow rates

(Q. =0,2,4,6,8m ’ / min ) in the environmental chamber for 1.5 m input location.

Figure 4.5.5 show the input locations of no significant effect on the shape of
temperature profile for constant given flow rate, whiles airflow rates has a significant
effect on the temperature difference. At low mode of hot and cold airflow rates (1&2
m®/min), the flow has insufficient buoyancy forces required to stratify the flow. At high
values of hot and cold airflow rates (5&6 m’/min), the flow has a maximum momentum
that is sufficient to break down the stratified layer and mix the flow. The comparatively
high energy introduced by the hot air supply will increase the temperature difference

between these modes.

Figure 4.5.6 shows the temperature profiles for moderate airflow rates, with a
significant effect of input locations. When the input location is increased vertically, a
larger temperature gradient is created (compared to lower location) in the lower zone.
The flow becomes stratified in different degrees of stratifications. Two reasons are

suggested for this:
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1. There is an increase in buoyancy forces to stratify the flow compared with low
airflow rate. On the other hand, there is a decrease in momentum forces that
break the stratified layer and mix the flow compared with the high airflow rate.

2. As the hot airflow rate reduces, the volumetric flow rate is increased by
entrainment of surrounding air, and a circulation flow is formed in the region
under the input location. It is observed that when the input location is low both
hot and cold air will mix together. This increases the temperature in the lower
zone. When the input location is lifted further, the hot air is circulated in the
upper region, while the cold air is circulated in the lower region yielding a

stratified layer in between [Hee-Jin and Dale (2001)].

From the analysis, the input location affects both the generation of stratified layer and
the flow characteristics. Therefore, the strength and size of those circulation flows are

main factors in characterizing the stratification level [Hee-Jin and Dale (2001)].
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Figure 4.5.5 Comparison of temperature profile along vertical centreline with chamber
height at low (Q;, Q=1, 2 m3/min) and high (Q,, Q=5, 6 m3/min) modes of air flow rates in

the environmental chamber far different innut locations.
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Figure 4.5.6: Comparison of temperature profile along vertical centreline with chamber
height at intermediate airflow rates (Qy, Q= 3, 4 m>/min) in the environmental chamber for

different input locations.

4.5.2 Effect of Output Vertical Location

Exhaust location is another parameter that has been investigated. Compared with the
previous results for the effect of input location, the flow characteristics are affected
considerably by the exhaust location as seen from the results. The dimensionless
temperature profiles for various values of hot and cold airflow rates, at fixed input
location and large values of exhaust locations were plotted in Figures 4.5.7 to 4.5.10.
The Figures shows that at exhaust location 2.5m, the temperature distribution is affected
by the input airflow rates with significant values for hot airflow rates, and in smaller

values for cold airflow rates.

These Figures also show that the exhaust location does not alter the position of the
interface level height. It is to be found in the location above or below the interface level
height. Note that the exhaust location does influence the flow rate and the level of the
interface. In order to improve the effectiveness of ventilation and to save heating energy
costs, the exhaust location must be where “the exhaust temperature should not exceed

the temperature in the occupied zone™ [Hagstrom et al. (2000)].
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Comparisons between Figures 4.5.7 to 4.5.10 show that the flow can stratify at certain
heights below the exhaust location depending on the flow boundary conditions. For this
the opening geometries must be designed to overcome the phenomenon and exhausted
the contaminants and unneeded gases with high removing efficiency. However, when
the exhaust location is not at the stratified layer height, but at some way below or above,
the removing efficiency becomes low. In other words, fixed exhaust location is

ineffective to exhaust the contaminant. The following points are also reported.

1. If the exhaust location is below the stratified layer height. In this case, the cold
air flows out through the exhaust opening, while the stratified interface level
height becomes smaller.

2. If the exhaust location is at the stratified layer position. In this case, the stratified
flow is not established and the transition to mixing flow is observed. This was
due to the airflows from the stratified layer through the exhaust opening.

3. If the exhaust location is above the stratified layer. In this case, the hot air flows
out through the exhaust opening while the stratified interface level height moves
to reach the top of the chamber.

It is seen that the degree of stratification DS for case 1 is considerably higher than that
for case 3. Where a higher exhaust location will tends to higher level of stratification.
On the other hand, a lower location may result in lower levels of stratification. For these
three cases, the stratified interface level height will move up and down to maintain on

the stratified layer. It could be fixed by distributing the exhaust location vertically.

From figures 4.5.7 to 4.5.10, the exhaust location is a key factor in stratification
phenomenon thus in ventilation process. It is important in the evaluation of the flow
characteristics in ventilated rooms. When the exhaust location is situated in the upper
zone, while the warm air is supplied at higher level in two zone environment, the warm,
fresh air will spread under the ceiling due to buoyancy. It will be extracted when it
reaches the outlet. Thus the large amount of fresh air will short circuit into the outlet,
while small amount of fresh air will reach the occupied zone. In this case, the
exhausting of fresh air is large and the concentration of contaminants in the lower zone
is too high. On the contrary, when the exhaust location is situated in the lower zone or

close to the stratified layer interface, the contaminant removal effectiveness is larger.
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Very similar suggestion was obtained by Mundt (2001) that the source of contaminant

must be in the upper zone to be exhausted at large effectiveness.

The increase in hot air flow rates increases the degree of stratificationdT/dd, but further
increases in hot air flow rate produce little further increase in degree of
stratificationdT/d8. Whatever the explanation for these observations, the results of

Figures 4.5.7 to 4.5.10 could provide a useful indication for this case.

From the effect of input airflow rates, while the hot and cold airflow rates decline each

other, the input and exhaust locations reinforce each other.

Comparison between Figures 4.5.7 to 4.5.11 shows the effect of increasing exhaust

location on the stratified flow characteristics. However, for this case:

1. It increases the stratified layer height, due to the height shift, and decreases the

temperature difference dT/d8 so DS, due to the evacuation of fresh hot air from

the upper zone.
2. It increases the significant effect of cold airflow rate due to the wide domain in

the lower zone where both the mixing and the influence length will increase.

The analysis above shows that increasing the exhaust vertical location results in an
extended stratified region with small temperature difference. The degree of stratification
becomes smaller and the flow will tend towards mixed conditions. It is similar to the
results obtained by Linden et al. (1990), using filling boxes, and demonstrated when the
output location is high, the amount of mixing was increases and the interface was

mixed.

Figures 4.5.7 and 4.5.11 shows how the dimensionless temperature distribution varies
depending on exhaust locations. The figure shows that the temperature does not vary
linearly over the chamber height and it can be divided into three zones. While the height
of the lower zone is changing with the source location, the upper zone is fixed for a
number of source locations. While temperature remains constant in the lower and upper

zones, (except at 2 m case) temperature in the stratified zone changes linearly.

In ventilation applications, stratification interface level height and ventilation airflow

rates are the two main factors in the design of natural ventilation system [Chen and Li
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(2002)]. Both input and exhaust vertical locations have a significant effect on the flow
characteristics, and reinforce each other. In Linden’s and Skistad’s models there are no
more explanations for the effect of these parameters on the stratified flow

characteristics.

Exhaust=2.5, Qh=1.C 3;3/min
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Figure 4.5.7: Comparison of dimensionless temperature profile along vertical centreline
with dimensionless height across the chamber at a fixed axial location of (3.75,2.8) m and

fixed hot air flow rate (Q, =1.0m’/min ) for different cold flow rates
(Q, =0,2,4,6,8m 3 / min ) in the environmental chamber for 1.5 m input location.

Exhaust =2.5, Qh=2 m’/min
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Figure 4.5.8: Comparison of dimensionless temperature profile along vertical centreline
with dimensionless height across the chamber at a fixed axial location of (3.75,2.8) m and

fixed hot air flow rate (Q, =2.0m*/min ) for different cold flow rates
(Q, =0,2,4,6,8m * / min ) in the environmental chamber for 1.5 m input location.
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Figure 4.5.9: Comparison of dimensionless temperature profile along vertical centreline
with dimensionless height across the chamber at a fixed axial location of (3.75,2.8) m

and fixed hot air flow rate (Q, = 3.0m°/min ) for different cold flow rates
(Q, =0,2,4,6,8m ° / min ) in the environmental chamber for 1.5 m input location.
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Figure 4.5.10: Comparison of dimensionless temperature profile along vertical centreline
with dimensionless height across the chamber at a fixed axial location of (3.75,2.8) m and

fixed hot air flow rate (Q, = 4.0m */min ) for different cold flow rates
(Q, =0,2,4,6,8m * / min ) in the environmental chamber for 1.5 m input location.
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Figure 4.5.11: Comparison of dimensionless temperature profile along vertical centreline

with dimensionless height across the chamber at a fixed axial location of (3.75,2.8) m and

fixed hot air flow rate (Q, =2.0m°®/min ) for different cold flow rates

(Q, =0,2,4,6,8m * / min ) in the environmental chamber for 2.0 m input location.

As presented earlier, the higher the input vertical location, the higher the interface level
height. Different heights of input vertical locations will result in different levels of
stratification as evaluated by [Hee-Jin and Dale (2001)]. From the experimental results
detailed in Chapter 4, it was found that the input vertical location could control the
stratified interface level height and mixes the flow. The penetration distance and the
interface level height are both found to decrease with decreasing input location,

[Abdulkarim and Yogesh (1996)].

The flow characteristics of the input location were found to be affected considerably by
the exhaust location. As discussed earlier, Skistad’s model related the stratified layer
thickness to the extract air flow rate rather than the input and exhaust height. In the
present work we found that the exhaust vertical location does not alter the position of
the interface level height. It could be in the locations above or below the interface level
height. It must be controlled in order to save energy in buildings, where the designers
have to take the advantages of thermal stratifications to ventilate the occupied zone
rather than the whole space [Calay et al (2000)]. Consequently, the exhaust location

must be where “the exhaust temperature should not exceed the temperature in the
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occupied zone” [Hagstrom et al. (2000)]. On the contrary, fixed exhaust location is

ineffective to extract the contaminant rather than the fresh air from the occupied zone.

The results of temperature profiles and smoke visualisation are in agreement, where
both models can give the same indications for the flow characterstics of various values
of exhaust locations. The present investigations have shown that there are many
important parameters that affect the stratified flow characteristics in contrast to [Skistad
(1998)] observations and relations that related the stratified layer thickness to flow and

geometrical parameters without considering the input and output locations.

The input and output ducts locations are important for the air quality at the breathing
zone. Eexhaust vents or outlets should be located across the room and at high level
above inlets to maximize stack effect on the leeward side as high as possible in the
building, where the vertical distance between the inlet and exhaust openings should take
the advantages of the stack effect.

4.5.3 Smoke Visualisation of Exhaust Locations

smoke visualisation was also used to evaluate the stratified flow characteristics with
variable exhaust locations. The results of temperature profiles and smoke visualisation
show that both models can give the same indications for the flow characterstics of
various values of exhaust locations. The results of smoke visualisation were shown in

the Figures 4.5.12 to0 4.5.15.

In Figures 4.5.12 and 4.5.13, it is seen that when the exhaust height was comparatively
low, the flow stratifies at comparatively lower levels, while the smoke penetrates and

emerges in the stratified layer. There are two reasons for this:

Firstly, when the stratified layer interface level height is low enough then the smoke
will emerge in the stratified layer under the effect of high upward buoyant forces, where
smoke is still warm compare with the relatively cool lower zone, cross temperature
differences did, however, provide a source of potential energy which drive the smoke to

rotate downward.

Secondly, when the stratified interface level height is low, the entrainment air from the

lower zone to the smoke plume will be at minimum, for this case, the smoke velocity
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will be high enough to reach the maximum height at an elevation above the interface
level height. However, if the exhaust is in the upper zone, then the velocity reaches its
minimum value at an elevation below the exhaust location as seen in Figures 4.5.14 and
4.5.15.

Comparisons between Figures 4.5.12 to 4.5.15 show the effect of increasing exhaust
height in increasing of the stratified layer interface level height. As shown in the
Figures, the smoke concentration is very high in the stratified layer, due to the high
temperature gradient. In the lower and upper zones, the smoke concentration is invisible

due to circulations and the high mixing of air in these zones.

At the source of smoke, oil and entrained air rise as a buoyant flux over the source of
smoke release. During penetration of smoke, ambient conditions begin to affect the
smoke. The lifted smoke would first become warmer (less dense) than the surrounding.
It continues to rise freely until it becomes as cool (dense) as the surrounding air. Once it
reaches this stage at which its temperature equals that of the surrounding environment it

starts to stratify.

In the presence of stratification, while the buoyancy and momentum forces cause the
smoke to flow in the downstream direction, the stratification deflects the upward smoke
motion by entrainment of ambient air. The primary variables characterizing a smoke
penetration are the smoke characteristics and the stratification characteristics. The
smoke characteristics like the kinematic buoyancy and momentum are comparable with
the stratification characteristics like the strength and interface level height of the
stratified layer. Depending on these parameters, the smoke motion exhibited a range of

behaviors:

Case 1: When the stratified layer interface level height, is much less than the smoke
penetration height. In this case, the smoke reaches the stratified layer before loosing its
buoyancy force, so it will go through the stratified layer to stratify at the level of neutral
buoyancy. In this case, strong stratified layer can work as a thermal barrier against the
smoke penetration due to the higher temperature gradient in the stratified layer and the
entrainment of hot air. While the smoke buoyancy flux above this level being negative,
the smoke will then descend back towards the stratified layer height and to stratify

horizontally at the level of stratification, with a bulb shape as shown in Figure 4.5.13.
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Case 2: when stratified layer interface level height is much greater than the smoke
penetration height. In this case, the increase in the volumetric flux due to the
entrainment of cold air will decrease the reduced gravity in order to preserve the
conservation of buoyancy flux. Therefore the smoke will reach its neutral buoyancy
before reaching the stratified layer, and start to stratify at a height of neutral buoyancy

rather than the interface level height.

Case 3: when the smoke penetration height is at the level of stratification. In this case,
the smoke temperature equals that of the surrounding environment (have equal
densities), the buoyancy of the smoke is zero, and the neutral buoyancy height is at the
level of stratification. In which, the smoke will stratify at the neutral buoyancy height

without significant effect for the stratified layer height.

rx 2

Figure 4.5.12: A video-recorded picture showing stratification induced by smoke visualization, at

steady state conditions, for opening vertical locations of H, =2.0m, H

e

«=10mand input airflow

rates of Q. =2.0m’/min and Q_ = 6.0 m*/min.
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Figure 4.5.13: A video-recorded picture showing stratification induced by smoke visualization, at

steady state conditions, for opening vertical locations of H, =2.0m, H_,=1.5Smand input airflow

rates of Q, =2.0m*/min and Q_ =6.0 m*/min.

Figure 4.5.14: A video-recorded picture showing stratification induced by smoke visualization, at

steady state conditions, for opening vertical locations of H, =2.0m, Hm=2.0mand input airflow

rates of Q, =2.0m’/min and Q_=6.0 m’/min.
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Figure 4.5.15: A video-recorded picture showing stratification induced by smoke visualization, at

steady state conditions, for opening vertical locations of H, =2.0m, H_, =2.5mand input airflow

e

rates of Q, =2.0 m*/min and Q_=6.0 m’/min.

4.6 Summaries and Conclusion

The distribution of the stratified flow along and across the flow direction was
investigated. The effect of input airflow rates on the stratified flow was conducted. Both
effects of hot and cold airflow rate variations were studied. The experiments were done
using the recent experimental air modeling technique explained in Chapter 3. Both
temperature and smoke visualisation were compared. Data was analysed, results were

discussed and the concluding remarks were given and discussed.

The study has involved a number of exercises that can be used in ventilation research
and applications. It was found that for certain ranges of input airflow rates, stratification
could occur for all conditions. While the hot airflow rate has more significant effect on
the stratified flow than that of cold flow rate the moderate airflow rates show better
performance of thermal stratification with respect to thermal energy. Thus, controlling

airflow rate may control the degree of stratification, and stratification interface location.
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It should be noted that the stratification interface level, the total ventilation flow rate
and the geometry of the space are, generally, the major concerns for the design of
ventilation systems with most efficiently. The stratification level height must be above
the occupied zone, and the ventilation flow rate within the requirements of space

occupants.

For large dimensional environmental chamber, the space variations have no significant
effect on thermal stratification. Strong stratified layer stand as a thermal barrier to
decelerate the smoke motion, which increases both the temperature in the upper zone

and the concentration of the smoke along the surface in the occupied zone.

The effects of both input and exhaust locations on the stratified flow characteristics
were also investigated. When the aperture of input location is higher, the buoyancy
forces are increased and the flow becomes more stratified. On the contrary, the decrease
in the aperture of input location decreases the interface level height leading to a mixed

flow in both zones.

In terms of interface level height, while the input and exhaust locations are reinforcing
each other, the increase in hot and cold airflow rates does not cause a corresponding

increase in interface level height.
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Chapter 5

Mixing of Stratified Flow

5.1 Introduction

The purposes of this part of the work were to investigate the momentum required to
break down a stratified layer in a ventilated room using an air jet. Two methods of air
supply were used. The first method uses cold and warm jet flow. For cold jet supply, the
temperature of injected air was the ambient. For warm ceiling jet, the temperature of
injected air was the hot air supply. The second method was by inverting the supplier
vertical locations. The purpose of these methods was to break or translate the stratified
layer according to flow applications. In the first method, the momentum was increased
gradually at a downward right angle to intersect the stratified layer despite the degree
and the level of stratification. In the second method the flow of high buoyancy was
supplied upward, while the flow of high momentum was supplied downward. The

momentum required is a dependant of flow characteristics such as h, 8 DS and dT/d3

and the flow conditions.

Figure 5.1.1 shows a general representation for different scenarios of selective
ventilation using ceiling jet [Calay et al (2000], where the flow characteristics can be

controlled by adjusting the jet temperature and momentum:

1. A high momentum ceiling jet breaks through the stratified layers; circulates the
air in the lower zone, and produces full mixing in the occupied zone, as
indicated in Figure 5.1.1a.

2. A low momentum ceiling jet increases the interface level height and ventilates
the occupied area without destroying the stratified layer (Figure 5.1.1b).

3. A low momentum ceiling cold jet with insufficient momentum fluxes to break

through the stratified layer. In this case the interface must be at higher levels
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otherwise the injected air will stratify at certain level in the space between the
interface level height and the ceiling, as indicated in Figure 5.1.1c.

4. A warmer ceiling jet ventilated the chamber with positive momentum and
negative buoyancy (Figure 5.1.1d). In this case, both momentum and buoyancy
weaken each other. The momentum initiates the flow to go downward, whilst

the buoyancy forces tend to turn the jet upwards.

(a) Large momentum (d) ‘ Largo diameter, low momentum

==

i

J

(C)

Figure 5.1.1: Typical settings of supply and exhaust locations used in selective ventilation [Calay
et al (2000)]: a) High jet momentum, supplies air through the stratified layers and generates full
mixing; b) low jet momentum, supplies air without destroying the stratified layer; c) low
momentum cold jet stratifies in the upper zone; d) low warm jet provides additional temperature

difference to improve the stratification characteristics.

5.2 Flow Specifications and Preliminary Tests

The breaking up of a stratified layer using both a cold and a warm vertical jet was
studied. The momentum was introduced by injecting the air from the ceiling using a jet

source. The source of the injected air was the ambient for a cold jet while it was the hot
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air supply for a warm jet flow. The jet opening size was 0.11 m diameter and the

specific momentums were in the ranges of 0.0 to 2.17m* /s’ (equation 5.1)

=Q,V, (5.1)

Figure 5.2.1 shows a geometric sketch of the environmental chamber with a
diagrammatic representation of the input airflow supplies, exhaust, plume, and ceiling
jet. The flow specifications (velocity, volumetric flow rate and specific momentum) are

listed in table 5.2.1.

Using the jet momentum, the stratified flow was mixed to a achieve uniform vertical
temperature distribution, while the stratified layer was translated to higher levels
depending on the momentum flux introduced by the jet and the flow conditions. Smoke
visulisation was used to validate the experimental work and to indicate the effect of

vertical jet flow on the stratified flow characteristics.

Ceiling jet, 0.0095 m ?
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'
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h it

Hét air supply, 0.25 m 2

Jet Exhaust, 0.1 m 2

3.0m

| .
- Plume
Cold air supply, 0.5 m ?
| J'_ R R P R P R P P P P P P P P P P P P P P P R P P P PR PP PSR

Y
|z : < 7.5m
X
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%

Figure 5.2.1 Definition sketch of the environmental chamber showing a diagrammatic representation |

of the input airflow supplies, exhaust, and ceiling jet.
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Vv, (m/s) Q; (m’/min) M,/p=Q,V, (m“/sz)
0.000 0.000 0.000
0.378 0.215 0.001
0.756 0.431 0.005
1.133 0.646 0.012
1.511 0.862 0.022
2.267 1.292 0.049
3.022 1.723 0.087
4.533 2.585 0.195
6.044 3.446 0.347
7.555 4.308 0.542
9.066 5.169 0.781
10.577 6.031 1.063
12.088 6.893 1.389
13.599 7.754 1.787
15.110 8.616 2.170

Table 5.2.1: Listed the jet speed (V;), volumetric flow rate Q i)

and specific momentum (M j) used in the experiments.

Figure 5.2.2 shows preliminary experimental results of mixing using both plumes and
jets of 3.0 m/s. Both cold and hot jet flows were tested. The results are shown in

terms of temperature visualization technique. From the preliminary results, we have
seen that once the flow was stratified at certain level in the middle of the chamber, the
momentum mixed the stratified layer while a new stratified layer was established in the
domain. At mixed zones, the temperature isothermal lines were close to one another
because the profiles become more vertical (less stratification). The change of jet speed

impact on the shape of the profiles and its position on the temperature scale.

Figure 5.2.2 (a) shows the effect of heat source (hot plume) on the stratified flow. The
temperature isothermal lines illustrated the effect of hot plume on the stratified flow. It
increases the temperature in the lower zone and stratifies at the level of stratification.
The buoyant plume has a significant effect on the flow in the lower zone, while it has a
small effect on the flow in the upper zone. It is in agreement with the results of [Mundt
(1994)] that a person can attain a good air quality in the breathing zone, even if it is in a
polluted layer, where the convective plume around the body breaks down through the
polluted layers.
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Figures 5.2.2 (b) and (c) show the temperature isothermal lines of both cold and hot
(warm) jet flow. The results were for the same conditions and modes of jet flow

(3.0 m /s ), and referring to different flow conditions.

Figure 5.2.2 (b) shows that the effect of hot jet (40 °C) was to increase the temperature
in the lower zone, to break down the stratified layer in the middle zone and to stratify

the flow in the upper zone. As a result a hot layer was established near the ceiling.

Figure 5.2.2 (c) shows the effect of cold jet (ambient temperature) was to mix the flow
in the lower zone, push the stratified interface level height upward to reach the ceiling
with no significant effect in the upper zone. For this case, the dense incoming air will

flow downwards into the space under the effect of both jet momentum and buoyancy.

Comparisons between Figures 5.2.2 (a) and 5.2.2 (c) shows that the effect of hot plume
and the cold jet injecting air downward on a stratified flow are opposed. On the
contrary, the effect of hot jet was as a plume in the lower zone and as a cold jet in the

upper zone with completely different effects in the middle zone (stratified layer).

Figure 5.2.3 shows the experimental results of both cold and warm jet for the same
boundary conditions, whilst the modes of jet flows are referred to different temperature
distributions. Figure 5.2.3 shows the stratified flow characteristics of (h = 14 m, 8 =
0.85 m and dT/dé= 13 °C/m) is mixed by using both cold and warm jet flow. The
results show the temperature profile of hot jet is always linear, the stratified layer
thickness is diffused with dT/dz= 1.7 °C/m, while the temperature profile of cold jet
has a significant stratified layer of (h=2.0 m, § = 0.3 m and dT/d8= 17 °C/m). As seen
from the results, while the effect of warm jet is more significant on the flow
characteristics  and dT/d3, the cold jet has a significant effect on the stratified layer

interface level height h, and so the height of the lower zone.

For warm jet, the density of injected air is increased by the entrainment air from the
surrounding. On reaching the bottom of the space, the air spreads across the bottom of
the space; a circulation is thus set up within the space leads to a mixed the flow.

However when the amount of mixing is greater the interface is more diffuse
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For relatively cold jet, the dense incoming air will flow into the space descending to the
floor as a curved plume. For low specific momentum, the interface descends
significantly faster because of the greatest density of the fluid above the interface. The
large velocity (momentum) of cold jet inflow caused the entrainment of buoyant fluid
from the lower zone to push up the interface to reach the ceiling. Once the front of
dense air reaches the stratified layer, the stratified layer breaks down and the flow
becomes fully mixed.

From the preliminary tests, when the jet momentum is not large enough, or the
temperature of air injected is greater than that of the pre-stratified layer, the injected air
cannot reach the stratified layer. In this situation, the jet cannot activate the mixing in
the domain and may stratify at certain levels above the floor. These levels of
stratification depend on both the momentum and the temperature of injected air, and the
stratified layer interface level height. The balance between momentum and buoyancy

forces in the injected air must be adjusted.

f
Cold Jet
Stratified Flow
0.0 0.5 1.0 15 20 25 30
Height (m)

Figure 5.2.3: Effect of both cold and hot ceiling jet of (3.0 m/s) on a stratified flow at
(Q, = 3.0 m*/min ) hot airflow rate and (Q, = 6.0 m * /min ) cold airflow rate with

a locations of 2.0 and 1.5 m respectively at the centre of environmental chamber.
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5.3. Time Variations of Temperature

While the formation of stratified flow needs long period of time, the breaking down of
the formed layer needs less time depending on the method of destruction. Figure 5.3.1
shows a time variations from stratified flow to mixed flow. It shows the relations
between the temperature isothermal lines and the time variations for a specific period of
time (115 minutes). By inversion the ducts vertical locations, the destruction of the

stratified layer occurred within 10 minutes of time (13:22 to 13:32).

Our extensive investigations in Chapter 4 have shown that generally two distinct
stratified layers of air form, an upper zone containing warm air and a lower zone
containing cooler air separated by a boundary stratified layer with thickness 3. The
transformation from stratified flow to mixed flow takes place over a specific period of
time depends on both mixing method and flow conditions. Figure 5.3.2 show the
variations of vertical temperature profiles for a period of time (5 hours) under the effect

of warm jet momentum:

The first three curves in Figure 5.3.2 show the initial conditions of stratified temperature
profiles with a degree of stratification value (of DS=2.4), whereas the sequential curves

illustrate the measured temperature profiles successively offset by 2 °C.

At beginning of transformation, the temperature profile is very similar to that for a
stratified flow. As one goes forward, the temperature profiles become linear, thus
indicating a mixed flow development. This is expected since, at the beginning of the
transition period, the flow is nearly stratified and is fully mixed at the end of transition

period.

It can be seen in 5.3.2 that the degree of stratification DS changes from the near
stratified value (of DS=2.2, at time 17:02:55) to the nearly fully mixed value (of DS=1,
at time 23:45:05) within the transition period.
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Time Varriations of Temperature (Mixed Flow), (Different colours denote vertical height of temperature
sensor from 0.25 to 2.8 m, as shown on thermocouple stand figure 3.3.1).
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Fig 5.3.1: Time variations of Temperature (Mixed Flow), (Different colours denote vertical height of temperature sensor from 0.25 to 2.8 m, as shown on thermocouple

stand Figure.3.3.1.
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Fig 5.3.2: Time variation of temperature
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Figure 5.3.2: Vertical temperature profiles, each successive profile is offset by 2.0 °C and separated

initially by a minute and lately by 15 minutes intervals. The successive profile plot was used by

[(Lorke et al. (2004)] and others.
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5.4 Mixing Flow Using Cold Jet

Experimental results using cold jet (i.e. local ambient air) of 0.11 m diameter shown in
Figure 5.2.1 were carried out. The effect of momentum, on the mixing of stratified flow
for a various air flow rates, was studied. The presented data reveal the effect of varying
speeds of the cold vertical jet as illustrated in table 5.2.1 and Figure 5.2.1 on the
stratified flow characteristics. Comparisons of fifteen experimental temperature profiles
in entire locations will be discussed. The temperature profiles appear to be dependent of

jet speed.

For the analysis, the mode of flow is classified according to the stratified layer interface

level height. Table 5.4.1 shows the classification of the flow with the airflow rate ratio

(Q./Quw)-

Qc
Mode of flow Q. 2.00 4.00 6.00
High airflow ratio 1.00 2.00 4.00 6.00
Moderate airflow ratio 2.00 1.00 2.00 3.00
Low airflow ratio 3.00 0.67 1.33 2.00

Table 5.4.1: The ranges of airflow ratios as classified to analyze mixing modes, both Q, and Qc are

in m*/min.

5.4.1 Case 1: Stratified Flow for High Airflow Ratio.

In this case, the airflow ratio is comparatively high (.Q,/Q, =2.0, 4.0 and 6.0). The

flow was stratified at lower hot airflow rate (Q, =1m’/min). The interface level

height is relatively high. Figures 5.4.1 to 5.4.3 show how the momentums influence the
stratified flow characteristics and the stratification interface level height. By increasing
the momentum, the Figures illustrate the growth and the vertical transport of the
stratified layer interface level height. In comparisons between the temperature profiles
of different momentum airflows, it is seen that the mixing is higher and faster for high

momentum.

129



As expected for weak stratification the mixing will be faster. Since the degree of
stratification is low, the stratified layers are easily destroyed. Furthermore, the
transformation of kinetic to potential energy has no efficient domain to yield a stratified

layer before reaching the stratified region and flows through the stratified layer.

As the injected air goes downward, the volumetric flow rate of the injected air is
increased by entrainment of surrounding air in the upper zone. With more increase in
momentum flow rate, the descending air impinges upon the ground and circulates in the
lower zone. The circulating airflow will push the stratified layer upward to reach the

ceiling, (Figures 5.4.1 to 5.4.3).

From Figures 5.4.1 to 5.4.3, it is observed that more momentum air flow yields a
stratified layer near the ceiling with different properties such as different density grades.
The stratified layer developed near the ceiling was due to the reverse jet flow that ejects
backward from the floor. While the strength of this stratified layer is increased by the
momentum, the thickness is decreased. Therefore, the momentum is not only a main
factor in mixing the flow but also a main factor in stratifying the flow and

characterizing the stratification level, [Hee-Jin and Dale (2001)].

Weak stratification occurred due to the unbalance between hot and cold airflow rates.
For low hot airflow rates and high cold airflow rate, the flow will stratify at higher
levels in the upper zone. In this case, the injected air will flow through the stratified
layer to mix with the flow in the lower zone and push the stratified layer upward to
reach the ceiling. More increase in jet air momentum will increase the mixing in the

lower zone and increase the degree of stratification near the ceiling.

For more detail of data analyzed in Figures 5.4.1 to 5.4.3, see Figures (A2.4.1 to
A2.4.3) in Appendix A2.
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Figure 5.4.1: Vertical temperature profiles for various cold jet speed of 0.11 m diameter,

while the flow was stratified at (Q, =1.0 m’/min ) hot airflow rate and
Q. =20 m * / min ) cold airflow rate at locations of 2.0 and 1.5 m respectively at the

centre of environmental chamber.
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Figure 5.4.2: Vertical temperature profiles for various cold jet speed of 0.11 m diameter, while the

flow was stratified at (Q, = 1.0 m* /min ) hot airflow rate and (Q_ = 4.0 m’/min ) cold

airflow rate at locations of 2.0 and 1.5 m respectively at the centre of environmental chamber.

131



Exp16cjet, Tj =20.4 C Vj (mis)

‘ 45.0 ®==(.00
il () 38
0.76
40.0 —1 14
= | 52
——2 28
——73 04
— 4 57
— (.09
7.61
9.13

10.65
P18

0.0 0.5 1.0 1.5 2.0 25 3.0 | =—w=—13.70
Height (m) ran.l &

Temperature C
w
(8}
o

Figure 5.4.3: Vertical temperature profiles for various cold jet speed of 0.11 m diameter, while

the flow was stratified at (Q, = 1.0 m * / min ) hot airflow rate and (Q . =6.0 m?®/min)

cold airflow rate at locations of 2.0 and 1.5 m respectively at the centre of environmental

chamber.

5.4.2 Case 2: Stratified Flow for Low Airflow Ratio.

In this case, the airflow ratio is comparatively low (.Q,/Q, =0.67, 1.33, and 2.0), the
interface level height is at lower levels. The flow was stratified at higher hot airflow rate

(Q, =3m’/min). The breakdown of the stratified layer occurs with three possible

configurations:

1. When the stratified layer interface level height was much lower (near the

ground) as shown in Figures 5.4.4, where the flow was stratified at higher hot

airflow rate and lower cold airflow rate (Q, = 3m’/min Q. =2.0 m’ /min). In

this case, the momentum will destroy the stratified layer and mix the flow
sooner. It is observed that the flow temperature stream lines turned over in the
lower zone due to the horizontal movement of injected air when impingement
with the floor. This occurred with no significant effect for jet momentum on the
mixing of the upper zone.

2. When the stratified layer interface level height was above the ground with wide

domain. The flow was stratified at higher hot airflow rate and intermediate cold
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airflow rate (Q, =3m’/min Q, =4.0 m’/min). The stratified layer interface

level height h is enough for the injected air to go through and flows horizontally
under the stratified layer, as shown in Figures 5.4.5. In this case, the injected air
of low momentum impingement on the stratified layer leading to push it
downward. Increasing the momentum leading to lower interface level height,
which leading to destroy the stratified layer as well as in case 1.

3. The flow was stratified at higher value of hot and cold airflow rate
(0, =3m’/min Q, = 6.0 m’ /min, as shown in Figures 5.4.6. The stratified

layer interface level height was above the ground with certain distance that
enough for the injected air to go through and stratify. In this case, the injected air
through the stratified layer will mix the flow in the lower zone and push the
stratified layer upward to reach the ceiling. Increasing the jet momentum will
increase the stratified layer interface level height. More increasing will increase
the mixing in the lower zone and destroy the stratified layer before reaching the

ceiling.

Figures (5.4.4 to 5.4.6) show that when the jet momentum is not strong enough to reach
the ground, the stratification is formed at a lower level. On the other hand, when the
momentum is high, a large circulation is created yielding a higher stratification level
height. Increasing of momentum will destroy the stratified layer before reaching the

ceiling level, where a one large mixed zone is observed in whole space.

Comparing Figure 5.4.4 with the Figures 5.4.5 and 5.4.6, it was found that the interface

level height was at lower levels where (Q_/Q =0.67). As can be seen in the Figure,

with the increase of momentum; the stratification interface level descends downward

with rapid decrease compared with that in Figures 5.4.5 and 5.4.6.

At low jet velocity (V,= 0.38 to 3.0 m/s), it was observed that the injected air has a

significant effect on the temperature profile in the lower zone, while it has no significant
effect on the temperature profile in the upper zone despite the decrease in the average

temperature of the upper zone. This may occur due to the following:

e While the initial velocity of injected air is low, the injected air needs more time
to cross the distance between the jet and the stratified layer. Therefore, the heat

transfer from the upper zone to the injected air is increased, while the injected
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air temperature is increased. This will decrease the average temperature in
upper zone and increase the average temperature in the lower zone.

e While a large part of the air flows out the upper zone reaching the lower zone
without mixing with the hot air in the upper zone. This may result in a mixed
hot air in the upper zone and a lower stratification interface level height leading
to lower height of working zone.

e Also, at low momentum, the influence of the slip velocity between the injected
air and the air in the upper zone becomes relatively significant. This may result
in large access of injected air to the lower zone, which increases the temperature

variations in the lower zone.

As shown in Figures (5.4.4 to 5.4.6), by increasing the jet momentum, the thickness of
the upper zone is increased, while the interface level height h is decreased significantly
faster to reach the ground due to the comparatively cooled air above the interface. It is
similar to the results of [Linden et al (1990)] that small size of opening results in high
amount of inflow that works as a jet caused the entrainment across the interface and
because of the greater density of the fluid above the interface, the interface descends

faster.

At high jet momentum, the impingement of the injected air against the ground converge
the direction of injected air to flow horizontally. This type of horizontal flow leads to
vertical pressure drop above and below the stratified layer may results in a lower
interface level height, and a negative velocity gradient leading to a low value of Ri

number and so mixed flow.

Figures (5.4.4 to 5.4.6) show that since the jet momentum is higher, the air penetrating
the stratified layer will reach the floor. The entrainment volume flux is large and thus
the circulation flow velocity in the lower zone will also be large. The stratified layer
becomes dilute, and the mixing in the lower zone becomes larger. This leads to

destabilization of the flow.

For more detail of data analyzed in Figures 5.4.4 to 5.4.6, see Figures (A2.4.4 to
A2.4.6) in Appendix A2.
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Figure 5.4.4: Vertical temperature profiles for various cold jet speed of 0.11 m diameter,

while the flow was stratified at (Q, =3.0 m®/min ) hot airflow
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(Q.=2.0 m * /min ) cold airflow rate at locations of 2.0 and 1.5 m respectively at the

centre of environmental chamber.
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Figure 5.4.5: Vertical temperature profiles for various cold jet speed of 0.11 m diameter,

while the flow was stratified at (Q, = 3.0 m*’/min ) hot airflow

(Q, = 4.0

m * / min ) cold airflow rate at locations of 2.0 and 1.5 m respectively at the

centre of environmental chamber.
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Figure 5.4.6: Vertical temperature profiles for various cold jet speed of 0.11 m diameter,

while the flow was stratified at (Q, =3.0 m’/min ) hot airflow rate and
(Q. =6.0 m’/min ) cold airflow rate at locations of 2.0 and 1.5 m respectively at the

centre of environmental chamber.

5.4.3 Case 3: Stratified Flow at Intermediate Airflow Ratio.

In this case, the airflow ratio is intermediate (.Q_/Q, =1.00, 2.0, 3.0), the interface
level height is at mid height of the chamber. The flow was stratified at intermediate hot
airflow rate (Q, =2 m® /min). In this case, strong stratification was occurred where the

complement of momentum and buoyancy forces was in balance. The injected air will
flow through the stratified layer or mix it depending on the amount of momentum.
Increasing the momentum will pick it up toward the ceiling before it destroyed at high

momentum and the whole space becomes fully mixed.

Figure 5.4.7 to 5.4.9 show how the average temperatures profiles change with the
change in momentum. In the lower zone, the temperature is increased to reach the
average temperature of the whole space, while it decreases in the upper zone. The
temperature of the stratified layer is a complement of both temperatures in the lower and
upper zones. The results reveal the effect of momentum on the flow temperature
profiles. As the jet momentum increases, the average temperature in the upper zone is
gradually decreasing due to the entrainment volume flux, while in the occupied zone the

increasing is more rapidly as discussed in the case 2.
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Figures 5.4.7 to 5.4.9 show the effect of increasing jet speed on the temperature profiles.
It illustrates the growth and the vertical transport of the stratified layer interface level
height with increasing jet momentum. As seen in the Figures, the decrease in the
temperature of the lower zone is initially faster due to the smaller thickness of the
stratified layer, where the injected air can flow through without destroying the stable
layers as presented in Figure 5.1.1 (b). With further increase in jet speed, thermal
stratification decays and the stratified layer fades away until the temperature of the air
becomes uniform, while the average temperature is decreasing steadily to approach the
inlet ones. This is much similar to the results of [Hegazy and Diab (2002)] for the

stratified flow in electrical water heaters.

Also by increasing the airflow rates, comparisons indicated that since the momentum is

higher, the layer becomes thicker and the mixing in the lower zone becomes larger

As the increase in jet speed continues the interface moves upward. This is due to two

reasons:

Firstly, it is due to the high temperature difference through the stratified layer
boundaries (8 °C). This will increase the diffusion and radiation heat transfer to the
lower zone, while the injected air stratify in the lower zone as a new source of cold

airflow rate. This will increase the ratio of Q_/Q,, so the interface level height h (as

evaluated in Chapter 4).

Secondly, it is due to the circulation of flow in the lower zone, while the air in the upper
zone is static. In this case, the difference in velocity generates a shearing force through
the stratified layer. This will tear out the cold air to the upper zone, and increase mixing

in the flow. This is similar to the mixing in water tank by heating process [Kang (2002)]

Figures 5.4.7 to 5.4.9 illustrate the effect of increasing jet momentum on the stratified
flow characteristics. It decreases the temperature difference AT, the temperature
gradient dT/dz and so the degree of stratification DS . It shows the translation of the
stratified layer interface level height h with the jet speed, while the stratified layer

thickness & is decreased.
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Figure 5.4.7: Vertical temperature profiles for various cold jet speed of 0.11 m diameter,

while the flow was stratified at (Q, =2.0 m’/min ) hot airflow rate and
(Q, =2.0 m’/min ) cold airflow rate at locations of 2.0 and 1.5 m respectively at the

centre of environmental chamber.
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Figure 5.4.8: Vertical temperature profiles for various cold jet speed of 0.11 m diameter,

while the flow was stratified at (Q, =2.0m®/min ) hot airflow rate and
(Q,=4.0 m’/min) cold airflow rate at locations of 2.0 and 1.5 m respectively at the

centre of environmental chamber.
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Figure 5.4.9: Vertical temperature profiles for various cold jet speed of 0.11 m diameter,

while the flow was stratified at (Q, =2.0 m’/min ) hot airflow rate and
(Q. =6.0 m’/min ) cold airflow rate at locations of 2.0 and 1.5 m respectively at the

centre of environmental chamber.

Comparisons between these figures show no significant effect for the cold airflow rates
on mixing. It is due to the insignificant effect of cold air flow rate on stratifying the
flow as discussed in Chapter 4, and so on de-stratifying or mixing it. Also the mixing of
a stratified flow is based on the stratified flow situation when the momentum jet starts to

mix the flow rather than the initial conditions carried the flow to reach this situation.

Figures 5.4.7 to 5.4.9 show the decrease in temperature gradient by increasing the
momentum until it reaches steep values. Therefore, the injected air is flowing directly
towards the bottom of the chamber, which tends to circulate the flow in the lower zone.
Since it has a negative buoyant force relative to the chamber domain, the mixing of low
momentum will establish above the stratified layer, pushing it downward. Increasing the
momentum will increase the depth of the injected air to flow through the stratified layer.
It increases the buoyant forces in the lower zone under the stratified layer to pick it up

until it reaches a stable stratification in the upper part of the chamber. This will increase
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the height of occupied zone whilst the hot zone becomes thin. More increase in

momentum will overcome the stability of stratified flow to becomes fully mixed flow.

For the case of strong degree of stratification and low momentum, on reaching the
interface, the injected air will flow and stratify above the stratified layer for a certain
distance depending on the jet momentum, degree of stratification and interface level
height. However, for low degree of stratification the injected flow will go through the
stratified layer or destroying it, while for high degree of stratification, the stratified layer

will stand against the injected flow of low momentum as a solid surface.
Comparing the results of this case with those in case 1 and case 2, it can be noted that:

e For injected cold air at high level from the ceiling, the effect of hot airflow rate
compared with cold airflow rate was much higher. As it is expected, the injected
air is the ambient. It is injected downwards where the domain is the hot zone
rather cold zone. Thus, the entrainment volume flux from the upper zone is
large, which results in the significances of the hot air flow rates.

e The results show how the momentum influences the stratified flow of strong
characteristics, as shown in Figures 5.4.7 to 5.4.9, with no significant influence
on the stratification interface level height. In comparisons with the other cases, it
is seen that the mixing is higher and faster for both weak stratification and high

momentum.

After it was injected, the jet air flow usually stratified at certain levels when it lost its
momentum and negative buoyancy. Based on the level of stratification, there are three
different flow configurations. The following is a detailed analysis of these

configurations:

Firstly, the flow stratifies at low values of hot airflow rates and high values of cold
airflow rates (Qc/Qh = Max). In this case, the flow will stratify at high levels in the
upper zone. Therefore, the injected air can flow through the interface without destroying
the weak stable layers of competitively low Ri. It mixes the flow in the lower zone, and

pushes the stratified layer upward to reach the ceiling.

Secondly, the flow stratifies at high values of hot airflow rates and low values of cold
airflow rates (Qc/Qh = Min ). In this case, the flow will stratify at levels somewhere in
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the lower zone. On reaching the stratified layer, the injected air has no space to flow
through the stratified layer of competitively low Ri without destroying or pushing it
downwards to reach the ground. The behavior of the flow is a dependence of both the

momentum and the interface level height

Thirdly, the flow stratifies at intermediate values of both hot and cold airflow rates
(Qc/Qh=Intermedise). This type of flow has a high Ri, where the balance between
buoyancy forces and momentum forces are the main parameters to control the flow

(Chapter 4). In this case, the flow will stratify near the middle of the chamber. The

injected air will flow through the interface without destroying the stable layers.

For more detail of data analyzed in Figures 5.4.7 to 5.4.9, see Figures (A2.4.7 to
A2.4.9) in Appendix A2.

5.4.4 Combined Effect of Airflow Rates and Momentum Induced by Cold

Jet on Stratified Flow

Effect of both hot and cold airflow rates on the stratified flow was studied and discussed
in Chapter 4. The effect of hot airflow rates was more significant. Experiments on
mixed flow with different airflow rates were done. In this section, the effect of both hot
and cold airflow rates with the presence of momentum, using cold jet, is analyzed and

discussed.

Interface level height for various values of hot and cold airflow rates with the jet
momentum, at fixed input and output locations, are plotted in Figures 5.4.10 to 5.4.15.
The plotted data show that stratified layer interface level height is affected by the input
airflow rates. While the effect of hot airflow rate on temperature profiles is significant

(Figures 5.4.13 to 5.4.15), the effect of cold airflow rates is smaller (Figure 5.4.10 to
5.4.12).

Figures 5.4.10 to 5.4.12 show the effect of cold jet speed on the interface level height.

The results are for various values of hot and cold airflow rates (Q, =1.0,2.0,3.0m’ /min
andQ, =2.0,4.0,6.0 m’ /min ). The results show the effect of cold airflow rate is

insignificant for the cases of low and intermediate hot air flow rate, where the stratified
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layer interface level height is cooperatively high. The effect of cold airflow rate was
significant at high hot air flow rate where the initial stratification was occurred at low
interface level height. The results show that the effect of cold airflow rates on the
interface level heights is more significant for high jet momentum than for low jet

momentum.

Figure 5.4.12 shows that, at high hot airflow rate (3.0 m’ / s ) and low and moderate
cold airflow rates (2.0 m’ / s and4.0m’ / s ), the flow is fully mixed at lower

momentum (0.5 m* / s?). In this case, the interface level height h was at lower levels
(case 2). On the contrary, the figure shows that to reach fully mixed flow with high cold

airflow rate of (6.0 m®/s ), more than triple times of this momentum will be in needed

(1.75m*/s? ).

Figures 5.4.13 and 5.4.14 show that, the flow will be not fully mixed at hot airflow rates
of (1.0and 2.0 m*/s ) using low momentum jet of (<0.5m*/s?). But the stratified
layer interface level height h goes upward to reach 80% of the chamber height at a

momentum of (1.5 m*/s?). With more jet momentum, the flow never be fully mixed
for low hot airflow rate of (1.0 m’ /s ), while it is fully for hot airflow rate of

(2.0m*/s ), with better results for the second case.

Comparison between Figures 5.4.10 to 5.4.12 and Figures 5.4.13 to 5.4.15 shows that,
the effect of increasing hot airflow rates to mix the flow using cold jet flow is more
significant than the effect of increasing cold airflow rates, especially for the cases of

high values of cold and hot airflows. This was due to three reasons:

o The comparatively significant effect of hot airflow rates, as discussed in Chapter
4, where the source of heat in our case was the hot air supply (Chapter 5).

e The injected cold air was the ambient. Due to the temperature difference
between the injected cold air and the penetrated hot air, the large part of air
entrainment to negative buoyancy injected air was the hot air.

e The flow was injected vertically from the ceiling to reach the stratified layer. At
high hot air flow rate, the stratified layer was near the ground (Case 2), while the
injected air needs long time to cross the distance between the jet and cold air,

which increase heat transfer and the entrainment of hot air.
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Figure 5.4.10: Comparison of interface level height with the jet speed, at hot airflow rate

of Q, =1.0m* /min and different cold airflow rates (Q_ = 2,4 and 6 m® /min ) in the

environmental chamber.
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Figure 5.4.11: Comparison of interface level height with the jet speed, at hot airflow rate

of Q, = 2.0 m’/min and different cold airflow rates (Q_ = 2,4 and 6 m"’ /min )

in the environmental chamber.
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Figure 5.4.12: Comparison of interface level height with the jet speed, at hot airflow rate

of Q, = 3.0 m* /min and different cold airflow rates (Q_ = 2,4 and 6 m* / min )

in the environmental chamber.
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Figure 5.4.13: Comparison of interface level height with the jet speed, at cold airflow rate

of Q_ = 2.0 m* /min and different hot airflow rates (Q _ = 1,2 and 3 m* /min ) in

the environmental chamber.
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Figure 5.4.14: Comparison of interface level height with the jet speed, at cold airflow rate

of Q_ = 4.0 m* /min and different hot airflow rates (Q_ =1,2 and 3 m* /min ) in

the environmental chamber.
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Figure 5.4.15: Comparison of interface level height with the jet speed, at cold airflow rate

of Q. =6.0m * /min and different hot airflow rates (Q.=1,2and 3 m 3 /min )in

the environmental chamber.
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5.4.5 Smoke Visualization of Cold Jet Tests

In this section smoke visualization is included for comparison with the experimental
results. Figures 5.4.16 to 5.4.20 are a momentum sequence photographs of a stratified
and mixed flow with initial hot and cold airflow rates of (2 and 6m’/min),
Richardson number of 200 and Reynolds number of 9700. The flow has been mixed
using a jet of 0.1lm in diameter. The injected air was in the range of

(V; =0.0 to15.0m/sec). The sequence in the Figures shows the effect of cold jet flow

on the stratified flow characteristics.

Comparisons between the sequence figures illustrate the effect of momentum on the
stratified flow characteristics. As the momentum is increasing, the smoke pictures
indicate a more mixed flow in the lower zone and an upward translation of the stratified

layer interface level height. Increasing the momentum causes a fully mixed flow at

V, = 15.0m/sec.

The results are so important to design ventilation systems considering the pollutants to
be above the heads of the occupants in the working zone. This will allow the occupants

to run away in the case of fire hazards to be safe from highest temperatures.

Unfortunately, it was difficult to get good-quality images for mixed cases of high
momentum jet flows. At high jet flows, difficult flow phases, perturbations and
fluctuations were introduced, while the flow is more mixed. For this case, the stratified
layer is more dilute and the interface as well as the deviation of smoke refraction

became so complicated to capture the images.

In general, the experimental and visualization results obtained in this work are in good
agreement considering that different modeling technique, different surrounding
conditions, complex flow patterns and turbulent dissipations in the domain were found
in these experiments. Despite these discrepancies between the experimental and

visualized techniques, the results are accepted.
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Figure 5.4.16: Video-recorded picture showing the stratified flow with initial cold and
hot airflow rates of 2 and 6m’/min, Richardson number of 2.0 and Reynolds

number of 2008, with no jet flow (V, = 0.0 m/sec).

Figure 5.4.17: Video-recorded picture showing the stratified flow with initial cold and
hot airflow rates of 2 and 6m’/min, Richardson number of 2.0 and Reynolds

number of 2008, with a jet flow of (V; = 3.0 m/sec).
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Figure 5.4.18: Video-recorded picture showing the stratified flow with initial cold and
hot airflow rates of 2 and 6m’/min, Richardson number of 2.0 and Reynolds

number of 2008, with no jet flow (V, = 6.0 m/sec).

Figure 5.4.19: Video-recorded picture showing the mixed flow with initial cold and hot
airflow rates of 2 and 6m’/min, Richardson number of 2.0 and Reynolds number

of 2008, with no jet flow ( \'J = 9.0 m/sec).
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Figure 5.4.20: Video-recorded picture showing the stratified flow with initial cold and

hot airflow rates of 2 and 6m’/min, Richardson number of 2.0 and Reynolds

number of 2008, with no jet flow (\'j =15.0 m/sec).

5.5 Mixing Flow Using Warm Jet

5.5.1 Case 1: Stratified Flow for High Airflow Ratio.

In this case, the airflow ratio is comparatively high (.Q_/Q, =2.0, 4.0 and 6.0 m*/min).
The flow was stratified at lower hot airflow rate (Q, =1m’ /min). The interface level
height is relatively high. The effect of warm jet on the flow characteristics is shown in

Figures 5.5.1 to 5.5.

N

()

. Figures 5.5.1 to 5.5.3 show the mixing behaviour under the
compound effect of both jet momentum and cold airflow rate. From the comparison
between the figures, the mixing was faster and more effective for both low and high
cold airflow rates (Q./Q, =2 and 6 m’/min) (Figures 5.5.1 and 5.5.2). At maximum
values of warm jet flow, the situation of fully mixed flow was reached as in the case of
low cold airflow rate, while there is hot stratified layer near the ceiling in the cases of

intermediate and high values of cold airflow rates(Q_/Q, =4 and 6 m®/min).

Figures 5.5.1 to 5.5.3 show a sequence of temperatures profiles for various jet speeds.

From the figures, it can be seen that increasing the momentum leads to stratified the
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flow in lower zone, whereas the initial stratified layer is translated upward to reach the
ceiling. It is observed that an increasing of both cold airflow rate and warm jet

momentum will mix the flow in the domain with two exceptions:

1. A hot stratified layer near the ceiling due to the reverse jet flow that ejects
backward from the floor.
2. An overturns near the floor due to the horizontal movement of warm injected air

when impingement with the floor.

As shown in the figures, the interface level height is increasing by the jet momentum,
while the thickness of the stratified layer is decreasing. Therefore, the warm jet flow
should propagate stratification due to temperature difference and buoyancy forces,
while it destroys the stratified layer due to high momentum airflow and high mixing

process. It also characterizes the stratification level height, [Hee-Jin and Dale (2001)].

For more detail of data analyzed in Figures 5.5.1 to 5.5.3, see Figures (A2.5.1 to
A2.5.3) in Appendix A2.
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Figure 5.5.1: Vertical temperature profiles for various cold jet speed of 0.11 m diameter,
while the flow was stratified at (Q, =1.0 m*®/min ) hot airflow rate and
(Q.=2.0 m’/min ) cold airflow rate at locations of 2.0 and 1.5 m respectively at the
centre of environmental chamber.
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Figure 5.5.2: Vertical temperature profiles for various cold jet speed of 0.11 m diameter, while the

flow was stratified at (Q, = 1.0 m* / min ) hot airflow rate and (Q_ = 4.0 m*/min ) cold

airflow rate at locations of 2.0 and 1.5 m respectively at the centre of environmental chamber.
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Figure 5.5.3: Vertical temperature profiles for various cold jet speed of 0.11 m

diameter, while the flow was stratified at (Q, = 1.0 m * / min ) hot airflow rate and

(Q,=6.0 m * /min ) cold airflow rate at locations of 2.0 and 1.5 m respectively at

the centre of environmental chamber.
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5.5.2 Case 2: Stratified Flow for Low Airflow Ratio.

As mentioned earlier (case 2, section 5.4.2), the airflow ratio is comparatively low

(.Q./Q, =0.67, 1.33, and 2.0). The flow was stratified at higher hot airflow rate

(Q, =3m’/min). The stratification is relatively weak (dT/d5= Min). Interface level
h

height is at lower levels near the floor.

Figures 5.5.4 to 5.5.6 shows the temperature profiles of stratified flow with a sequence
of jet speeds. As shown in the figures, injected air has a significant effect on the
temperature profile in the lower zone, while it has no significant effect on the average

temperature in the upper zone. This was due to:

1. The initial velocity of the injected air pushes the air to reach the lower zone,
without mixing exchange.

2. The initial temperature of the injected air flow through the upper zone with out
exchanging heat with the hot air in the upper zone.

3. Also, at low momentum, the influence of the slip velocity between the injected
warm air and the air in the upper zone is relatively significant. This may result in
large access of injected air to the lower zone, which increases the temperature

variations and the mixing in that zone.

Furthermore, the negative buoyancy of the injected air is increased in the lower zone. It
is due to the temperature difference between the injected hot air and the relatively cold
air in the lower zone. This will increase the entrainment volume fluxes through the wide
domain, which increases the thickness of the lower zone, while the interface ascends
significantly faster because of the comparatively hot air below the interface level. This
pushes the interface level height upward to reach the ceiling, (Figures A2.5.4 to A2.5.6).
More increase in warm jet flow will result in a fully mixed flow in the whole space.
This is due to the decrease in temperature difference between the layers, which leads to
weak stratification and so high mixing. In the same manner, high momentum will result

in high circulation of mixing velocity in the space, which leads to destabilize the flow.

Figures A2.5.4 to A2.5.6 show sequences of temperature profiles for various jet speeds.
The results demonstrate the stratified layer height as a function of initial jet momentum

over a wide range of flow rates. As discussed before, despite different types and values
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of jet flow, the results show the interface level height is approximately proportional to
the momentum jet flow, for the ranges over0.22 — 2.17 m*/s? . The proportional degree
is more significant in the case of warm jet flow compared with the cold jet flow. This
was due to the comparatively high amount of energy dissipation and energy
transformation (from potential to kinetic) in the case of cold jet flow compare to the

case of warm jet flow.

In the presence of warm jet, the warm air flows downward under the effect of jet
momentum while the negative buoyancy decelerates the flow velocity. Therefore, it
needs much momentum to reach the stratified layer. When it reaches the stratified layer;

it repeats the same configurations mentioned earlier by the using of cold jet:

Firstly, when the hot airflow rate is relatively high and the cold airflow rate is relatively

low (Q./Q, = 0.67). In this case, the stratified layer interface level height is low

enough (near the floor) as shown in Figures 5.5.4 and A2.5.5. Thus the warm air
injected from the ceiling needs much high momentum to reach the stratified layer. On

reaching the stratified layer, the momentum will destroy the layer and mix the flow.

As shown in Figures A2.5.4 and A2.5.5, in the lower zone, the temperature distributions
illustrate a layering overturn at the lowest sensors. The overturns in temperature profiles
occurred at a jet speed of (4.57 m/s). This overturn is due to the horizontal movement of
injected air impinge near the floor. It is higher compared with the same case of cold jet,
where it was occurred at lower jet speed of (3.04m/s). The difference is due to the
negative buoyancy of injected air. In the other zones, the jet momentum has no

significant effect, but more mixed flow.

Secondly, when the stratified layer interface level height is above the floor with wide
enough for the injected air to go through and flow horizontally under the stratified layer.
In this case the flow was stratified at intermediate cold airflow rate (Q,/Q, = 1.33), as
shown in Figures 5.5.5 and A2.5.5. In the lower zone, the injected air of low momentum
impinged at the stratified layer leading to push it downward. Increasing the momentum
is leading to a lower interface level height. Thus destroys the stratified layer as well as
case 1. An overturn in temperature profile was occurred at lower momentum at a jet

speed of 1.52 m/s compare with the last case of warm jet. This was due to the long
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distance needed to reach the stratified layer. In the other zones, the jet momentum

shows more mixed flow.

Thirdly, when the flow was stratified at higher values of cold airflow rate(Q_/Q, =

2.0)., as shown in Figures 5.5.6 and A2.5.6, while the stratified layer interface level
height is above the floor with certain level be enough for the injected air to go through
the stratified layer. In this case, the injected air will flow through the stratified layer
leads to translate the stratified layer interface level height upward to reach the ceiling.
Increasing of jet speed leads to increase the mixing in the lower zone and destroy the
stratified layer before reaching the ceiling, while the large circulation is created in the

whole space.

For more detail of data analyzed in Figures 5.5.4 to 5.5.6, see Figures (A2.5.4 to
A2.5.6) in Appendix A2.
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Figure 5.5.4: Vertical temperature profiles for various warm jet speed of 0.11 m

diameter, while the flow was stratified at (Q, = 3.0 m *’ / min ) hot airflow rate and

(Q.=2.0 m * / min ) cold airflow rate at locations of 2.0 and 1.5 m respectively at

the centre of environmental chamber.
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Figure 5.5.6: Vertical temperature profiles for various warm jet speed of 0.11 m diameter,

while the flow was stratified at (Q, =3.0m’/min ) hot airflow rate and

(Q.=6.0 m * /' min ) cold airflow rate at locations of 2.0 and 1.5 m respectively at the

centre of environmental chamber.

Exp36wjet, Tj =39.5C

Vj (m/s)

450 | ——0.00

430 —e-ozs

7

41.0 1 ——1 14

L: 39.0 | 1 52

5 37.0 | ——3 04

£ 350 - —— 57

£ 33.0 —6.00

= 31.0 - — 1
29.0 1 fo’zs
27.0 12.18
25.0 —>—13.70
0.0 05 1.0 1.5 2.0 25 3.0 —w—1522 |

Height (m)

Figure 5.5.5: Vertical temperature profiles for various warm jet speed of 0.11 m diameter,

while the flow was stratified at (Q, =3.0m*/min ) hot airflow rate and
(Q.=4.0 m * /min ) cold airflow rate at locations of 2.0 and 1.5 m respectively at the

centre of environmental chamber.
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5.5.3 Case 3: Stratified Flow at Intermediate Airflow Ratio.

In this case, the airflow ratio is intermediate (Q _/Q, =1.00, 2.0, 3.0), the interface level
height is at mid height of the chamber. The flow was stratified at intermediate hot
airflow rate (Q, =2m’/min). The results show the momentum influencing the
stratified flow, as shown in Figures 5.5.7. In this case, the injected air is pushing up the
stratified layer towards the ceiling before it is destroyed at high jet momentum. As a
result, the whole space becomes fully mixed. In comparisons with the other cases, it is
seen that the mixing is higher and faster for the other cases, of weak stratification,

compare with this case.

Figure 5.5.7 to 5.5.9 show the average temperature profiles change with jet momentum.
In the lower zone, the temperature is increasing to reach the average temperature of the
whole space. The change was higher in the case of warm jet compare with the cold jet.
It was due to the temperature difference between the injected air and the relatively cold
air in the lower zone, and the entrainment volume flux. In the upper zone the
temperature was decreasing with the momentum until it reaches the average temperature
of the whole space. The change was higher in the case of cold jet compare with the
warm jet. Based on the above, the temperature of the stratified layer is a complement of

the temperatures in both zones.

Increasing in jet momentum will increase the dilution (dT/dz= Min) and the height of
the stratified layer until it becomes fully mixed. It is due to the decrease in the
temperature difference between the layers due to the increase in the temperature of
lower zone. The increase in circulated air due to the increase of momentum leads to

mixing the flow in the whole space.

For high values of cold airflow rates(Q, /Q, =3.0), the stratified interface level height

rises up due to bouyancy effect near the oposite wall, which forms a recircultion near

the ceiling leads to mixing the flow in the upper zone.

As observed in cases 1 and 2, Figures A2.5.7 to A2.5.9 shows the temperature profiles
at the thermocouple stand with negative temperature gradient in the lower zone. It
occurred after certain value of jet speed (4.57 m/s) when the injected air reaches the

floor. It indicates for the layers overturn that results in a negative bouyancy and more
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disturbances accelerates the mixing near the floor. The negative temperature gradient is
due to the comparatively hot air impengement on the floor surface and flows
horizontally at the surface. The disturbances, where due to the injected-air movement

against the floor surface. In these cases, there are three regions of:

1. Warm mixed air near the ceiling due to the recirculation of hot air in the uppper
zone.

2. Warm air near the floor due to the impenigment of hot air injected from the
ceiling against the floor surface and its recirculation in the lower zone.

3. Stratified layer in between, shifted upward and diluted with the increase of jet

momentum.

For moderate air flow rate, where the flow is more stable and the interface level height
is at the middle of the test chamber. The increase of cold jet speed leads to a horizontal
air flow near the ground, which causes the height of the interface raise up. For the case
of low or high air flow rate, where the interface level height is near the vertical
boundaries of the environmental chamber (floor or ceiling), the increases in cold jet

speed results in a high momentum air flow, which results in earlier fully mixed flow.

For warm jet, the density of injected air increases due to the entrainment air from the
surrounding. On reaching the lower levels in the chamber the warm air flows from the
jet will expand across the bottom of the chamber and display denser air downwards. A

natural circulation is thus set up within the space, [Hee-Jin and Dale (2001)].

It is found that the warm jet flow is more effective than that of cold jet, and the mixing

of warm jet is faster.

For more detail of data analyzed in Figures 5.5.7 to 5.5.9, see Figures (A2.5.7 to
A2.5.9) in Appendix A2.
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Figure 5.5.7: Vertical temperature profiles for various warm jet speed of 0.11 m diameter,
while the flow was stratified at (Q, = 2.0 m*/min ) hot airflow rate and
(Q,. =2.0 m’/min ) cold airflow rate at locations of 2.0 and 1.5 m respectively at the
centre of environmental chamber.
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Figure 5.5.8: Vertical temperature profiles for various warm jet speed of 0.11 m diameter,

while the flow was stratified at (Q, =2.0 m’/min ) hot airflow rate and
(Q.=4.0 m * / min ) cold airflow rate at a locations of 2.0 and 1.5 m respectively at the

centre of environmental chamber.
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Figure 5.5.9: Vertical temperature profiles for various warm jet speed of 0.11 m diameter,

while the flow was stratified at (Q, =2.0m’/min ) hot airflow rate and
(Q, =60 m * / min ) cold airflow rate at a locations of 2.0 and 1.5 m respectively at the

centre of environmental chamber.

5.5.4 Combined Effect of Airflow Rates and Momentum Induced by Warm

Jet on Stratified Flow

In this section, the effect of both hot and cold airflow rates with the presence of

momentum using warm jet is analyzed and discussed.

Interface level height for various values of hot and cold airflow rates with the jet
momentum, at fixed input and output locations, are shown in Figures A2.5.10 to
A2.5.15. The plotted data shows that the stratified layer interface level height is affected
by the input airflow rates. While the effect of hot airflow rate on temperature profiles is
significant (Figures A2.5.13 to A2.5.15), the effect of cold airflow rates is smaller
(Figure A2.5.10 to A2.5.12).

Figures A2.5.10 to A2.5.12 show the effect of warm jet speed on the interface level

height. The results are for various values of hot and cold airflow with
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Q, =1.0,2.0,3.0m* /min andQ_ = 2.0, 4.0, 6.0 m’ /min . The results show that the effect
of cold airflow rate was insignificant for the cases of low and intermediate hot air flow
rate, where the stratified layer interface level height is competitively high. The effect of
cold airflow rate was significant at high hot air flow rate where the initial stratification
was happened at low interface level height as explained earlier. In general, the results
show that the effect of cold airflow rates on the interface level heights is more

significant for high jet momentum than for low jet momentum.

Comparison between Figures A2.5.10 to A2.5.12 and Figures A2.5.13 to A2.5.15 shows
that, the effect of increasing hot airflow rates in mixing the flow using warm jet is more
significant than the effect of increasing cold airflow rates, especially for the cases of

intermediate values of warm jet flow and hot airflow rate. This was due to three reasons:

1. The comparatively significant effect of hot airflow rates as a source of heat used
in our case.

2. The warm injected air and the hot airflow supply are from the same source, with
an equal temperature. In the lower zone, the warm injected air works as a plume.
With intermediate air flow ratio (Q,/Q,, =1 to 3), the plume has its complement
between buoyancy and momentum. Any variation in hot airflow rate is seen
clearly on the temperature scale.

3. The warm air was injected vertically from the ceiling to flow downwards. At

higher values of hot air flow rates (Q,/Q, = Min), the flow is stratified at lower

levels (case 2). In this case, the injected air needs long time to cross the distance
between the jet and the stratified layer. During this time, the variations of the

injected air due to the hot air layering in the upper zone are significant.

Figure A2.5.12 shows that, at comparatively high hot airflow rate, the flow will be fully

mixed at a momentum of 0.35 m*/s? with an intermediate cold airflow rates. It is also

(0.55m*/s?) for the case of low cold airflow rate. For this case, the interface level
height was at lower points (case 2). On the contrary, the figure shows that, to reach fully

mixed flow in the presence of high cold airflow rate of (6.0 m* / s ), less than half of
this momentum will be in needed (0.2 m* / s?), while it was three times for the case of

cold jet,.
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Figures A2.5.13 and A2.5.14 shows that, the flow will never be fully mixed at lower
value of hot airflow rate of (1.0 m*/s ). In this case, the stratified layer interface level
height goes upward to reach more than 80% of the chamber height despite the higher jet
momentum. On the contrary, it reaches a fully mixed flow in the case of higher value of

hot airflow rates (3.0 m’ / s ), with better results for the higher values of cold airflow

rate of (6.0 m®/s ). In this case, the flow is completely mixed at lower momentum of

0.2m*/s*.

5.5.5 Smoke Visualization of Warm Jet Tests

Smoke visualization was used to observe the behavior and the characteristics of the
stratified flow. Different modeling techniques, various surrounding conditions, complex
flow patterns and turbulent dissipations in the required domain were established for all
the experiments. Both temperature and smoke visualization are included for comparison
purposes. The experimental and flow visualization results obtained in this work are in
good agreement. In this work, it became extremely difficult to get clear images for

mixed cases of higher momentum jet flow, as mentioned in section 5.4.5.

Figures A2.5.16 to A2.5.25 represents the temperature isothermal lines and photographs
of smoke distribution before and after the warm air was injected. The stratified flow was
initiated at cold and hot airflow rates of 2 and 6nf/mi1, Richardson number of 200 and

a Reynolds number of 9700. It is classified as strong stratified flow.

Figures A2.5.16 to A2.5.19 are a sequence of temperature visualization showing the
effect of warm jet flow on the stratified flow characteristics. The sequence images are
covering different temperature distributions and mixing stages. The sequence

temperature images are compared with the photograph images of smoke visualization.

Comparing the right and left half of each Figures of A2.5.16 to A2.5.19, the effect of
momentum mode of flow on the stratified flow is clearly shown. The figures show the
mixed zones of temperature isothermal lines were close to one another because the
profiles become more vertical (less stratification). It shows that the stratified zones of

temperature isothermal lines were open to one another because the profiles become
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more inclined (more stratification). From the figures, the change in jet momentum is not

only impacted on the shape of the profiles, but also its position on the temperature scale.

Figures A2.5.20 to A2.5.25 are a momentum sequence photographs for a six stages of
mixed flow. The results are for smoke visualization, and the sequence of smoke images

is referring to different temperature distribution. The flow was stratified at initial

conditions of (2 and 6m’/min) for hot and cold airflow rates respectively. The
injected air was in the ranges of (V; =0.0 to 15.0m/sec). The sequence images

visualize the effect of warm jet flow on the stratified flow characteristics.

Comparisons between the sequence figures illustrate the effect of momentum on the
stratified flow characteristics. As the momentum increases, the smoke images indicate a
more dilute of smoke concentration. Increasing the momentum causes a fully mixed
flow. Figure A2.5.25 show a fully mixed flow with the presence of high momentum. In
this case, a fully mixed flow, of large turbulent circulations, is strong enough to
transform the laminar layers of smoke streamlines to turbulent ones at the smoke

source.

Both groups of temperature and smoke visualization are included for comparison. In
general, the results obtained in this work are in good agreement, considering that
different techniques were used. The sequence of temperature profiles gives the values
of the temperature measurements at the thermocouple stand, while the sequence of
smoke photographs gives the approximate geometries of the stratified layer in the whole
space. The results are important in the design of pollutants flow in the working zone,

and smoke managements.

5.5.6 The Effect of Warm Jet Compare With the Cold Jet Momentum.

It has seen that the jet momentum has significant influence on the mixing of the
stratified flow characteristics. The results indicated that once the momentum was
initiated a mixed flow grew in the occupied zone above the floor. The height of this

zone is dependent on the stratified flow characteristics, and the temperature and

momentum of the ceiling jet.
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In the case of warm jet, the injected air is lighter; therefore, the momentum and
buoyancy forces are opposed. In this case, the momentum forces will decrease to zero
before the injected air looses its buoyancy. Thus, the flow will stratify at certain heights

depending on the initial amount of momentum.

In this case, it has seen two layers of stratification at the same time, mainly for the cases

of low momentums (M, < 0.087m4/ s?). In the case of the cold jet, the injected air is

heavier than its domain. With initial momentum vertically downward, the momentum
and buoyancy forces are reinforcing one another. In this case, the negative buoyancy
can reach minimum values before the momentum is decreased to zero. It is due to the
hot air entrainment from the upper zone. Thus the flow will stratify at certain level

depending on the initial amount of momentum.

Comparing the effects of cold and warm specific jet momentums on the interface level

height, Figure 5.5.10 and 5.5.11 show the following:

Firstly, at low hot airflow rate (Q, =1.0 m’ /min), the results show that variation of the
cold airflow has small effect for both cold and warm jet flow (Figure 5.5.10). While the
effect of cold momentum on the stratified flow interface level height is high, the effect
of warm momentum is higher. This is visible in the presence of low momentum. It can

be related to the following reasons:

1. Insignificant temperature difference between the injected-warmed air and the hot
air in the upper zone. Therefore, the injected air is flowing down under the effect
of its initial momentum. When it reaches the lower zone:

- It looses its momentum due to the long time needed to cross the distance
between the jet and the lower zone.

- It looses its negative buoyancy due to the entrainment of cold air from
the lower zone.

- It increases the temperature and the amount of the air in the lower zone,
and the thickness of that zone, thus shifted the stratified layer interface
level height upwards to reach the ceiling.

2. For the cold jet, the injected air is flowing down under the effect of both
momentum and negative buoyancy. Comparing with warm-jet flow, the effect of

cold momentum was smaller, which is related to the following reasons:
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The cold jet looses its momentum through the long distance needed to
travel before reaching the lower zone. Compare with the warm case, the
momentum loss is smaller because it needs less time to cross the distance
due to its negative buoyancy and comparatively high slip velocity.

The cold jet looses its negative buoyancy due to the entrainment of hot
air from the upper zone, and the entrainment of cold air from the lower
zone. Due to low temperature difference the entrainment is lower than
the warm jet.

It increases the temperature and the amount of air in the lower zone. The
increase in temperature is lower compare with the warm jet. Thus the
height of the occupied zone is increasing and the stratified layer interface

level height is correspondingly shifted.

From the above analysis, the use of warm jet is more effective, compared with the cold

jet flow.

Secondly, at higher values of hot airflow rate (Q, =2.0 m’ /min), the results show the

cold airflow rate with a significant effect for both cold and warm jet flow (Figure

5.5.11). While the effect of cold momentum on the stratified flow interface level height

is high, the effect of warm momentum is nearly higher. For higher values of cold

airflow rate (Q, =6.0 m’/min), the effect of momentum produced by cold jet is not

effective compare with the other cases. This was due to the following reasons:

1.

At high cold airflow rate, the flow was stratified at higher interface level height.
Therefore, the distance for the injected air to reach the lower zone is
comparatively short, so less amount of hot air entrainment from the upper zone.
In this, the injected air looses less momentum and reaches the lower zone with
comparatively low temperature. Thus, increase the amount of cold air in the
lower zone and act as a cold air supply.

As discussed latter, more increase in momentum will increase the circulation in

the lower zone leading to raise the stratified layer upward and mix the flow.

At lower values of hot airflow rate (1.0 m’ / s ), Figures 5.5.10 and 5.5.11 show that the

flow will never be fully mixed. In this case, the stratified layer interface level height

goes upward to reach more than 80% of the chamber height at higher momentum, while
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it reaches the fully mixed case for higher values of hot airflow rates (2.0 m’/s ) with

better results for the higher values of cold airflow rate (6.0 m’/s ). In this case, the

flow is completely mixed at lower momentum of 0.2m*/s’ .
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Figure 5.5.10: Comparison of interface level height with the jet speed, at hot airflow rate of

Q, =1.0m*/min and different cold airflow rates (Q,=2,4and6m*/min) in the

environmental chamber.
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5.6 Mixing Flow Using Inversion of Input Vertical Locations

5.6.1 Inversion Technique

Experiments were done to study the stratified flow characteristics using inversion
technique to destroy the stratified layer and mix the flow. The temperature and smoke
visualization have been carried out. Two cases of relatively strong stratification were
studied using the experimental set-up presented in Chapter 3. The purpose of this
technique was to remove the polluted and hot gases from the occupied zone, and to mix
the air to a reasonably uniform temperature, yet satisfy the requirements of comfort

environment in confined places.

Chapter 4 presented the effect of opening locations on the stratified flow characteristics.
The effect of input vertical location was obtained in section 4.4. Similar analyses were
carried out to investigate the effect of inversion of input locations on the stratified flow
characteristics. A fully mixed flow can be reached when the cold air flows through the
upper location, while the hot air flows through the lower ones. In other words, mixing
will be introduced under the effect of inputs overturns (inversion of input locations)

despite the presence of momentum and buoyancy sources.

In these types of flows, the source of hot air flow rate was the source of both buoyancy
and momentum fluxes. While the direction of the flow is upward, the momentum and
buoyancy were acting in the same direction. For the cold air supply, the direction of the
flow was downward, so both momentum and buoyancy acted in the same direction. As

classified by [Hunt et al. (2001)] the flow was of two categories:

1. Warm air forced upwards, where the resulting flow is a forced plume.

2. Cold air blown downwards, where the resulting flow is buoyant jet.

In this case, there are influences between the buoyancy tending to stratify the interior
and the momentum tending to mix it. Thus with a forced plume it is possible to go from
the stratified case to the mixed case by changing the relative magnitudes and directions

of the buoyancy and momentum fluxes.

Figures 5.6.1 and 5.6.2 show the mixing of stratified flow using inversion technique.

The results were for two cases of different flow rates. The results show how the
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inversion of input locations influences the stratified flow characteristics despite the
degree of stratification and the temperature difference. From the comparison between
Figure 5.6.1 and 5.6.2, the temperature profiles show that the effect of hot airflow rate
in stratified flow is clearly significant, while it disappears in the presence of inversion

flow (in mixed flow).

These results, regardless of different initial conditions and different values of airflow
rates, showed that the stratified layer was broken down rather than translated to higher
levels as shown in the case of jet flow. Refrigerators and big meat stores use similar
technique (defrost). In this technique, the refrigeration cycle is reversed for few minutes
to remove the ice concentrated in the refrigerator due to the condensation of water vapor

inside these stores.

As presented in Chapter 4, the change in the location of heat source was leaded to a
change in the characteristics of the circulation flows formed, and so the characteristics
of the stratified flow in the domain. In the same manner, the inversion of input
supplier’s locations will change the circulations formed above and below the stratified

layer and so affect the stratified flow characteristics.
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Figure 5.6.1: Temperature profile showing the translation from fully stratified flow to fully

mixed flow, using inversion technique. The flow was translated from initial situation

(Q,=2.0m*/min at H,, =2.0m and Q_ =4.0m’/min atH_;, =0.5m) to a
new situation of (Q, =4.0m’/minat H_ =0.5m and Q. = 2.0 m’/min

atH_,, = 2.0 m) where the exhaust height was fixed (H,, = 1.5 m).
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Figure 5.6.2: Temperature profile showing the translation from fully stratified flow to fully

mixed flow, using inversion technique. The flow was translated from initial situation
(Q, =2.0m*/min at H,_, =2.0m and Q_ = 6.0 m*/min atH ; = 0.5 m)to anew
situation of (Q, =6.0 m’/min at H,, =0.5m and Q. =2.0 m*®/min

atH _,, = 2.0 m) where the exhaust height was fixed (H_, =1.5m).

In Figure 5.6.1, it is clearly concluded that the behaviour of mixing of stratified flow is
strongly affected by the inversion of entering locations. Thus, the inversion of input
locations is an effective process in mixing the flow and improving the removal
efficiency inside the space. As shown in Figures 5.6.1 and 5.6.2, the initial stratified
flow is established and the high temperature difference is become fully mixed with an

average temperature comparatively high in the lower zone and low in the other zones.

Inversion of input locations may result in a pressure drop in vertical direction when a
cold air layer flows at higher levels overlies a warmer, less dense layer flows
horizontally at lower levels. This leads to a negative velocity gradient and so low value

of Ri number. Thus a completely mixed flow is introduced.

From the results, changing the input location (for constant flow rates) does not change
the temperature distribution of the stratification profiles, but change the level of
stratified layer and the interface level height. It moves to higher or lower depends on the

openings locations (Chapter 4). On the contrary, inversion of input airflow suppliers
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gives a complete change in temperature profile and flow situation. It converts the flow

from fully stratified flow to fully mixed flow, as shown in the figures.

5.6.2 Smoke Visualization of Inversion Technique Tests

Temperature visualization shows how the vertical temperature distribution changes with
inversion of input locations. Comparing the right and left half’s of various stratified
flow conditions (Figures 5.6.3 and 5.6.6) shows the effect of inversion of input locations
on the temperature isothermal lines. It shows a complete change for the distribution of

temperature isothermal lines from the case of stratified flow to a case of mixed flow.

In the left half of both figures, the flow was stratified with strong degree of
stratification. It shows the stratified layers of temperature isothermal lines were open to
one another because the profiles become more inclined (stratified flow). While the
inversion was impact both the shape of the profiles and its position on the temperature
scale. The smoke visualizations of this case, for different airflow rates, were shown in
Figures 5.6.4 and 5.6.7 In this case the smoke is concentrated into the stratified layer
above the lower zone rather than shorting up to reach the ceiling, as discussed in

Chapter 4.

In the right half, the temperature distribution does not show any variation with height
over the full period of time. It shows the mixed zones of temperature isothermal lines
were close to one another because the profiles become more vertical (mixed flow). In
this case, the whole space becomes one zone, and the temperature distribution shows the
same profiles (like an isothermal flow) even though initial situations changes
furthermore. Also, the temperature distribution is somewhat independent of the flow
situation. The smoke visualizations of this case, for different airflow rates, were shown
in Figures 5.6.5 and 5.6.8. In this case, the smoke is rising up due to buoyancy, and
shorting up to reach the ceiling rather than concentrating in the stratified layer over the

lower zone.

Figures 5.6.3 and 5.6.6 shows how the average temperature changes. It ascends in the
lower zone, while it descends in the other zones with steeper descending in the upper

one. It should be accepted due to the following reasons:
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1. Fully mixed flow will result in large values of disturbances and turbulences
leading to fully circulated flow in the whole domain. When reaching steady
state, an isothermal flow in the chamber will introduce.

2. Fully mixed flow will improve the effectiveness of hot gas removing from the
chambers, which result in increasing of output temperature. Thus, the average
temperature in the whole space regardless of the of the stratification degree.

3. When a location of the heat source is at lower level, the convective heat gain
from the heat source to the lower zone is increasing. While the lower zone is
originally cold, this will result in an increase of its temperature, so that the
temperatures in the upper zones are decreasing. As a result, a reduction in the

average temperature of the whole domain is occurred, as discussed in Chapter 4.

These observations were similar to the numerical observations of [Sinha et al. (2000)]
for hot air inlet located near the floor level, while the exhaust located in the opposite
wall or the ceiling. In their case, the buoyancy forces accelerate the penetrated hot air
towards the exhaust. This enhances the secondary re-circulation around the path of the
penetrated air, which increases the average temperature in most of the occupied zone.
As discussed in Chapter 4, where the level of stratification is changed depending on the
source location, because of the re-circulation flows generated in the mixed layers was

changing with source location.

As shown in Figures 5.6.3 to 5.6.8, the results indicate a close agreement between
temperature and smoke visualization. While the stratified layer was broken down rather
than translated to higher levels before reaching fully mixed flow, the flow was mixed
without any needs for a new air supply, more airflow rates and more energy
consumption. Also mixing the stratified flow and improving the pollutant removal
efficiency inside the space was so better. So for low ventilation air flow rates and no

additional airflow to be used, mixing by inversion technique will be preferable.
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Figure 5.6.3: Temperature visualization showing the mixing of stratified flow of initial
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Figure 5.6.4: Smoke visualization showing the stratified flow at the initial situation of
Q, =2.0m’/min and Q, = 4.0 m’/min and locations heights of H,, =2.0m and

m respectively, at fixed H_. = 1.5 m.

Figure 5.6.5: Smoke visualization showing the mixing of stratified flow of initial situation

3 . 3 . -
(Q,=20m"/minat H ;, =2.0m and Q =4.0m"/minat H_, =0.5m) to a new

. . 3/ - = [
situation of (Q, = 40m”/minat H,, =0.5 m and Qk_ =2.0 m’/min at Hmm =2.0m)

where the exhaust height was fixed (H_, = 1.5 m).
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Figure 5.6.6: Temperature visualization showing the mixing of stratified flow of initial

situation of (Q, = 2.0 m*/min at H,,, =2.0 m and Q_=6.0 m’/minatH _, = 0.5m)

3 . - - 3 o .
to a new situation of (Q, =6.0 m”/min at H =0.5m and Q. =2.0m’/min at

hot

H = 2.0 m) where the exhaust height was fixed (H o = 1.5m).

cold




Figure 5.6.7: Temperature visualization showing the mixing of stratified flow of initial situation of

(Q, =2.0m*/min at H,,, =2.0m and Q = 6.0 m*/min at H = 0.5 m ) where the

cold

1.5 m).

exhaust height was fixed (H

T VI S £ T, o i, sl S S VR A

Figure 5.6.8: Smoke visualization showing the mixing of stratified flow of initial situation

(Q, =2.0m’/minat H,,, =2.0m and Q =6.0m’/minat H_, =0.5m) to a new
situation of (Q, =6.0m*/minat H,, =0.5mand Q_=2.0m’/minat H_,, =2.0 m)

where the exhaust height was fixed (H_, = 1.5 m).
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5.7 Summaries and Conclusions

Mixed ventilation is where air is supplied into the space with relatively high momentum
flux, in order that, the air in the space will be mixed to a reasonably uniform
temperature, yet satisfying the requirement for air speeds. Thus is usually achieved by
supplying air at high level within the space. For low jet momentum, the flow unable to
reach the floor due to the stronger stratification layer that generated in the lower zone

[chow (1996)].

Mixing of stratified flow was carried out using full-scale air-modeling technique, and by

two technical methods:

e By increasing the momentum forces to break the balance between buoyancy and

momentum. This was carried out using both cold and warm jet flow.

¢ By inversing the inputs vertical locations.

The effect of initial jet momentum airflow on mixing the stratified flow was
investigated by using experimental techniques. When a momentum of the jet is higher, a
momentum turbulence gain from the momentum source to the lower zone increases,
which results in change in the average temperature and in an increasing in the occupied

zone by increasing the stratified layer level height.

It can be concluded that the jet momentum has significant influence on the mixing of
the flow and the stratified flow characteristics. The results indicated that once the
momentum was initiated a mixed flow grew in the occupied zone above the floor. The
height of this zone is a dependent of the stratified flow characteristics, and the

temperature and momentum of the ceiling jet.

Also the results showed that the stratified layer height is a function of the initial jet
momentum over a wide range of flow rates. These results, despite of different types and
values of jet flow, showed that the interface level height was approximately inversely

proportional to the momentum in the case of cold jet, at least over the range

of0.22 - 2.17 m*/s?, and as expected for weak stratification the mixing was more

effective and faster.
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5.8.1 Cold Jet

It is seen that increasing the momentum will increase the stratified layer interface level
height, and more increase in jet momentum will increase the mixing in the lower zone
and destroy the stratified layer before reaching the ceiling. From the three cases, it can
be concluded that, for the case of strong degree of stratification and low momentum, on
reaching the interface, the injected air will flow and stratified above the stratified layer
for a certain distance depending on the degree of momentum, degree of stratification
and interface level height. However, for low degree of stratification the injected flow
will go through the stratified layer or destroying it, while for high degree of
stratification, the stratified layer will stand against the injected flow of low momentum

as a solid surface.

Comparing the results of this case with those in case 1 and case 2, it can be noted that,
the effect of hot airflow rate compare with cold airflow rate was much higher. For
relatively cool jet injected air at high level from the ceiling, the entrainment volume flux
from the upper zone is large enough. While the hot air domain of penetration is the
upper zone, the significant effect of hot airflow rates should be comparatively. From the
comparisons, it is seen that the mixing is higher and faster in case 1 and 2 since the
temperature gradient and the degree of stratification is not strong enough as shown in

this case.

5.8.2 Warm Jet

The effect of momentum of warm jet airflow on mixing the stratified flow was
investigated. Extensive experimental measurements providing temperature profiles of
various jet speeds of (0.0 to 15.0 m/s) are presented. The experiments were done using

air-modeling technique.

It is seen that the jet momentum has significant influence on mixing of stratified flow
and flow characteristics. The results showed that the effect of warm jet is more

significant especially in the lower and at low jet momentum.

Comparisons between cold and warm jet flow show that the translation of the stratified

flow level height and the mixing effectiveness are changed depending on the jet
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temperature and momentum. Using warm jet airflow, the mixing of stratified flow was
faster while the removing efficiently was higher. Using warm jet, the higher values of
momentum will destroy the stratified layer and mix before the interface level height

reaches higher levels like that of cold jet flow.

The results demonstrated the stratified layer height as a function of the initial jet
momentum over a wide range of flow rates. These results, with respect to different types
and values of jet flow, showed that the interface level height was approximately

proportional to the momentum in the case of warm jet, at least over the range of

022-217m'/s*.

5.8.3 Inversion of Input Vertical Locations

Another area of experimental techniques used to mix the stratified flow is the inversion
of input airflow suppliers. In this case, the buoyant cold layer in the lower zone will
loose its buoyancy forces while being heated with the hot airflow penetrated at lower
levels in the environmental chamber. Also the stratified layer will loose its stability and
break down due to the drag and tearing of cold air penetrated downward from higher
levels. The compound effect of these two situations will circulate the air in the whole

space and disturb the stability of the stratified layer to reach fully mixed flow

From the results, it is concluded that the behaviour of mixing of stratified flow is
strongly affected by the inversion of entering locations (i.e. input hot air placed near
floor and cold air flow near ceiling). The flow was being fully mixed without any needs
for a new air supply, more airflow rates and more energy consumption. Thus, the
inversion of input locations is an effective process in the mixing process of the flow and
improving the pollutant removal efficiency inside the space. Also the results show that
the initial stratified flow and the high temperature difference is becoming fully mixed

with an average temperature comparatively low in the whole space.

Comparing with mixing by momentum jet mixing by inversion technique, the latter will

be comparatively preferable.
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Chapter 6

General Discussion of Stratified Flow

6.1 Introduction

This Chapter provides a discussion of the results presented in Chapters 4 and 5.
Comparisons of the results obtained from the present experiments with the previous
studies as well as the small-scale results are discussed. Implications of flow
measurements, resolution and uncertainty are examined to identify the key similarities

of these results.

The analytical and schematic models proposed by [Skistad (1998)] and [Calay et al.
(2000)] for selective ventilation in large enclosures were the basis for a full-scale
experimental model used in this study (i.e. Chapter 3). The model of [Skistad (1998)]
was set up for the environmental chamber to study the flow parameters and stratified
flow characteristics as explained in Chapter 4. In Chapter 5, the physical process
proposed by [Calay et al. (2000)] for jet momentum was the bases for the model used to
destratify the flow.

A series of experiments were carried out using full-scale air modeling technique.
Different smoke and temperature visualization techniques were used to investigate the
phenomenon of stratification in the built environment to compare latter with the results

of the present work.

In Chapter 4, the effect of flow parameters such as airflow rates, ducts vertical locations
and direction of flow were studied. In Chapter 5, both cold and warm jet momentum
were introduced to mixing the flow of different stratification conditions. An inversion
technique has been used in order to overturn the momentum buoyancy phase flow inside

the chamber to break down the stratified layer and mixing the flow.
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6.2 Comparison with Other Published Work

The purpose of this section is to present related experimental data from previous studies
in comparison with the present work. The results of full-scale air-modeling technique
are compared with the related small-scale models. These comparisons are made to
identify the similarities of flow parametric, therefore illustrating the similarities between

a real full-scale technique and a small-scale one.

Figure 3.1.1 showed a schematic process related to ventilation in rooms with a stratified
flow situation. It shows a schematic drawing of selective withdrawal for a polluted layer
of air-“Select-vent” presented by [Skistad (1998)]. The proposed work was to achieve
three goals using the suggested model where the method of selective ventilation is still

subject to research and a number of questions have not yet been answered.

Firstly, to study the effect of flow parameters such as relative input and output airflow
rates, which was an important parameter in the technical work of [Skistad (1998)],
where the stratified flow characteristic & (the stratified layer thickness) is a function of

extract airflow rate as evaluated by [Skistad (1998)] equation (6.2.1)

5 k(Qﬁjz (%_gzl] ‘ 6.2.1)

where k is a constant =2.0, Q_, is the extract airflow rate in m%/s, B is the width of the

withdrawal layer, g is the acceleration of gravity, T is the air temperature in °K, z is the

height coordinate and J is the half thickness of withdrawal layer.

Secondly, to achieve a significant saving of energy by zoning the space, above and
below the stratified layer, to a working zone of clean-cool air and an upper zone of

clean-hot air, while the pollutants are concentrated at the level of stratification to be

extracted.

Thirdly, to study the significance of inlet and outlet duct locations as a key factor in the
stratification phenomenon and so in the ventilation process. It is necessary to
characterize the exhaust height to be in the right location. Otherwise, when the exhaust
location is situated in the upper zone, the extraction of fresh air is higher; hence the

concentration of contaminants in the lower zone is higher. On the contrary, if the
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exhaust location is situated in the lower zone or close to the stratified layer interface, the

contaminant removal effectiveness is better.

To answer the question of Skistad (1998) “How thick will the withdrawal layer be?”
The stratified withdrawal layer is a very important component in stratified flow
characteristics. It works as a thermal barrier between upper and lower zones from which

the temperature difference and the degree of stratification are evaluated.

Consequently, in comparing with the schematic model suggested by Skistad, the
experimental observations in this work support the present model. Both models
predicted the stratified flow characteristics using full-scale technique with several major
differences between the present model and the schematic model of Skistad (figures 3.1.1
and 6.2.1):

e Whilst Skistad’s model is a simplified analytical model, the present study is
based on full scale experiments.

e The results show that the stratified flow characteristics are affected by different
flow parameters. The Skistad’s model concerned with the stratified flow
characteristics in terms of the stratified layer thickness, and related this
parameter to the extract airflow and the geometry of the enclosure (equation
6.2.1).

e According to Skistad’s analysis, the flow must stratify at the level of extraction
(exhaust height), while in the present model it stratifies at the level of
stratification between the bottom and the top of the full-scale height. It can also
stratify at the level of neutral buoyancy when the level of stratification is higher,
which depends on smoke density and extraction air flow rate.

e According to Skistad’s analysis, the stratified layer thickness gives the same
results before and after inverting the input locations, which is in disagreement
with the present results (Chapter 5), and the results of [Hunt et al. (2001)].

e According to Skistad’s analysis the variation of temperature in the enclosure is
linear which is in disagreement with the present results and the results of [Mundt
(1995)], where the temperature distribution is non linear, and the temperature
gradient is maximum somewhere below the ceiling where the contaminants

concentrated.
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Figure 6.2.1: Temperature visualization showing the stratified layer and

zones of (Q, & Q. =3 & 6 m*/min, H =15m).

exhaust

In ventilation applications, some of the heat source is placed at higher locations. In this
case an amount of cold airflow rate is generated through the low level openings. Both
Skistad and Linden models relates the stratified flow characteristics to the overall

airflow rate (Q ), and ignore the effects of cold airflow rate. In our case, the mass flow

< out

rate was varied according to weather fluctuations, where the cold air supply is the

ambient, so that the overall airflow rate Q,,, defined by equation 6.2.2 was used.

= out

Qo =Q. +Q, (6.2.2)

From equation 6.2.1, the stratified layer thickness & is a power function of overall flow

rate Q_ . An estimate for stratified layer thickness & at certain overall airflow rate Q

out * out

is described by equation 6.2.3, and shown in Figure 6.2.2.

§=A(Q,,) (6.2.3)

where A and b are constants obtained from the best fit of the experimental results.
Figure 6.2.2 shows the relationship between 3 and the total airflow rate, as evaluated for

different types of cold and hot airflow rate.

With the constants: A = 0.8 and b = -0.25, equation 6.2.3 becomes
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8=0.8(Q, )" (6.2.4)

Fig 6.2.2: y=2.8 m, Qh= 1- 4 m*/min,Qc= 2-6 m*/min, Hh=2.0 m, Hex=2.5m

1.00 :
0O Qbh=1.0 < Qh=2.0 A Qh=3.0
0.80 O Qh=4.0 A Skistad (1998) = RBost fit
(m o " A A
- 0.60 - o " &
=, A o
© A A
0.40 @ -
O 0
-0.25
5=08(0,,)
0.20 -
0.00 ‘
2.0 4.0 6.0 8.0 10.0 12.0

Qout (m3/min) i

Fig 6.2.2: The stratified layer thickness & with the overall airflow rate Q,,, for various values of hot
airflow rateQ, =1.0,2.0,3.0 and 4.0m * /min compare with the results of |Skistad (1998)].

The line represents the prediction of equation 6.2.4.

Table 6.2.1 summarizes the stratified layer thickness & calculated by [Skistad (1998)].
equation (6.2.1) and the present results, along with the variations of input airflow rates.
Compared with the present results, there is no statistical agreement between these
results. Skistad equation 6.2.1 was based on the withdrawal airflow rate

Q.. =Q,, =Q,and the geometry of the enclosure, where the exhaust height is the

height of stratification. Some of the variation in stratified layer thickness evaluations
can be attributed to the methods used to estimate 8. As previously discussed, there is no
mathematical equation that can identify the stratified layer thickness or pinpoint the
location of its interface. For these reasons, the results summarized in table 6.2.1 and
shown in figure 6.2.2, show an agreement for the cases of high airflow rate while for

moderate and low flows the deviations is about 5-30%. In general, it is to be expected
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that an agreement between the prediction of [Skistad (1998)] and the present measured

data would improve as the reasons mentioned above are solved.

Q. Q.,/V Q./V

Q, (m */min )| (hour ') | (hour ') | & (m) & (m)

(m */min ) (Equation 6.2.1) | (Measured)
1 2 0.48 0.95 0.42 0.7
1 4 0.48 1.90 0.47 0.51
1 6 0.48 2.86 0.56 0.36
1 ] 0.48 3.81 0.63 0.3§5
2 2 0.95 0.95 0.42 0.7
2 4 0.95 1.90 0.46 0.6
2 6 0.95 2.86 0.6 0.57
2 8 0.95 3.81 0.67 0.5
3 2 1.43 0.95 0.47 0.45
3 4 1.43 1.90 0.56 0.45
3 6 1.43 2.86 0.63 0.5
3 8 1.43 3.81 0.7 0.45
4 2 1.90 0.95 0.52 0.5
4 4 1.90 1.90 0.6 0.6

Table 6.2.1: The stratified layer thickmess calculated by Skistad (1998) equations
compared with the present evaluated values for several typical of experiments with

several values of airflow rates.

As discussed in Chapter 2, the outputs of small-scale models are displayed by two zones
of stratified flow, while the stratified layer is a sharp interface between these zones.
Therefore, the temperature difference is determined from the average temperatures
above and below the interface. In practice, the interface between these zones is of
significant height occurs are over a finite distance within the room called stratified

layer.

Despite the flow conditions and weather fluctuations, the stratified layer established
using full-scale air modeling technique is still better than that of using small-scale
models (model of Linden) as discussed in Chapter 4. The model of Linden may be
appropriate to evaluate the stratified flow characteristics, by conserving the

dimensionless parameters as reviewed in Chapter 2.
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The experiments performed by Linden’s model are different at some points from the

set-up used in this research:
In the research by Linden:

1. Small-scale experiments were made in a salt-baths set-up to predict the natural
displacement ventilation in combination with a wind stack. Both diffusion and
radiation were assumed negligible, while the convective heat transfer cannot be
neglected.

2. The values of heating or cooling loads were varied through the density
difference between the supplied liquid and the domain.

3. The direction of the flow was vertical. The fluid flow driven only by density
differences and solute transports. The stratification situation involved buoyancy

forces is dependent on the solute concentration.
Whereas in present research:

1. Full-scale experiments were made in the environmental chamber with a
mechanical mixing ventilation system. The temperature variation along the
vertical height is evaluated. The influence of different flow parameters on the
stratified flow characteristics was investigated.

2. The change in the air heating or cooling temperature fraction results from the
change of supply airflow rate (Q_orQ, ) rather than the supply temperature.

3. The flow direction was differing due to the differences in the acting stream
forces. The stratification situation was implicated by a coupling of buoyancy

and momentum forces.

As shown in figures 6.2.3 and 6.2.4, the results performed by Linden’s model disagree

at some points from the results evaluated in this research.

In the research by Linden:

1. The stratification occurs at a certain height between the ceiling and the floor,
while the stratified layer is the layer between the clean zone and the ceiling,
where the liquids layering behavior is to stratify the lighter liquid above the

heavier ones.
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2. The stratified layer interface level height was predicted as a sharp interface
between two layers of air of differing temperature, clean and polluted zone,
which in opposing to the results of [Mundt (1995)]. In the same time, this imply
that a natural implementation of the stratification occur in our case. While in
case of Linden model they made an artificial condition of experiments with
totally different densities.

3. The mathematical model of [Linden et. al. (1990)] did not explain the
temperature distribution within the test-room. Both diffusion of heat and
thermal radiation were neglected, while the remaining mechanism for heat
transfer is convection. Therefore, two layers of air of differing temperatures can
co-exist in the same confined space without any diffusion over the sharp
interface. [Howell and Potts (2001)].

4. The mathematical model of [Linden et. al. (1990)] was in good agreement with
the salt-bath technique, where the salt-bath technique also neglects the

mechanisms of thermal radiation and diffusion [Howell and Potts (2001)].
Whereas in the present research:

o The stratification can occur at any level inside the chamber, where the gases
behavior is lighter and can be stratified at different heights.

o The stratified layer interface level height was the line of maximum degradation
of temperature profile with vertical height, while the ventilated space was
divided into two clean zones with a polluted-stratified layer in between, which
is in agreement to the results of [Mundt (1995)].

o The temperature distribution within the test-chamber is realistically explained,
while both diffusion of heat and thermal radiation during the stratified layer
coexisted. Therefore, two clean zones of air of differing temperatures can
coexist in the same confined space, and a stratified layer of significant thickness
was in between, this naturally occurs in real environment.

o The results of temperature measurements and smoke visualization were in good
agreement with the results of [Mundt (1995)], where thermal stratification

occurs, and both thermal radiation and diffusion were present.

An estimate for the stratified layer interface level height h at a certain effective opening

ratio can be obtained from the present results and compared by the work of [Linden
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(1990)], who estimated the sharp interface level height with the effective opening

ratiosA"/H”? and A'L/H:

where a, and a,are the input and outlet opening areas, and c=1 is the value of

discharge coefficient used by [Linden (1990)] for calculating A".

Linden (1990) used equation 6.2.5 to estimate the actual airflow rate. In our case the
effective opening area can be estimated from the measured values of airflow rate,

assuming the chamber is fully insulated:

.....

) 4
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Figure 6.2.3: Shadowgraph images shows the Figure 6.2.4: Temperature visualization
region of sharp density gradient (between the showing the stratified layer, lower and upper
white lines), and the zones at t=470 s. [Lin and zones of (Q, & Q. =2 & 6 m’/min).

Linden (2002)].

Figures 6.2.5 and 6.2.6: show the stratified layer interface level height with the effective
opening ratios A°/H and A'L/H for different airflow rates. The figures show that
with an increase in effective openings ratio, the stratification interface level height
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remains constant. Good agreement has been reported between the present results, using
air modeling technique, and the predictable and experimental data using the salt-bath

technique (Linden et. al., 1990).

According to the stratification scheme shown in Figures 6.2.5 and 6.2.6, poor
quantitative agreement is reported at high hot airflow rate of (3.0 m®/min). The poor
agreement is due to conditions and assumptions of Linden work, where the airflow rate

of natural ventilation is comparatively low compared with 3.0 m’ /min hot airflow rate.

The stratified layer interface level height with effective opening ratios A*/H’

1.00 SR
O Qh=10
A Qh=20
0.80 - B Qh=3.0
© Linden et al (1990)
e Prediction of Linden (1990)
0.60 - © o ©
=
=
0.40 - <o
0.20 -
0.00 -
0.00 0.02 0.04 0.06

A*/H?

Fig 6.2.5: The stratified layer interface level height h/H with the effective opening ratio A*/H’ for

various values of hot airflow rateQ,k =1.0,2.0 and 3.0m* /min compare with the results of

Linden (1998). The line represents the prediction of Linden (1998).
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The stratified layer interface level height with effective opening ratios

A'L/H |
1.00 = |
® Qh=1m"3/min ‘ [
® Qh=2m"3/min ‘ i :
0.80 - B Qh=3m"3/min ‘ |
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e Prediction of Linden et al (1990) [ |
0.60 - - A A | i
<>
= & .
]
0.40 A |
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0.20 .
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Fig 6.2.6: The stratified layer interface level height h/H with the effective opening per unit length
A*L/H for various values of hot airflow rateQ, =1.0,2.0 and 3.0m’ / min compare with the

results of Linden (1998). The line represents the prediction of Linden (1998).

6.3 Discussion on Findings

6.3.1 Effect of Space/ Time Variations

As discussed in Chapter 3, measurements were taken at several locations inside the
environmental chamber. The scale of these experiments was in both space and time
variations. It was designed to address the consequences of variations in time and space

of flow conditions that affect stratified flow characteristics.

As discussed in Chapter 4, in the presence of stratification, the parameters
characterising the stratified layer deformation are the stratified layer interface level
height (h), stratified layer top height (h"), stratified layer thickness (3), the degree of
stratification DS and the temperature gradient inside the stratified layerdT/dS. The
relatively uniform distribution of flow along and across the direction of flow is shown
in Figures 6.3.1 and 6.3.2. Figure 6.3.1 and 6.3.2 show the stratified flow characteristics
with relatively fixed heights, which support the suggestions mentioned earlier for the

governing equations, where the flow is assumed to be uniform.
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Despite the variations of temperature profiles in both along and across the direction of
the flow, the results demonstrated three dimensional stratified flows with a stratified

layer characteristics almost uniform in both along and across the direction of the flow.

Figure 6.3.1 shows the plot of flow characteristicsh’/H, h/H and &/H against the
dimensionless length of x/H. The results shows that the temperature profile in the

environmental chamber is precisely symmetrical in the x-direction and the flow

characteristics are uniform with small variations in the stratified flow characteristics as

presented earlier.

Figure 6.3.2 shows the plot of flow characteristicsh’/H, h/H and 8/H against the
dimensionless width of y/H. The results shows that the temperature profile in the
environmental chamber is precisely symmetrical in the y-direction and the flow
characteristics are uniform. As presented earlier (Chapter 4), the variations in the
vertical values are insignificant at the entire locations. Whilst, at the walls, the
temperature difference and momentum are comparatively high which decreases the

degree of stratification due to disturbances of the walls.

Comparing the results shown in Figures 6.3.1 and 6.3.2 with that in Figures 4.5.13 and
4.2.3 gives a good agreement between results obtained by temperature sensors and that

by smoke visualisation.

As a result, the vertical temperature profile variation in the environmental chamber is

near symmetrical. Thus the flow characteristics are uniform, and the stratified flow is

assumed two dimensional.
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Figure 6.3.1: Stratified flow characteristicsh’/H , h/H and §/H against the dimensionless length

of x/H for a number of locations along the direction of the flow, where (Q, = 2.0m* / min )

and (Q, = 6.0m* / min ).
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Figure 6.3.2: Stratified flow characteristicsh’/H , h/H and §/H against the dimensionless width

of y/H for a number of locations across the direction of the flow, where (Q, = 2.0m * /min )

and (Q_, = 6.0m* / min ).
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In built environment, the flow is typically stratified. The degree of stratification DS
depends on the geometry of the space and the flow conditions. When the degree of
stratification reaches unity (DS=1), the flow becomes homogenous (pure mixed flow).
When a stratified flow changes to mixed flow, its mechanical properties will change.
The change from a stratified to a mixed flow takes place over a period of time called
conversion period 1. . The period of time is characterised by space and time variations.
It is affected by the stratified flow characteristics, the technique used in mixing and the

characteristic time 7.

Based on the continuity equation, the change in airflow rate across the chamber AQ is:

A=Y (6.3.1)

where V is the volume of the environmental chamber and Qi, and Q,y are the input and

output airflow rates, the estimate characteristic time is given by:
AQ
T=— (6.3.2)

Creation of stratified flow by increasing the hot airflow rate was shown in Figure. 4.3.1.
In this case the characteristic time given by equation 6.3.2 is T =126 minutes. By

increasing the hot airflow rate by 1.0 m’, the conversion period was (7. =10 minutes)
[16:01 to 16:11], while the time needed to reach the steady state condition is t,=100

minutes.

The time at which mixed flow occurs should be the total of the conversion time and the
steady state periodic time. In the same manner, it is the characteristic time needed to
maintain the stratified case and go over the flow variations. Thus, the characteristic time

and the time needed to reach the steady state condition are always equals.

T=Tc + 7 (6.3.3)

Time classification Tc Ts Te+Tg T ("c + 1 )/‘t

Values in minutes 10 100 110 126 87%
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6.3.2 Effect of Airflow Rates

As investigated by [Li and Delsante (2001)], [Chen and Li (2002)] and [Fitzgerald and
Woods (2004)], the vertical position of the interface was related to the ratio of the upper
and lower vent areas depending on the nature of the heat source. As discussed in
Chapter 4, both hot and cold airflow rates were adjusted to maintain on the stratified
layer and the stratified flow characteristics. Therefore, the control on a stratified layer

interface level height, up or downward, is achieved by adjusting the airflow

ratioR = Q_/Q, as a key parameter of input conditions.

Figure 6.3.3 shows the change in the stratified layer interface level height h/H with

respect to airflow rate ratioQ, /Q, .

It is identified that the stratification interface level height increases with the airflow

ratio for several amounts of hot and cold airflow rates. From the results shown in Figure

6.3.3

.._ch
H
L = %=O[Q°J
ho 1 @
H Q)
or,
h  (Q)
H—A( h] +B (6.3.4)

with the boundary condition %(O) =0,B=0

Figure 6.3.3 shows the data points measured and the best fit line for the data, which was

obtained with A=0.2 and n=0.5 and described by equations 6.3.5

E ) Q. 05
= 0.2(Qh j (6.3.5)
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The region above the curve is thus dominated by the contaminant zone, and clean zone

dominates the region beneath the correlation curve.

Interface level height h as a function of airflow ratio Qc/Qh |

1.00
A Qh=10 |
| o Qh=20 o8
e o Qh=30 h _ 0.2 Q. |
® Qh=40 H Tkl Q } ‘
— Dest fit - j
0.60 - || |
: ‘
s x A
0.40 .
‘ ‘
|
0.20 ‘ :
1 ‘
]
0.00 * T T T | ‘
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

Qc/Qh

Figure 6.3.3: Variation of the stratified layer interface level height h/H with the ratio of input
airflow rate Qc/Qh for various values of hot airflow rateQ, =1.0,2.0,3.0 and 4.0 m ® / min .

The line represents the prediction of h/H as a function of Qc/Qh, (equation 6.3.5).

As a balance indicator, the stratified layer interface level height h revealed the ratio of

buoyancy to momentum forces. As a function of overall airflow outQ__ , Figure 6.3.4
shows no specific relation between h andQ_, . Observation of Figure 6.3.3 and 6.3.4

once again shows that the stratified layer interface level height h is related to the ratio of

airflow rate Q_/Q, rather than the overall airflow rateQ_, =Q, +Q, .
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y=2.8 m, Qh= 1- 4 m3/min,Qc= 2-6 m*/min, Hh=2.0 m, Hex=2.5m.
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Figure 6.3.4: Variation of the stratified layer interface level height h/H with the overall output

airflow rate for various values of hot airflow rateQ, =1.0,2.0,3.0 and 4.0m * / min .

Figure 6.3.5 shows the change in the stratified layer thickness & with respect to airflow

rate ratioQ_/Q, . As shown in Figure 6.3.5, the stratified layer thickness & is decreased

by increasingQ_/Q, . The results are in agreement with [Linden (1979)], which

identified the needs for input flow rates to remove the mixed fluid from the stratified

region in order to keep its thickness constant.

(e
H Q,

- )
with the boundary condition E(w) =0,

: (6.3.6)

195



where A and b are constants obtained from experimental results using the best fit of the
data points measured. Since A=0.2, and b=-0.0627, the best fit shown in Figure 6.3.5 is
described by equations 6.3.7

-00627[&\

S _o02e %) (6.3.7)
H

Using equations 6.3.5 and 6.3.7, it possible to obtain an estimate for the flow

characteristics 3 and h of stratified flow for various airflow rate O, and Q. .

Stratified layer thickness and stratified layer Interface
level height versus airflow ratio
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Figure 6.3.5: Variations of the stratified flow thickness 3 with the input airflow rate
ratio Qc/Qh for various values of hot airflow rateQ, =1.0,2.0,3.0 and 4.0 m * / min .

The line represents the prediction of (6.3.7).

6.3.3 Effect of Buoyancy to Momentum Fluxes

Let us consider the Richardson number to characterise the stratified flow since it is the
ratio of the buoyancy to the momentum forces, which are the main forces in completion
to determine the stratified layer thickness . Figure 6.3.6 shows the change in the
stratified layer thickness & with the stratified flow Richardson number Ri. The value of
Ri was varied between 3.8 to 200, which very much spans over a wide range of

operating conditions. For high values of Ri = 200, the stratified layer thickness is shown
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to be with significant effect. As the value Ri decreases to 3.8, 3 is decreased. Thinner
stratified layer thickness is expected to form upon further decrease in Ri value. This is
referred to the decrease in the ratio of the Ri physical definition (buoyancy to
momentum forces), which causes a steep temperature gradients in the vertical direction

of the thermocouple stand.

Figure 6.3.6 shows the correspondence between stratified layer thickness 8/H with Ri
number. Using the best fit line, it is possible to obtain an estimate for the stratified layer

thickness 8 for flow Ri number. This line is described by the form:
) b
—=ARi
q (6.3.8)

where A and b are constants obtained from experimental results. Since A=0.1217,

b=0.0837, the fitted curve shown in Figures 6.3.6 is described by equation 6.3.9.

% =0.1217 Ri*®™ (6.3.8)

Stratified layer thickness as a function of Ri number
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Figure 6.3.6: Variations of the stratified flow layer thickness 8/H with the stratified flow Ri number

for various values of hot airflow rateQ, =1.0,2.0,3.0 and 4.0m’ /min . The line represents

the prediction of (6.3.8).
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The variation of stratified layer thickness with the Reynolds number is displayed in
Figure 6.3.7. The Reynolds number was varied between 7000 and 30000. The results
show significant variations in the flow characteristics due to the increase in momentum
forces upon the increasing of Reynolds number. Thinner stratified layers are shown to

form with the increase in Re values.

The fitted curve shown in Figure 6.3.7 is the correspondence between stratified layer
thickness 8 and flow Re number. It is described by equation (6.3.10). Using the best fit
line, it is possible to obtain an estimate for the stratified layer thickness for flow Re

number.
o b
—=ARe
q (6.3.10)

where A and b are constants obtained from experimental results. The fitted curve shown

in Figure 6.3.7 is described by equations 6.3.11

o ~0.3181
—=3.6757Re™
= (6.3.11)
y=2.8 m, Qh= 1- 4 m*/min,Qc= 2-6 m*/min, Hh=2.0 m, Hex=2.5m
0.40
A Qh=10 ® Qh=20 |
® Qh=3.0 ® Qh=4.0 ; ‘
0.30 - — Power (Best fit) |
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. A o L
; 0.20 - \ ' ‘
» " .
& A
0.10 - |
5 /H= 3.6757Re**"*"
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Figure 6.3.7: Variations of the stratified flow layer thickness 8/H with Re number for various

values of hot airflow rateQ, K =1.0,2.0,3.0 and 4.0m*/min . The line represents the

prediction of (6.3.11).
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The study has involved a number of concepts introducing additional governing
parameters. The Richardson number is a measure of stratification but with the stratified
layer thickness & and other characteristics, its variation is slight (Figure 6.3.6). An
overall Richardson number Ri can be considered to relate buoyancy effects to
momentum effects but can’t be used to measure the buoyancy effects. The Reynolds
number is a measure of stratification (Figure 6.3.6). It can be considered to relate

momentum effects to viscous effects and can be used to measure the momentum effects.

. . Ri . .
Let us consider the ratio R = Re to characterise the stratified layer thickness & since it
e

is also the ratio of the buoyancy to the momentum forces. Figure 6.3.9 shows the
change in the stratified layer thickness & with the ratio R. The value of R was varied
from 0.0 to 0.027. The low values of R indicate the low values of flow characteristics
where the buoyancy forces become diluted, while the momentum forces become
concentrated. With more decrease in the ratio R, the flow becomes further weakened.
When R~ 0.0, the stratified layer is diminished and the flow changed to a pure mixed

flow. As R increases, the stratified layer thickness becomes thicker and stronger.

Figure 6.3.8 show the values of the stratified layer thickness § at different ratios of
R =Ri/Re within the ranges of 0.0-0.027. The relation between 8 and R is

approximately correlated by:

8 Ri 0.092
—=02874| —
1 (Re) (6.3.12)

The variation in the profile indicates that the stratified layer thickness is increased by

increasing the ratio R and 8 becomes thicker.
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y=2.8 m,Qh=1-4 m’/min,Qc= 2-6 m3/min, Hh=2.0 m, Hex=2.5m
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Figure 6.3.8: The variation of stratified layer thickness with the mmomentum-buoyancy ratio
R=Ri/Re for various values of hot airflow rateQ, =1.0,2.0,3.0 and 4.0m* /min. The line

represents the prediction of equation 6.3.13.

To evaluate the main effective force in stratification mechanism, the relation between
stratification and buoyancy must be define and evaluated to investigate the importance

of buoyancy. Let us consider a non-dimensional parameter AH = RiRe .It measures the

ratio of buoyancy forces to viscous forces. The parameter AH can be evaluated for

examining the variations of a stratified flow characteristics under the effect of buoyancy

forces.

Figure 6.3.8 shows the change in the stratified layer thickness 8 with the parameter AH.

The value of AH was varied from 0.0 to4x10™. The relation between & and AH,

shown in Figure 6.3.9, is approximately correlated by:

% = 7x10 (RiRe)+0.1637 (6.3.13)
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Figure 6.3.9: The variation of stratified layer thickness with the buoyancy-viscous ratio AH=Ri Re
for various values of hot airflow rateQ, =1.0,2.0,3.0 and 4.0m’ /min . The line represents the

prediction of equation 6.3.12.

From equation 6.3.13 and Figure 6.3.9, %5 0.1637 and the variations of the stratified

layer thickness & with the parameter AH is small whilst the variations of § with the Re is

higher (i.e Figure 6.3.7). Thus:

“The effect of Re number on the stratified layer thickness J is greater than the effect
of AH”

Effect of [Re] - Effect of [AH]

U

Effect of [M—] > Effect of [1—3-:|
V \Y%

Effect of [M]> Effect of [B]
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“The effect of Momentum forces on the stratified layer thickness is greater than the
effect of Buoyancy”

In which, B is the Buoyancy forces, M is the momentum forces and V is the Viscous

forces.

6.3.4 Effect of Exhaust Height

Several tests were performed to investigate how the opening height affects the stratified
flow characteristics in the stratified flow. These tests were conducted by changing both
input and exhaust height while keeping both the cold and hot airflow constant. As
presented in Chapter 4, the higher the vertical input location, the higher the interface
level height. The exhaust vertical location does not alter the position of the interface

level height. It could be in the locations above or below the interface level height.

It has been found that the interface level height h is directly proportional to the exhaust
height i.e. the height where flow becomes stratified. Therefore by modifying the exhaust
position the removal of contaminated air from a multipurpose industrial space can be

selectively achieved as proposed by [Calay et al (2000)].

Figure 6.3.10 shows vertical temperature profiles for exhaust aperture locations
h,,varied from 1.0 to 2.5m, for a flow of Ri= 40-200 and Re~2500 -32600. By

increasing h,,, the flow becomes more stratified, the interface level height is ascending

and the average temperature inside the chamber is decreasing down, which improve the

effectiveness of ventilation, heat removing and energy saving.

Figure 6.3.11 shows that the location of the interface level height h is directly changed
with the change in the exhaust height. It increases by increasing the exhaust height. This
pattern agrees with the findings of [Calay et al (2000)]. However, the stratified layer

thickness is decreased by increasing the exhaust height. This is not so for all cases as

observed from Figure 6.3.11, where the sharper interface 8 is ath,, = H/2, where the
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degree of stratification is higher as shown in Figure 6.3.12. In this Figure, the stratified

layer temperature gradient AT/8 shows a higher value of (12 °C/m).

The exhaust location does not alter the position of the interface level height when the
momentum forces dominate the flow, the interface level height was below the exhaust
position when the momentum forces at the floor are high compared to the global
buoyancy forces (Qc/Qh is low). When momentum is increased at the floor level, this
also changes the buoyancy forces; however, the combined effect of inertia and
buoyancy forces yields into the development of a mixed zone close to the floor and the
stratified layer is pushed upwards. The interface forms between 0.25H-0.3H, which is

below exhaust location at 0.5H.

The exhaust location does influence the level of the interface but the interface can form
above or below the exhaust height depending upon the relative magnitude of the
momentum and buoyancy forces. In order to improve the effectiveness of ventilation
and for energy efficiency, the optimum location for exhaust is at the interface or where
the temperature reaches its maximum above the occupied zone. When the exhaust
position is above the interface level and within the stably stratified zone, the

contaminants are extracted efficiently, and the age of air at the breathing zone is higher

However, when the exhaust location is not at the stratified zone and being either below
or above this zone, the removal efficiency becomes low. For example when the extract
point is below the stratified zone, excess fresh air from the occupied zone can be
removed. When the exhaust location is situated in the upper zone the concentration of
contaminants in the lower zone may get too high. Therefore the positioning of exhaust

must be designed as a significant part of the building HVAC system.
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Effect of exhaust height on the stratified layer
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Figure 6.3.10: The stratified layer temperature profile along the vertical axis for different exhaust

heights (1.0, 1.5, 2.0, 2.5 m) at hot airflow rate 2.0 m’® / min and cold airflow rate4.0 m> / min .

Effect of exhaust height on the stratified layer
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Figure 6.3.11: The stratified flow characteristics h/H and 8/H as a dimensionless form with the

exhaust height Hex/H at hot airflow rate 2.0 m* / min and cold airflow rate4.0 m’ / min.
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The sensitivity of both temperature gradient AT/dzand degree of stratification DS
patterns to varying the exhaust height Hex has been investigated. Figure 6.3.12 shows
that the temperature gradient and the degree of stratification are sensitive to the exhaust
vertical location. As discussed in Chapter 4, the higher degree of stratification is at
intermediate values of input airflow rates. The height of the exhaust vertical location
and the higher degree of stratification shown in Figure 6.3.12 are reflected by the
location and amplitude of the highest point on the (DS — Hey) plot, respectively. In this

Figure, the stratified layer temperature gradient AT/8shows a higher value of

(12 °C/m), while the degree of stratification DS shows a higher value of (4.26). The

results conclude that the degree of stratification DS exhibits a sharp decrease at a critical
Hex = 0.5H. For flows greater than or less than this critical height DS is decreased,

while the stratification gradually disappeared.
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Figure 6.3.12: The stratified flow temperature gradients defined by AT/AS and AT/dz and the

degree of stratification DS with the exhaust height Hex at hot airflow rate 2.0 m* /min and cold

airflow rate4.0 m”’ /min.
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6.3.5 Determination of Critical Momentum

Both buoyancy and momentum can influence the room air movement [Awbi (1998)].
While the flow of high buoyancy was introduced in the chamber, the flow of high
momentum was supplied downward from the ceiling jet. As discussed in Chapter 5, the
magnitude of momentum needed is depending on the degree of stratification, stratified
layer interface level height and the stratification conditions. It can be seen that the jet
momentum has significant influence on the mixing of the stratified flow characteristics.
The results indicated that once the momentum was initiated a mixed flow grew in the
occupied zone above the floor. The height of this zone is dependent on the temperature

and momentum of the ceiling jet as well as the stratified flow characteristics h, § ad DS.

The variations of jet speed V; and jet momentum M; with interface level height for both

hot and cold jet flow are shown in figures 6.3.13 and 6.3.14. The critical jet momentum
required to break down the stratified layer is proportional to the stratified layer interface
level height. The stratified layer interface level height is translated to reach the ceiling
since the injected air is supplied directly into the occupied zone. However for all
experimental airflow rates, the critical jet momentum required to breakdown the
stratified layer is increased with the growth of the stratified layer height for both cold
and warm jet. When a high air flow rate is injected (Vj =max), figure 6.3.13 and 6.3.14
shows that the stratified layer is broken and completely destroyed by the strong

momentum despite the stratified flow characteristics.

As discussed earlier, figure 6.3.13 shows that stratified layer interface level h is a very
important factor since it plays an important role in breaking and destroying the stratified

layer.

In the case of warm jet, the high jet momentum directed to floor level raise the interface
level height upward and combined with the cold air in the occupied zone. This increases
the temperature in the occupied zone and produced high temperature near the ceiling in
the upper zone whilst in the case of low jet momentum, the injected air supplied close to
the ceiling did not have sufficient momentum to go through the stratified layer and
achieve acceptable mixing. Thus it is stratified in the upper zone producing high

temperature layer near the ceiling.
206



In order to explain the variation of momentum jet with h, the stratified layer potential

energy due to gravity is equals to jet kinetic energy.

1
(Ap)gh(A5)=5pj(Cd A V)V (6.3.14)

=

1
V;=Ch? (6.3.15)
and
2
M;=QV, =A;‘C2h3 (6.3.16)

Where A is the chamber area, A; is the jet area and Cyq is the jet discharge coefficient,

here C is a coefficient of flow density, spatial geometry and given by equations (6.3.17).

'
2(Ap)gA8 3
C=|—F" 6.3.17
[ p.C.A, ( )

Where Ap is the density difference across the stratified layer, 8 is the stratified layer
thickness, Cq is the discharge coefficient, p;j is the density of the injected air and A;is the

jet cross sectional area.

Hence T =15°C, T,=~45°C, A;=9.5x10"m’, A=126m’, and assuming the
temperature difference across an average of 8=1.5m is AT| . ~7°C and a

discharge coefficient C, = 3/4, the value of the coefficient C given by equation 6.3.17

is C¢, = 12.5 forcold jetand C,; ~12.82 for warm jet.

Figures 6.3.13 and 6.3.14 show the relationship between h and both jet velocity V; and
jet momentum M;, as predicted by equations 6.3.15 to 6.3.17 for both types of jet flow.
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Figure 6.3.13: Critical jet velocity needed to break down the stratified layer with the interface

level height for both warm and cold jet flow. The line represents the prediction of (6.3.15).
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Figure 6.3.14: Critical jet momentum needed to break down the stratified layer with the
interface level height for both warm and cold jet flow. The line represents the prediction of

(6.3.16).
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For different values of Re numbers used in the experiments, and by using the
momentum jet, figure 6.3.15 shows the critical momentum jet (The minimum initial jet
momentum required to breakdown the stratified layer) needed to break down the
stratified layer as a function of Re number. The results show that the momentum flux
decreases with Re number. A direct comparison between cold and warm jet flow shows
a lag in the interface level height owing to the temperature difference, whereas the

results indicated higher values of interface level heights for warm jet.

Mixed flow using momentum jet
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Figure 6.3.15: Critical jet momentum needed to break down the stratified layer with Re number for

both warm and cold jet flow.

The experiments have shown that a stratified flow persists in the chamber for a range of
initial Re numbers from 7000 to about 22000. The initial stages of typical stratified
flows were shown in (Chapter 5). The incoming jet airflow was injected on downwards
for a certain distance into the stratified layer. On increasing the initial jet momentum

above the critical value, there was a flow transition from a stratified flow to a mixed.

During this transitional period, which occurred in the ranges 0.0 < M, < (M ,) the

J Jeritical
stratified layer interface level height h was observed to be translated upward to reach the
ceiling. The translation of h from downwards to upwards is affected by the initial

characteristics of stratified flow.
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For initial jet momentum greater than the critical values, the jet momentum caused a
gradually diluted stratified layer leading to an overturning of the layers in the chamber,
and a mixing mode of flow was observed. This mode of mixing is dependent on the
relative strength of the initial momentum and the initial flow characteristics. From the
results in Figures 6.3.13 to 6.3.15, a significant difference between warm and cold jet
flow is observed. For the same flow conditions, the results show the effectiveness of

using warm jet to mix the flow is higher than that of cold jet, where the forces of

momentum and buoyancy are opposed.

The velocity of the injected air inside the stratified layer is less than that induced inside
the lower zone due to the high temperature difference so high reduced gravity. Thus, the
velocity of the injected air decreases quickly when it enters the stratified layer. The
results show that the critical jet momentum increases with the Buoyancy/momentum
ratio (Ri/Re). Figure 6.3.16 shows the critical jet momentum required to breakdown the
stratified layer as a function of Ri/Re numbers.

The power efficiency of breaking the stratified layer in this case is decreased by
increasing the buoyancy forces of the stratified layer defined by Ri, whilst it is increased
by increasing the momentum energy of injected air. We can therefore say that the

stratified layer is easily broken and destroyed by high jet momentum.
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Figure 6.3.16: Critical jet momentum needed to break down the stratified layer with buoyancy to

momentum ratio Ri/Re for both warm and cold jet flow.
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6.3.6 Mixing the Stratified Flow using Inversion Technique

In reverse cycle air conditioners, “to protect the evaporator from freeze damage, it must
occasionally run in a defrost cycle where the flow of refrigerant is reversed, so that heat
from the interior of the house will melt accumulated ice deposits in the outdoor coil.
This results in uncomfortably cold air being circulated throughout the home during the
cycle”. [PATH (2005)]

From the above explanation, the definition of stratification phenomenon presented in
Chapter 1, and the introduction of [Dagestad (1991)] that the flow has stable
stratification when Ap/Ay <0, while it has unstable stratification when Ap/Ay >0, the

inversion technique was revealed and used in the present work. In this technique the
stratified flow was mixed by inverting the input airflow suppliers. In this case, the
buoyant cold layer in the lower zone will loose its buoyancy forces while being heated
with the hot airflow penetrated at lower levels in the environmental chamber. Also the
stratified layer will loose its stability and break down due to the drag and tearing of cold
air penetrated downward from higher levels. The compound effect of these two
situations will circulate the air in the whole space and disturb the stability of the

stratified layer to reach a fully mixed flow.

The analysis carried out to investigate the effect of inversion at input locations on the
stratified flow characteristics were presented in Chapter 5. A fully mixed flow was
reached despite the degree of stratification and the temperature difference when the cold
airflow enters through the upper location, while the hot airflow enters through the lower
ones. In other words, mixing will be introduced under the effect of inputs overturns

(inversion of input locations) despite the presence of momentum and buoyancy sources.

Comparing with the mixing by jet momentum flow, the inversion technique shows

several major differences:
In the mixing by momentum jet:

1. The stratified layer was translated to higher levels before broken down to reach
fully mixed flow.
2. Mixing process was introduced by an additional air supply, and so additional

airflow rates, and more energy consumption.
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3. Improving pollutant removal efficiency inside the occupied zone occurred by
increasing the stratified layer interface level height so the height of the occupied
zone.

4. For these three purposes, mixing by momentum jet is preferable
Whereas in the mixing by inversion technique:

1. The stratified layer was broken down rather than translated to higher levels
before reaching fully mixed flow.

2. The flow was mixed without any needs for new air supply or more airflow rates
with more energy consumption.

3. Mixing the stratified flow and improving the pollutant removal efficiency inside

the space was so better.

4. For these purposes, mixing by inversion technique is preferable.

Figure 6.3.20 shows the variation of temperature T and temperature gradient dT/dz
along the vertical height z for two cases of stratified and mixed flow. For stratified case,
stratification of air causes a vertical temperature gradient dT/dzreaches 4.4 °C/m along

the vertical height of the chamber whilst it reaches a maximum value of 20°C/m in the
stratified layer. The degree of stratification for this case is DS= 4.54, (very high degree

of stratification).

For mixed flow, Figure 6.3.20 shows an average vertical temperature gradient
dT/dz=dT/d6 =04 °C/m. For this case, the degree of stratification is DS=1.0,

(homogenous fully mixed flow). The drop in the temperature gradient is estimated:

B
dZ Stratified flow - 11

¥
dz Mixed flow (6319)
)

d5 Stratified flow = 50

H

dé Mixed flow (6320)
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This low degree of stratification results in a fully mixed flow, where the degree of
stratification decreases by 11 times through the vertical height and 50 times through the
stratified layer. In this case, the buoyancy forces of low temperature difference (0.4
°C/m) are not efficient to maintain on the stratified condition. Therefore zones
disappeared, and a fully homogenous mixed zone is established. In this zone, the air is

fully mixed and therefore the air temperature and pollutant concentrations are uniform

throughout the space.

Temperature Gradient and Temperature Profile for both Stratified and Mixed
Flow
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Figure 6.3.20: The temperature profile and temperature gradient for both stratified and mixed flow

(figure 5.6.1). In this case, the break down of the stratified layer was introduced by inversion the

input vertical locations.

6.4 Implication of Measurement Resolution

The data analysis in the present study emphasized the time dependence for temperature
vertical distribution. For stratified flow, the methodology used in the present work
focused on short duration releases of (60 s). For mixed flow where the variation is
faster, the time resolution of concentration measurements was 10 s. This resolution

allowed analysis of the time sequence of temperature distribution.
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Table 4.1.4 shows the average airflow rates for different flow configurations. The
increase in airflow rates between low and high flow rates were by factors of 1 and 2
m>/min. The minimum and maximum measured airflow rate for different configurations
varied from 1m*/min for hot airflow rate to 2m*/min for cold airflow rate. Comparing to
the whole volume (126 m3), the effects of variations in chamber ventilation rates were

by factors 0.48 to 0.95 hour " These values show that the air age inside the chamber is

mostly less than an hour.

Figure 4.4.1 showed the sensitivity of the flow characteristics to the varying of input hot
airflow rate. In comparison with figure 4.4.2, the sensitivity of the flow to changes in
cold airflow rate and so the ambient conditions were smaller. The inflow rate was

within the resolution, of the device approximately, within+ 5.7%, as listed in appendix

A3.4.

Using temperature profile as a means to determine the flow characteristics h, 5, DS and
dT/dzestimates for the stratified flow experiments will no doubt include errors which

cannot be quantified due to the number of uncontrollable flow variables. This method is
the only means of evaluating. The accuracy becomes better for stratification of higher

temperature gradient over well controlled experiments, so that the flow characteristics

could be observed clearly.

Incoming heat loads can create stratification inside the chamber. To understand this
process, the standard practice is to measure the air temperature at many intervals along
the chamber height and around the stratified layer where the rate of change of
temperature is higher. Eighteen temperature sensors, with a multi-channel data logger is
used tto record the temperature profile. In these measurements, sensor matching is more
important than sensor accuracy, whilst the rate of temperature change with depth is most
interest, not the temperature value itself. The highest quality thermocouples temperature

sensors are matched to 2.5%.

6.5 Implication on Ventilation Designs

Although a great deal of literature on ventilation implications exists, much of these are
technical writing concerned with the mixing of stratified flow to improve the
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mechanical and removal efficiency. There have been very few studies conducted on the

implications of ventilation in the presence of stratification.

As discussed in Chapter 2, studies of energy saving potential in buildings addressing the
need for the implementation of such an energy efficient system. By determining the
ways in which the stratified layer can be established and suggesting ways in which this
stratification can be overcome, the present work has provided the information needed to
promote the implementation of stratified and mixed flow in ventilation systems. It has
provided pointes view from which it can develop strategies to increase use of

stratification applications and to design the ventilation systems with most benefits.

The purposes of the present work were to investigate the stratified flow characteristics
perceived by designers and decision makers in the implementation of ventilation
systems in enclosures and buildings. Taking in consideration the effect of stratification
on ventilation, heating, and cooling of a building is more efficient and significantly

reduce energy use. This is important for many reasons:

e It can save significant amounts of money and energy when used to provide
enough comfort.

e It improved the effectiveness of the ventilation system to remove the
contaminant and heat from the occupied zone and provide the zone with fresh

air.

In ventilation applications, stratification interface level height and ventilation airflow
rates are the two main factors in the design of natural ventilation system [Chen and Li
(2002)]. Both input and exhaust vertical locations have a significant effect on the flow
characteristics, and reinforce each other. In Linden’s and Skistad’s models there are no

further explanations for the effect of these parameters on the stratified flow

characteristics.

From the results, the flow can stratify at certain heights below the exhaust location
depending on the flow boundary conditions. For this the opening geometries must be
designed to overcome the phenomenon and exhausted the contaminants and unneeded

gases with high removal efficiency. However, when the exhaust location is not at the
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stratified layer height, but at some way below or above, the removal efficiency becomes

low. In other words, fixed exhaust location is ineffective to exhaust the contaminant.

The results show that the exhaust location does not alter the position of the interface
level height. It could be in the location above or below the interface level height. Note
that the exhaust location does influence the flow rate and the level of the interface. In
order to improve the effectiveness of ventilation and to save heating energy costs, the
exhaust location must be where “the exhaust temperature should not exceed the

temperature in the occupied zone” [Hagstrom et al. (2000)].

The inversion of input duct locations is much more efficient in the removal of heat and
contaminant than the jet momentum. Ventilation strategies employ this vertical
temperature gradient by maintaining the lower occupied zone at comfort conditions

while the hotter gases in the upper zone to be exhausted.

6.6 Summary and Concluding Remarks

For efficient design and estimation of optimal operating conditions in ventilation
systems, a series of experimental investigations have been performed to study the flow
characteristics and the thermal stratification mechanism. The review of previous
investigations on the stratified flow, revealed the need for more experimental work
using air-modeling technique. In the research work we have examined the stratified
flow, in steady state conditions, under the effect of the different major flow parameters.
The effect of influence of different flow parameters of air supply, such as airflow rate,
jet momentum and temperature, flow conditions, and the vertical location of input and
output air flow were investigated. Also the influences the space characteristics, such as
geometry of the chamber, type of the walls, and distribution of the heat and smoke
sources were also investigated. The combination of all of these factors will lead to the

development of tools that aid in designing efficient ventilation systems.

The kind of information that is typically extracted from the experimental results is
shown and discussed in Chapters 4, 5 and 6. The results are for the cases mentioned in
Chapter 3, where the inlet hot and cold flow rates, input and outlet vertical locations are

the main parameters used to stratify the flow, while the momentum of cold and warm jet
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flow and the inversion of input locations are the main parameters used to mix the
stratified flow. The comparisons between experimental results and visualisation are
analyzed in the present work, also the Richardson number and stratification thicknesses
calculations were presented to highlight the stratification boundaries and for the
comparison purposes with other researchers such as [Mund (2001)] and [Skisdad
(1998)]. The general conclusions obtained are discussed, and the areas of special

attentions are highlighted and the recommended for future work are suggested.

From the experimental data investigated in the present research work, and the
discussions and analysis conducted through out the thesis, the following can be

concluded:
6.6.1 Effect of Input Airflow Rates and the Direction of Flow

The effect of input airflow rates on the stratified flow has involved with a number of
exercises that can be used in ventilation designs and applications. The results and

conclusions remarks concerned with this will be presented in the following:

e It was found that for certain ranges of input flow rates, stratification could occur
for all conditions.

e [t was seen that the hot flow rate has more significant effect on the stratified
flow than that of cold flow rate.

e Controlling airflow rate may slightly control the degree of stratification, and
stratification interface thickness.

e The moderate airflow rates show better performance of thermal stratification.

It should be noted that the stratification interface level, the total ventilation flow rate
and the geometry of the space are, generally, the major concerns in the design of
ventilation systems with most efficiently. So that the stratification levels must be above

the occupied zone, and the ventilation flow rate must be within the requirements of

space occupants.

A strong stratified region can work as a thermal barrier to decelerate the contaminant
motion and increase both the temperature in the upper zone and the concentration of the

smoke along the surface in the occupied zone. Also it could be concluded that there is a
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slight effect of the flow rate on the stratified layer thickness which can be advantageous

or disadvantageous to the occupied regions.

6.6.2 Effect of Input Vertical Locations

The effects of both input and exhaust locations on the stratified flow characteristics
were investigated. When the input location is at higher levels (2.0 m), the buoyancy
forces is increased with a sufficient amount to stratify the flow, whilst for the decreasing
of input location from 2.0m to 1.0 m, the interface level height is decreasing downward
to reach the ground, yielding a mixed flow in both zones. The temperature distribution
in the upper zone is somewhat independent of the location of input location unlike the
lower zone. The results also show that the level of stratification is increased by the

increasing of exhaust location.

From the results it can be seen that the input and exhaust vertical locations reinforce
each other, while the hot and cold airflow rates do not always reinforce each other, but
in fact be against each other, due to the buoyancy differences created due to unbalance

effect of both layers of the stratified region .

It can be concluded that the stratified flow characteristics are dependent upon the flow
parameters and the geometry of the space (opening locations). The designing of opening
heights can be used for controlling the flow characteristics such as mixing or

maintaining the flow of the stratified layer.
6.6.3 Effect of Momentum Jet Flow

The effect of momentum jet airflow on mixing the stratified flow was investigated by
using an experimental air modelling technique. It is seen that the jet momentum has
significant influence on the mixing of the flow and the stratified flow characteristics.
The details indicated that once the momentum was initiated a mixed flow grew in the
occupied zone above the floor. The height of this zone is a dependent of the stratified

flow characteristics, and the temperature and momentum of the ceiling jet.

Comparisons between cold and warm jet flow show that the translation of the stratified

flow level height and the mixing effectiveness are changed depending on the jet
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temperature and momentum. Using warm jet airflow, the mixing of stratified flow was
faster while the removing efficiently was higher. By using warm jet flow, the higher
values of momentum will destroy the stratified layer and mix it before the interface

level height reaches higher levels like that of cold jet flow.
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Main Concluding Remarks
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Chapter 7

Conclusions

The main conclusions of the present study are:

1. Stratified layer interface level height is not located at the exhaust aperture
height. This finding is contrary to the predictions by Skistad (1998) and Linden
(1995) and others.

2. Stratified layer interface level height is dependent on the ratio of airflow rate and
geometrical effects.

3. Based on the present experimental results a definition for degree of stratification
is proposed. This definition gives a measure of the stratified layer within the
stratified flow. A definition of the degree of stratification has not been
previously published.

4. The critical vertical momentum necessary in order to break down a stratified
layer has been found to depend on the stratified layer interface level height. A
semi-empirical formula based on the present experimental results has been
developed to predict the critical vertical momentum for given stratified
conditions.

5. Experimental data also demonstrate a ventilation method for increasing the
occupied zone height without breaking down the stratified layer.

6. If mixed flow is desired then the cold inflow aperture should be located higher
than the hot inflow aperture.

7. Small-scale models, such as those used by Linden (1995) are insufficient for
predicting stratified layer thickness. The present work demonstrates that the air
within the stratified layer constitutes the region of contaminants. This
contradicts the work of Linden (1995), which suggests that the upper layer is the

region of the contaminants. Consequently the prediction of stratified layer

thickness is important.
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8. Based on the present experimental results, the effect of momentum is greater

than the effect of buoyancy. The time needed to break down the stratified layer

is considerable less than the time it takes to stratify.

The experimental work has also demonstrated a number of flow features of stratified

flow. The features are as follows:

1.

The present results of different airflow rates and different input exhaust
locations showed that the temperature difference and the degree of stratification
can be controlled by controlling the flow parameters.

The different findings between the Skistad’s and the present model, showed that
Skistad’s model predicted that the flow will stratify at the level of extract air
(exhaust height), while in the present model it has seen that the stratification can
occur at any level between the bottom and the top of the full-scale height. Also
in the present work it was found that the exhaust vertical location does not alter
the position of the interface level height. The present investigations have shown
that there are many important parameters that affect the stratified flow
characteristics in contrast to [Skistad (1998)]. Linden's model predicts the
interface level height as a sharp transition between clean and polluted zone,
which in opposing to the results of [Mundt (1995)]. The present model predicted
the ventilated space as two clean zones with a polluted-stratified layer in
between, while the interface level height is suggested to be at the level of
maximum gradient of temperature profile.

The higher of the input vertical location the higher of the interface level height,
where different heights of input vertical locations will results in different levels
of stratification as evaluated by [Hee-Jin and Dale (2001)].

In the case of cold jet, the injected air is heavier than its domain. With initial
momentum vertically downward, the momentum and buoyancy forces are
reinforced one another. In some cases, the negative buoyancy can reach
minimum values before the momentum decreased to zero. It is due to the hot air
entrainment from the upper zone.

The using of warm jet is more effective, compared with the cold jet flow,
because of the effect of bouncy variations on the stratified layer.

More increase in momentum will increase the circulation in the lower zone

raising the stratified layer upward and mixing the flow.

222



7.

10.

11.

12.

13.

The inversion of input locations is an effective process in mixing the flow and
improving the pollutant removal efficiency inside the space.

At the walls, the temperature difference and momentum are comparatively high
which decreases the degree of stratification due to disturbances of the walls.

The present results are in agreement with the findings of Linden (1979) which
identified the needs for input flow rates to remove the mixed fluid from the
stratified region in order to keep its thickness constant, with a clearer
phenomenon in the present study.

The results showed that the decrease of the stratified layer thickness, due to the
momentum transfer from the cold air flow to the stratified layer according to the
momentum equation, which specifies the density variations effect. The decrease
is not significant at lower rates. When the cold airflow rate is comparatively
high, there were higher decrease in the stratified layer thickness and height,
while the interface level height increases. The reason is: Increasing the source of
momentum leads to increase mixing due to energy transfer, and as a result the
stratified layer thickness and the stratified layer height decreased more rapidly
than for low and moderate cold airflow rates.

Also the results showed that the strongest degree of stratification is for moderate
airflow rate (Q, =20m’/minQ, =4.0m’/min), as compared with the

comparatively low and high airflow rates. For low airflow rates the buoyancy
forces is sufficient to stabilize the flow. For comparatively high airflow rates the
momentum is high enough to overcome the stabilizing influence of the
buoyancy forces.

From the comparison with the schematic model suggested by [Skistad (1998)],
the experimental observations in this work support the Skistad model. Both
models predicted the stratified flow characteristics using full-scale technique
with several major differences between the present model and the schematic
model of Skistad.

According to Skistad’s analysis the variation of temperature in the enclosure is
linear which is in disagreement with the present results and the results of [Mundt
1995], where the temperature distribution is a function of height, and the
temperature gradient is maximized under the ceiling where the different flow

rates of different flow supplies. According to the heat transfer phenomena, the
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14.

15.

temperature differences always occur due to the heat flux variations inside the
enclosure.

From the stratified layer interface level height with the effective opening ratios
A/H*and A'L/H for different airflow rates, it is concluded that good
agreement has been reported between the present results, using air modeling
technique, and the predictable and experimental data using the salt-bath
technique of {Linden et al.(1998)].

The Richardson number provides a measure for the buoyancy forces related to
the momentum forces effect. The value of Ri was varied between 3.8 to 200,
which very much spans over a wide range of operating conditions. For high
values of Ri = 200, while the typical temperature profiles are shown to be
characterized by the flow parameters, the stratified layer thickness is shown to
be with significant effect. Upon decreasing the Ri value to 3.8, both & and

dT/dz were decrease. Moreover, the overall flow characteristics remain quite
the same. The variation of dT/dz with Ri is more significant. Also, thinner

stratified layer thickness is expected to form upon further decrease in Ri value.
This is referred to the decrease in the ratio of Ri physical mechanism (buoyancy
to momentum flow ratio), which causes steep temperature gradients in the
vertical direction of the thermocouple stand near the bottom of the

environmental chamber.
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Chapter 8

Recommendations for Future Work

In this research, we have established a framework for understanding important
parameters that affects the stratified flow and its relationships with ventilation
developments. The work also illustrates how various factors such as input airflow rate,
openings vertical locations, both cold and warm jet flow and the inversion of input

locations influenced the characteristics of the stratified flow.

The work done in this research has opened up a wide range of experimental researches
in studying the stratified flow, and improving the ventilation systems. In general the
results obtained can be used as an important tool for the validation of analytical and
numerical predictions, and to the design of ventilation systems and also it can broaden

more understanding of flow problems.

As we mentioned earlier, there are many parameters influencing the stratified flow and
the degree of stratification and its interfaces. Some of these parameters have been
studied extensively in this research, such as the effects of input airflow rates, flow
direction, input and outlet vertical locations on the stratified flow were investigated.
Also, the effect of momentum jet flow and inversion of input locations on the stratified

flow characteristics are performed. The combined effect of all these factors was also

indicated.

From the review and comparison of previous investigations with the present
experimental investigations, and from conclusions detailed in this Chapter 7, a number

of suggestions and recommendations were made regarding further development of this

research as following;
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Initial analysis has shown that the effects of these factors are significant and
must be encountered when dealing with ventilation design. The results are
encouraging the experimentalists and the theoretician to study these parameters
extensively in their future work.

The need for a CFD simulation models to evaluate the flow parameters
especially for environmental hazards is necessary. It is therefore essential that
further additional simulations can be used to be validated with the present
experimental results, within future work.

It is important to study the effect of input flow temperature, diffuser type and the
grill angle on the stratified flow phenomena.

The evaluation of the type of flow and the perturbations, fluctuations and the
shear stress in the stratified layer can be useful for the stratification
phenomenon.

The effect of exhaust height in the presence of stratified flow on energy
consumption and contaminant removing efficiency can be studied for predicting

of the outlet locations for the ventilation systems.
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Appendix'Al

Analytical Approach and Steady State Conditions

The approach used to analyze results is mentioned below. The analysis and the detailed

results will be reported with the parametric study of the stratified flow. Identifications

of the parameters affecting the thermal stratification in the environmental chamber are

listed:

. To give a complete study for the stratified flow in ventilated chamber, a number of flow

parameters affecting thermal stratification have been tested in the present work:

Hot airflow rate.
Cold airflow rate.
Input and output heights.

Heat loss.

To investigate the results, the following values and ranges for the parameters affecting

the thermal stratification are considered.

Hot air temperature From 40-45°C.

Cold air temperature The instantaneous ambient temperature
Hot air diffuser area 0.25 m2.

Cold air diffuser area 0.50 m2,

Hot air input heights 1.0 m to 2.5 m in steps of 0.5 m.

Cold Air input height 0.25 m.

Exhaust height 0.5 m to 2.5 m in steps of 0.5 m.
Thermocouple distribution As presented in chapter 3
Thermocouple heights As listed in table Al.1

Hot and cold flow rates As listed in table A1.2.
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As listed in table A1.3

As listed in table A1.4

As listed in table A1.5

Based on the equivalent chamber velocity

and hydraulic diameter as listed in table

Al.6

Based on B=5.6 m, H=3.0 m are the width

and height of the chamber respectively.

Ranging from 0.001 to 0.013 m/s

As listed in table A1.7

Chamber mean temperature

Based on the hydraulic diameter as listed

in table A1.8
As listed in table A1.9

As listed in table A1.10

Thermocouple | Height (m) | Thermocouple | Height (m) | Thermocouple | Height (m)
No. No. No.
1 2.80 7 1.90 13 1.00
2 2.65 8 1.75 14 0.85
3 2.50 9 1.60 15 0.70
4 2.35 10 1.45 16 0.55
5 2.20 11 1.30 17 0.40
6 2.05 12 1.15 18 0.25

Table Al.1: The thermocouples numbers and heights on the measuring stand as presented in

chapter 3, (figure 3.3.1).




Class of flow Low Moderate High
Cold airflow rate, m*/min 0.0, 2.0 4.0 6.0, 8.0
Hot airflow rate, m*/min 1.0, 2.0 3.0 4.0,5.0

Table A1.2: shows the ranges of hot and cold airflow rates that be classified into three classis
low, moderate and high. The calculations were based on, hot air diffuser area of 0.25 m? and

cold air diffuser area of 0.50 m.

Qc\Qh m*/min 1.00 2.00 3.00 4.00 5.00

0.00 46.72 31.24 | 6.65 1.25 0.67

R 2.00 20000 | 145.21 | 19.00 | 3.80 1.14
4.00 7520 | 150.00 | 97.60 | 16.18 | 2.89

6.00 2310 | 133.96 | 150.00 | 97.71 | 9.09
8.00 12.88 27.47 | 123.83 | 140.00 | 86.45

Table A1.3: shows the ranges of Ri number based on the input velocities, input temperatures and

based on hot air diffuser area of 0.25 m? and cold air diffuser area of 0.50 m2.

Qc\Qh m*/min | 1.00 2.00 | 3.00 4.00 5.00

0.00 0.1463 [ 0.1789 | 0.3877 | 0.8936 | 1.2250

Fr 2.00 0.0707 | 0.0830 | 0.2294 | 0.5128 | 0.9367
4.00 0.1153 | 0.0816 | 0.1012 | 0.2486 | 0.5883

6.00 0.2080 | 0.0864 | 0.0816 | 0.1012 | 0.3317

8.00 0.2786 | 0.1908 | 0.0899 | 0.0845 | 0.1075

Table Al.4: shows the ranges of Fr number based on the input velocities, input temperatures

and based on hot air diffuser area of 0.25 m? and cold air diffuser area of 0.50 m2.

Qc\Qh m*/min | 1.00 2.00 | 3.00 4.00 5.00
0.00 7813 | 15625 | 23438 | 31250 39063
Re 2.00 23438 | 31250 | 39063 | 46875 54688
4.00 39063 | 46875 | 54688 | 62500 70313
6.00 54688 | 62500 | 70313 | 78125 85938
8.00 70313 | 78125 | 85938 | 93750 | 101563

Table A1.5: shows the ranges of Re number based on the input velocities based on hot air

diffuser area of 0.25 m?, cold air diffuser area of 0.50 m?, and the hydraulic height of 1.5m

(V8]



Hydraulic diameter (m) 3.91
Qc\Qh m’/min |  1.00 2.00 3.00 | 4.00 5.00
0.00 2424 4849 7273 9697 12122
Re 2.00 7273 9697 12122 14546 16970
4.00 12122 14546 16970 19395 21819
6.00 16970 19395 21819 | 24244 26668
8.00 21819 24244 26668 29092 31517

Table Al1.6: shows the ranges of Re number based on the equivalent velocity and hydraulic

diameter in the environmental chamber.

Hydraulic diameter (m) 3.91
Qc\Qh m’/min | 1.00 2.00 3.00 4.00 5.00
0.00 2.05E+11| 5.49E+11| 2.63E+11| 8.80E+10| 7.32E+10
Gr 2.00 2.37E+11| 6.38E+11| 3.34E+11| 1.50E+11| 8.01E+10
4.00 3.30E+11| 7.12E+11| 4.29E+11| 2.84E+11| 1.14E+11
6.00 4.06E+11| 5.88E+11| 5.19E+11| 4.29E+11| 1.60E+11
8.00 5.09E+11| 4.83E+11| 5.44E+11| 4.61E+11| 3.80E+11

Table A1.7: shows the ranges of Gr number based on the reduced gravity g'm/s2 listed in

table A1.10 and the chamber hydraulic diameter.

Ar

Hydraulic diameter (m) 3.91
Qc\Qh m’/min 1.00 200 | 3.00 | 4.00 | 5.00
0.00 709.12 335.29 | 58.32 9.50 4.52
2.00 52.62 68.88 20.63 5.89 2.14
4.00 20.42 27.90 11.43 5.43 1.62
6.00 10.82 11.23 7.38 4.69 1.38
8.00 7.24 5.27 4.68 3.20 2.15

Table A1.8: shows the ranges of Ar number based on the definition of Archimedes

Gr
number Ar = — and the values of Re and Gr were listed in tables A1.6 and Al.7

respectively.
Qc\Qh m’/min | 1.00 2.00 3.00 4.00 5.00
0.00 4.15 11.10 5.32 1.78 1.48
Temp. Diff. 2.00 4.80 12.90 6.75 3.04 1.62
4.00 6.68 14.40 8.67 5.75 2.31
6.00 8.21 11.90 10.50 8.68 3.23
8.00 10.30 9.76 11.00 9.33 7.68

Table A1.9: Temperature difference, at the measuring stand across the chamber at a fixed axial

location of (3.75,2.8) m and different values of hot and cold air flow rates.

4




Qc\Qh m”3/min 1.00 2.00 3.00 4.00 5.00
0.00 0.13 0.35 0.17 0.06 0.05
g' m/s*2 2.00 0.15 0.41 0.21 0.10 0.05
4.00 0.21 0.46 0.27 0.18 0.07
6.00 0.26 0.38 0.33 0.28 0.10
8.00 0.33 0.31 0.35 0.30 0.24
Table A1.10: Reduced gravity g' m/s’ at the centre of the chamber for various values of cold

and hot airflow rates, and based on the temperature difference listed in table A1.9.

To evaluate the effect of flow parameters mentioned above on the stratified flow

characteristics. The results are analyzed along with the following lines.

Average temperature difference was estimated from the difference between
the floor and ceiling temperature readings rather than the hot and cold air

temperatures, because of different experimental input temperatures.

Stratification temperature profiles were plotted in terms of the dimensionless

(T-T,) . . .
temperature (T—T) along a vertical height (with T, and T, being
- g

respectively the temperatures at the floor and the ceiling of the chamber) and

a dimensionless height % .

Interface level height was the point on the height axis at which the
temperature profile has a maximum gradient. [Bouzinaoui et al (2005)]
Stratified layer thickness was the height difference between the start of
concave up and start of concave down on the plot of temperature profile.

Degree of stratification was estimated from Ri or the degradation of

- : . al
temperature profile with the vertical ax1s,d—.
z

Uniformity of the stratified region was estimated through a number of tests
were done at different locations in the direction along and across the

direction of the flow.

4 To get good quality results, the flow was characterized by both temperature and smoke

visualization, and the measurements were taken over a period of time when the flow

attaining steady state conditions.



5 The above parametric numbers and the values listed in tables: Al.1 and Al.2 were
selected based on theoretical background explained in chapter 2 and preliminary tests

done in the environmental chamber, using air modeling techniques explained in Chapter

3.

A1.3 Steady state conditions

All the measurements were taken at steady state conditions. The time needed to reach
this condition was varied from experiment to experiment. It depends, mainly, on the
surroundings settings, weather fluctuations, measuring situations and flow conditions

The typical time to reach steady state in our case was about (2-hours).

A steady (isothermal) temperature lines are shown in Figure Al.1. It shows the
measuring temperatures of thermocouple stand as time advances. It is for the last five
readings after the flow reaches the steady state conditions. The measured temperature

used, in investigations, was the average of these five readings.

Figure A1.1 shows the deviations of the typical temperature distribution lines with time
comparing with ideal steady state lines that can’t be reached in labs. As can be seen in
the figure, the deviations are visible near the top and bottom of the chamber, and non

visible in between. Over a period of time (4 minutes), it can be shown that the

isothermal line degradation 6 = ‘;—T is limited to 0.1°C/min. The deviations were large

near the ceiling and the floor due to heat transfer, heat loss to the ambient, thermal
diffusion and mixing. The deviation obtained is too small compare with the accuracy in
the temperature measurements of 0.3 °C. For this, the measurements are found

acceptable for steady state.



X=3.75 m, Y=2.8 m, Hh=2.0 m, Hex=1.5 m, Qh=1.0 m*3/min
Qc=0.0 m*3/min .
Z-direction (m)
385 , / \
| Y
38.0 - 6 il — 265
""""""""""""""" 25
375 | | .35
37.0 | a2
— '
365 - —1
© pP———————————eee.a nen ~es2 | 175
5 360 -
- Sl T TARNA0 3T 08 (IR wr A Y W —16
g 385 | 1.45
g e e I W I e e ————s e s s ot e ] 1.3
D BB Eemsse e 1.15
m === ==c=s === - oo S e ot it 1
345 S R —— e S i eddbieddltiatuintititd b 085
340 | e —
______________________________________________ 0.55
335 —
——025
330 : . e
20:36:58 20:37:41 20:38:24 20:39:07 20:39:50
Time

Figure Al.l: gives the isothermal plots as time advances when attaining steady state

conditions.



Appendix A2

Details of data

For the cases listed in Chapter 5 and studied in sections 5.4 and 5.5,
Appendix A2 listed the details of data shown in
Figures A2.4.1 to A2.4.9 and Figures A2.5.1 to A2.5.25
that discussed in

Chapter 5.
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Figure A2.4.1: Illustrates vertical temperature profiles for various cold jet speeds.
The flow was stratified at (Q, =1.0 m® /min ) hot airflow rate and

(Q,=2.0 m®/min ) cold airflow rate at a locations of 2.0 and 1.5 m
respectively at the centre of environmental chamber.
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Figure A2.4.2: lllustrates vertical temperature profiles for various cold jet speeds. The
flow was stratified at (Q, =1.0m’/min ) hot airflow rate

and

(Q, =40 m * /min ) cold airflow rate at a locations of 2.0 and 1.5 m respectively at

the centre of environmental chamber.
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Figure A2.4.3: lllustrates vertical temperature profiles for various cold jet speeds.
The flow was stratified at (Q, =1.0 m*/min ) hot airflow rate and

(Q,=6.0 m’/min ) cold airflow rate at a location of 2.0 and 1.5 m

respectively at the centre of environmental chamber.
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Figure A2.4.5: Illustrates vertical temperature profiles for various cold jet speeds.
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