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ABSTRACT

Laminar and turbulent natural convection heat transfer and fluid flow processes in
asymmetrically heated vertical parallel flat plate channels have been investigated both
experimentally and numerically. The experimental part of the investigation was carried
out using a fibre optic Laser-Doppler Anemometer (LDA) together with a
temperature probe and data acquisition system. The numerical analysis was done
using the coml;utatic;nal fluid dynamics (CFD) code PHOENICS. The laminar natural
convection flow case was examined for a uniform heat flux (UHF) heating mode while

the turbulent flow case was examined considering both UHF and uniform wall

temperature (UWT) heating modes.

Small and large scale channels were constructed to perform laminar and turbulent
flow experiments respectively. The channels were formed by a heated wall, an

opposing unheated perspex or glass wall and side walls. Velocity profile and time

history data along the channel and temperature profiles at channel exit were recorded
for the laminar flow case. In the turbulent flow case of UWT heating mode mean and
turbulent velocity data and mean temperature data at the channel exit were collected.
For the UHF heating mode turbulent flow case, however, both mean and turbulent
velocity and temperature data were recorded. The main objective of the experiments
was to obtain data by which the numerical analysis could be supported since not
enough experimental data is available, especially for the turbulent flow case. The
- numerical anaiysis of the laminar flow situation was performed with the standard
features of PHOENICS. The turbulent flow case was examined by building into
PHOENICS the codes for four different Low Reynolds Number k-g turbulence
models. The grid pattern was optimised for a test case and employed for final
computations. Due to the lack of experimental data regarding the location of
transition to turbulent flow, computations were done by introducing a level of
turbulence at the inlet and solving the governing equations for turbulent flow

throughout the channel. The results of measurements justified this approach.



The results of numerical and expenmental analysis of laminar flow showed good

agreement confirming that the numernical method was capable of predicting the flow
with good accuracy. Turbulent flow experiments exhibited the characteristics of a
developing turbulent channel flow. Low amplitude, high frequency velocity
fluctuations were observed close to the channel inlet with higher amplitudes
downstream and almost similar fluctuation patterns in the uppermost region of the
channel suggesting fully developed turbulence. The temperature data indicated
intermittent bl;I'StS of high frequency temperature fluctuations near the inlet and
continuous high frequency temperature fluctuations of increasing’ amplitude
downstream. Numerical results of the turbulent flow case have produced good
agreement with experiments. The solutions were most sensitive to the level of
turbulence introduced at the channel inlet. Reasonable grid independent solutions

~ were obtained for grids greater than 60x60 for most of the turbulence models

considered.

Velocity and temperature profiles obtained from experiments and numerical analysis

are presented for both flow cases. Typical time histories of velocity and temperature
at different channel heights and cross-stream locations are presented. From the
numerical and experimental results correlations were produced for Nusselt number,

and Reynolds number as functions of Rayleigh number, for the UWT heating mode of

turbulent flow.
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CHAPTER 1. INTRODUCTION

1.1 Introduction

Most of the fluid flow and transport processes that occur in our near and far
environment are driven by buoyancy forces. The buoyancy force arises from density
differences that result from inhomogeneous spatial distribution of temperature and / or
concentration of chemical species, material phase changes, and many other effects.
The buoyancy force acting on a fluid induces a flow in the direction such that
equilibrium can be re-established. The most widely used term for the buoyancy driven
fluid flow and transport processes is “natural convection”.. The term “free
convection” is also commonly used. Many kinds of natural convection flow can be
found because of different geometric configurations, different boundary conditions,
and some other effects. In all natural convection flows the velocity and temperature
fields are coupled and must be considered together and, compared with forced
convection flows, the velocities are of small magnitude and :tﬁltfer mo'me‘r'ltum_ and

T

viscous effects are commonly of similar order.

Natural convection is ‘employed in many technological and industrial applications due
to 1ts simplicity, reliability, and cost effectiveness. The natural convection heat transfer
and fluid flow processes in a vertical parallel flat plate channel are relevant to the
cooling of electronic equipment, solar collectors and dryers, passive solar heating and
ventilation of buildings, Trombe Wall applications, heat exchange applications in
nuclear technology, and some other applications [1]. Electronic circuit boards are
positioned vertically in a cabinet forming parallel plate channels through which a
coolant, usually air, 1s passed. Solar energy is collected by a conventional flat plate
collector or a Trombe Wall to be utilised for active or passive heating, active and

passive heating and ventilation of buildings. In nuclear technology natural convection

in a vertical parallel flat plate channel is applied to the safe storage of used fuel

assemblies and, more recently, to the reactor vessel auxiliary cooling system



(RVACS) which 1s employed by a new nuclear reactor design [2]. In the latter, the
reactor guard vessel 1s surrounded by a duct wall forming a vertical channel. Under
abnormal operating conditions, the guard vessel is heated by decay energy released f
from the reactor core. Consequently an upward flow is induced inside the channel

because of buoyancy effects. The air drawn from the surroundings at the bottom of

the channel is convected along it and the decay energy is removed from the surface by

natural convection.

Natural convection heat transfer and fluid flow processes in small scale applications,
such as electronic equipment cooling, usually fall into the category of the laminar flow
regime as the geometric sizes and temperature differences or heat fluxes involved are
" relatively small. Although the flow may have large amplitude low frequency
fluctuations, the flow field can still be successfully predicted by the tools of laminar
flow analysis as reported by Carey et al. [3]. The processes in solar collectors,

Trombe Walls, and nuclear technology heat exchange applications will usually involve

either transition and/or turbulent flow regimes depending upon the sizes and thermal
parameters. In both laminar and turbulent regimes, the flow along the channel is a
developing flow. Induced flow rate and the convective heat transfer coefficient are the
most important quantities that need to be accurately predicted in the evaluation of
natural convection in vertical flat plate channels. The predictive methods and tools for
the laminar flow case are well established. But this is not the case for the turbulent
flows, and empirical relationships are still heavily relied on. Thus the availability of
reliable experimental data is very important in order to tune the numerical models.
Laminar natural convection in a vertical parallel flat plate channel has been extensively
investigated both numerically and experimentally. The parameters affecting the above
mentioned two quantities have been identified. However, expernimental data on the
flow and temperature fields inside the channel and on the behaviour of the flow is
rather limited. The case of turbulent natural convection 1n a vertical channel has hardly
been investigated despite its practicéi importance. Some work has been reported on
the uniform wall heat flux (UHF) heating mode, but none for the uniform wall

temperature (UWT) heating mode.




1.2 Present Project and Objectives

The present work deals with the experimental and numerical study of natural
convection in vertical parallel flat plate channels heated asymmetrically. The channel
considered is formed by a heated wall and an opposing unheated (or passively heated
by the former). The investigation 1s undertaken for a small scale and a large scale

channel. The geomet}ic sizes and heating levels employed for the small and large scale
channels, coupled with the experimental results obtained during this study, make it
justifiable to refer to the small scale channel as a laminar flow channel and the large
scale channel as a turbulent flow channel. In the turbulent flow channel, the flow starts
as essentially laminar, undergoes a transition, and'becomes turbulent depending upon
' the georhetric and thermal parameters. As explained in later chapters, slightly different
channel geometries are employed for laminar and turbulent flow cases. The laminar

flow channel is formed by a heated central wall and two parallel outer walls passively

heated by the former. The central wall is one third shorter than the outer walls and
level with them at the channel outlet. This gives two identical channels one on each
side of the central heated wall. The turbulent flow channel is formed by a heated wall
and an opposing adiabatic wall. The heated and adiabatic walls are level both at the
inlet and outlet. The laminar natural convection flow case is examined for the constant
wall heat flux heating mode while the turbulent flow case ‘is examined considering

both UHF and UWT heating modes. The experimental work involves the
simultaneous measurement of velocity and temperature profiles inside the channel
using a Laser-Doppler Anemometry (LDA) system and a thermocouple temperature
probe.'Numerical analyses are carried out with the commercial Computational Fluid
Dynamics (CFD) code PHOENICS. The numerical investigation of laminar channel
flow is carried out with the standard features of PHOENICS. For the turbulent flow

case, however, some Low Reynolds Number (LRN) k-¢ turbulence models have been

programmed into the CFD coding using the GROUND facility available within
PHOENICS.



The main objectives of the present project are;

1)

2)

3)

4)
S)

To measure flow and temperature fields inside the channel for both laminar and
turbulent flow cases,

To model nume'ricallyﬁ and solve the natural convection processes for both
laminar and turbulent flow cases using PHOENICS,

To assess how accurately the flow and temperature fields can be predicted by
numerical solution by comparing numerical results and measurements for both
lafrlinar and turbulent flow cases,

To compare different k-€ turbulence models and sele'ctithe mostﬁai)pmpriate,

To provide correlations for the induced flow rate and heat transfer rate.



CHAPTER 2. LITERATURE REVIEW .

2.1 Introduction

A survey of the literature has indicated that the case of laminar natural convection
between parallel flat plates and parallel flat plate channels has been the subject of
many research studies. This case has been investigated in many aspects ranging from
geometric paxfametérs to vanable fluid properties. The turbulent channel case,
however, has attracted little interest despite its importance. In the following sections a
brief review of the literature on the laminar and turbulent channel flows, and on the
-application of LRN k-¢ turbulence models to natural convection is presented. The
section devoted to turbulent channel flows also -includes references to studies of
turbulent natural convection on single vertical flat plates due to the similarities of
boundary layers on the channel walls to that on a single plate even though the cases

are not exactly similar.
2.2 Laminar Natural Convection in Vertical Parallel Flat Plate Channels -

The laminar natural convection heat transfer and fluid flow within vertical parallel flat
plate channels has been extensively investigated by experimental, analytical, and
numerical methods. The investigations covered a wide range of geometrical and

thermo-physical aspects of the problem. These can be summarised as open and closed
edged channels, effect of convection-radiation interaction, effect of obstruction near
the inlet and outlet of channel, effect of channel inclination, effect of channel aspect

ratio, effect of a vent on the channel wall, and effect of channel wall conductivity.

The first and most widely quoted detailed study is that of Elenbaas [4]. He reported
heat transfer measurements on an experimental system made up of isothermal square
vertical parallel flat plates. He developed an approximate simplified mathematical
model by fitting a modified parabolic velocity profile and a modified exponential

temperature profile for the region between the plates. When corrected for the finite



size of the plates, the result of the measurements agreed with the results of his
mathematical model. Ostrach [S] carried out the first detailed analytical study of
natural convection between parallel flat plates with uniform wall temperatures.
Ostrach [5] gave particular attention to the case of fully developed flow, but did not
present any correlations for the induced flow rate and heat transfer rate. Bodoia and
Osterle [6] performed the first numencal study of the development of natural
convection between symmetrically heated isothermal parallel plates and successfully
compared their results with those of Elenbaas [4]. They used a finite difference
method to discretise the transport equations and employed a uniform velocity profile
at the channel inlet. Engel and Mueller [7] used an integral technique to solve the
equations governing natural convection in vertical channels analytically. Their results
agreed well with the results of [6] except for .the velocity and temperature profiles

- close to the channel inlet. Engel and Mueller [7] c_laimed that their approach is
applicable for 0 < Ra < o provided Gr is sufficiently large.

Aung et al. [8] conducted an expeﬁﬁlental and numerical study of developing natural
convection in vertical parallel plate channels for both UHF and UWT heating modes.
Numerical solutions of the developing flow have been found to. approach
asymptotically the closed form solution for fully developed flow, Aung [9]. However,
they neglected the Bernoulli pressure defect at the inlet associated with the
acceleration of fluid from rest to the induced velocity. Their numerical solutions and
experimental results produced reasonable agreement except for high Rayleigh
numbers. Carpenter et. al. [10], and Sparrow et al. [11] performed numercal
investigation of interacting radiation and developing laminar natural convection in
vertical parallel plate channels. The results they obtained indicated that radiation can
increase the overall heat transfer rate by 50 to 75 percent and reduce the wall
temperature by as much as 50 percent compared with the non-radiation case. Dalbert
et al. [12] have numencally studied the developing laminar natural convection
between vertical parallel plates under UHF heating mode. They have calculated the
wall temperatures and heat transfer parameters employing a Bernoulli pressure defect

boundary condition at the channel inlet. Wirtz and Stutzman [13] reported



experiments on natural convection of air between parallel plates with uniform and
symmetric wall heat fluxes. They have presented a correlation that allows for the
calculation of the maximum temperature variation of plates for a given heat flux and

channel geometry. The correlation equation has been shown to be accurate to + 5

percent.

Flow reversal near the outlet of a vertical parallel flat plate channel has been reported
by Sparrow et al. [14]. Their experiments which were carried out on a channel formed
by an isothermal plate and an unheated opposing plate, for the first time revealed the
existence of a pocket of downflow and recirculation adjacent to the unheated wall in
the upper part of the channel. They found, however, that previous theoretical

approaches, without consideration of flow reversal, could still be used although flow
reversal exist close to the channel outlet. Aung and Worku [15, 16] performed a

detailed study of flow reversal for the case of asymmetric isothermal parallel plates.
They presented criteria for the occurrence of flow reversal based on an analytical

solution of fully developed flow.

O’Meara and Poulikakos [17] investigated natural convection in an array of vertical
heated plates with a ‘floor’ below and a ‘ceiling’ above them, their interest being in

the temperature distribution of the plates in their multi-channel assembly.

Recent experimental studies concerning some other aspects of laminar natural
convection in vertical parallel flat plate chamelé have been reported by Sparrow and
Bahrami [18], Sparrow and Azevedo [19], Azevedo and Sparrow [20, 21], Papple
and Tarasuk [22], Guo et al. [23], Li et al. [24], and Webb and Hill [25].

Sparrow and Bahrami [18], carried out expenments using a mass transfer
measurement technique in order to eliminate the radiation, conduction and variable
property effects. Their experiments were an elaborate scrutiny of the work of

Elenbaas [4]. They examined open, one-side open, closed edged channels and the

effect of channel aspect ratio. Their results agreed with [4] within a limit of 15-20



percent for relatively high channel aspect ratios, but the discrepancies were substantial
for small channel aspect ratios. They attributed this to the effect of property variations

and the massive corrections of [4] to account for the heat losses.

Sparrow and Azevedo [19] reported the experimental and computational investigation

of the effect of channel aspect ratio ranging from fully developed channel flow to
effectively single plate condition. The experiments were performed in water and the
channel was formed by an isothermal plate and a parallel unheated wall. Their

computational study took conduction in the plate into account. The results indicated
that the eﬁ‘éctively single flat plate did not form an upper bound for the channel heat
transfer, and that the channel heat transfer was particularly sensitive to the channel

width for small aspect ratios and small temperature differences.

The effect of channel inclination on natural convection in parallel flat plate channels

has been investigated by Azevedo and Sparrow [20], and Papple and Tarasuk [22].

Azevedo and Sparrow [20] carried out experiments on an inclined channel in water
changing the channel aspect ratio, inclination angle and heating conditions. The
heating conditions considered were, symmetric isothermal walls, isothermal upper
wall, and isothermal lower wall. They observed recirculation zones on the unheated
_wall for the single-sided heating conditions and secondary flows in the form of
longitudinal vortices for lower isothermal wall conditions. A correlation has been
given for the Nusselt number, which has represented all of the results within £ 10
percent. Papple and Tarasuk [22] performed experiments on inclined square cross
section isothermal ducts using Mach-Zehnder interferometer. They considered the
inclination angles of 0 and 45 degrees. Their result indicated a S percent increase 1n
the average heat transfer in the case of inclined channel. The most significant effect of

inclination was increased heat transfer from the lower wall and decreased heat transfer

- from the upper wall.

Azevedo and Sparrow [21], and more recently Moutsoglou et al. [26] investigated

vented vertical channels. In [21] a channel formed by an isothermal wall and an



opposing vented unheated wall was examined experimentally and numerically. Both
experimental and numerical results indicated that the average heat transfer rate was

insensitive to vent size and location. The induced flow rate at the channel inlet was |
found to decrease with the existence of vent , but the overall flow rate was hardly
affected. In [26], natural convection-radiation cooling of a similar channel was
examined numerically for UHF heating mode. Moutsoglou et al. [26] reported that

the heated wall temperature increased upstream of the uppermost vent location and

decreased for low positioned vents compared to the unvented channel case.

Guo et al. [23] examined the natural convection heat transfer and fluid flow between
isothermal parallel plates using Laser Speckle Photography. They presented a

correlation of the experimental data to allow calculation of the local heat transfer rate.
Li et al. [24] investigated the edge effect on a similar experimental set-up to [23].
They examined the entrainment of air from the edges qualitatively by flow

visualisation. They also measured velocity profiles between the plates using LDA, but

produced no correlation.

Webb and Hill [25] reported the results of an experi;ﬁental study of natural
convection in a vertical parallel plate channel heated asymmetrically. The importance
of this work is its coverage of high Rayleigh numbers and an unheated channel section
at the inlet. They have presented correlations of local Nusselt numbers as well as

average Nusselt numbers.

Aihara and Maruyama [27] have explored numerically the effects of varable fluid
properties for symmetric UHF and UWT heating modes. Air and transformer oil have

been considered as convecting fluids. The results have indicated a decrease in the
local heat transfer rates for air and an increase for oil with respect to constant
property solutions. The differences of heat transfer charactenstics for UHF heating
mode between the constant property and variable property solution have been found

to be smaller than for the UWT heating mode.



Effects of conducting walls have been investigated numerically by Sparrow and Tao
[28], Burch et al. [29], and Kim et al. [30]. In [28] a pair of channels formed by two

asymmetrically heated 1sothermal plates and a conducting plate in between has been |
studied. Variations of dimensionless channel height, dimensionless temperature
difference of two outer walls and dimensionless position of the inner wall have been
considered. The results presented have indicated the attainment of a fully developed

flow regime for sufficiently tall channels. As for the surface temperature of the
intermediate wall, it has been shown to increase with developing channel flow and to
level off when fully developed conditions are reached. Burch et al. [29] have
perfformed a numerical study of laminar natural convection between finitely
conducting isothermal parallel vertical plates. They have considered different channel
aspect ratios, plate thickness to channel width Tatios, and plate to fluid conductivity
| ratios. Their results have indicated a non-uniform interface temperature, an increase in
the heat transfer and induced flow rate with increasing plate conductivity. Kim et al.
[30] have carried out a similar study to that of [29] with emphasis on asymmetric
UHF heating mode and with air as the fluid. They have reported a maximgm flow rate
increase of 30 percent due to wall conduction for symmetric heating, and a more
significant effect of wall conduction at low Grashof numbers than at high Grashof

numbers.

The effect of channel inlet boundary condition treatment in numerical solutions has

been analysed by Chappidi and Eno [31], and Naylor et al. [32]. Chappidi and Eno

[31] examined the effects of uniform and parabolic velocity profiles at the inlet and
the Bernoulli pressure defect boundary condition in the developing laminar natural
convection channel flows for both UHF and UWT heating modes. The results have
indicated little influence of inlet conditions on the thermal performance of channels at
low Rayleigh numbers, and only a moderate influence at high Rayleigh numbers. The
Bernoulli pressure defect boundary condition resulted in lower Nusselt numbers.
Comparing the results of different bdundary conditions with the experimental data,
they concluded that there 1s not a single ‘best type’ of inlet boundary condition. The

study of Naylor et al. [32] of an 1sothermal channel with an extended calculation
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domain at the inlet has indicated the necessity of elliptic solution of the transport

equations.

2.3 Turbulent Natural Convection in Vertical Parallel flat Plate Channels

As mentioned before, the reported work on the basic aspects of turbulent natural
convection In -—ver:ié'al parallel flat plate channels i1s very limited. Thus it will be
worthwhile to mention some of the studies of turbulent natural convection on single
vertical flat plates due to the similarity of the boundafy layer§ to those on the i:hannei
walls. The pioneering work on turbulent natural convection on a single vertical flat
plate is by Griffith and Davies [33]. They measured velocity and temperature profiles
~and locaj heat transfer rates. In two later studies, Wamer and Arpaci [34] measured
mean temperature, and Cheesewright [35] measured mean velocity and temperature
profiles. The measurements of Cheesewright [35] showed remarkably good agreement
with the measurements of Griffith and Davies [33]. All of the above studies dealt with
isothermal plates. Vliet and Liu [36] conducted experiments to investigate the
development of a turbulent natural convection boundary layer on a uniformly heated
plate in water. They measured mean temperature and velocity profiles as well as
surface temperature distribution, and presented data for laminar, transition and
turbulent flow regimes. An extensive experimental study of turbulent natural
convection boundary layers is due to Smith [37] who measured the probability density
distribution of temperature and streamwise vel;city, and the power spectra of these
quantities. He concluded that the fully developed flow had a spectral structure similar
to that of forced convection flow, that is, a viscous sublayer where molecular
transport conditions prevail, a buffer layer that includes the maximum of the mean
velocity profile, and a turbulent layer where the spectra of temperature and velocity
c;ontain an inertial subrange. George and Capp [38], citing some previous works [39,

40], claimed that the heat flux, not the wall shear stress characterizes the flow region
close to the wall. They proposed a boundary layer consisting of an inner flow region

where mean convection terms are negligible, and an outer flow region where viscous
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and conductive terms are negligible. The inner region, referred to as constant heat flux
region, was also divided into a viscous sublayer, a buéyant éubiayer and a buffer layer
between. George and Capp [38] correlated existing data in conjunction with their
proposed boundary layer structure, and presented universal velocity and femperature

profiles for the inner and outer layers. Cheesewright [41], however, challenged the

approach by George and Cap [38], that wall shear stress is not the main parameter in

the correlation of natural convection boundary layers. Cheesewright and Mirzai [42]
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