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Abstract

Free convection flow of water induced by a small prismatic heat source in a confined space is studied in the present
paper. The forcing of the flow is in the range of Rayleigh numbers where a spatial transition from laminar to turbulent
flow can be observed.

Velocity measurements were performed by means of Particle Tracking Velocimetry (PTV). From the velocity data a
resolved and a subgrid field is obtained by means of spatial filtering. These data are analysed with respect to modelling
consequences in Large-Eddy Simulation (LES), constituting an a priori test.

A statistically steady flow has been obtained with a converged temporal mean and standard deviation as function of
space. A low correlation of time mean model stresses with exact stresses is found. In the transitional region the inter-
scale kinetic energy transfer, taken over a wavenumber corresponding to the laminar plume width, is found to possess
a relative large standard deviation. In this region backscatter and forward scatter of kinetic energy, with respect to the
mentioned wavenumber, are of equal importance. Application of a dynamic model to the filtered data yields a qualitative
good representation of the exact inter-scale kinetic energy transfer. © 1998 Elsevier Science Ltd. All rights reserved.

* Corresponding author. E-mail : r.j.m.bastiaans@wtb.tue.nl

0017-9310/98 $19.00 © 1998 Elsevier Science Ltd. All rights reserved

PII

:S0017-9310(98)00075-1

Nomenclature L; Leonard stresses

A area &, test window stress

¢, constant pressure heat capacity M;; dynamic scaling tensor
C model parameter p pressure

C;; cross stresses Pr Prandtl number

d, particle diameter Pr, turbulent Prandtl number
D domain depth ¢’ heat flux per unit length
f any quantity q" heat flux per unit area

7 f filtered quantity ¢q"” heat flux per unit volume
{f> time averaged value r; radius of test area

f~ subgrid quantity R;, Reynolds stresses

f" temporal standard deviation Ra Rayleigh number

g convolution kernel S;; rate of deformation tensor
g; gravitational acceleration t time

h; subgrid heat flux T temperature

H domain height u; velocity component

K, eddy diffusivity V' volume

K, eddy viscosity W  domain width

x; spatial coordinate.

Greek symbols
o heat transfer coefficient
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B expansion coefficient
0; Kronecker delta

A difference, grid-size
¢ inter-scale kinetic energy transfer
x thermal diffusivity

/4 thermal conductivity
1 mean value

v kinematic viscosity

p fluid density

p, density of particles
o standard deviation
7; subgrid stress

Q domain.

1. Introduction

This paper deals with the analysis of a transitional
plane plume flow in a confined geometry, originating
from a small prismatic source. This results in a complex
buoyancy induced flow. Two- and three-dimensional flow
features are present as well as a large separation of rel-
evant length scales. Because of the confinement any simi-
larity approach exhibits only a very limited relevance.
From an engineering point of view the behaviour of this
flow is very interesting. It is responsible for the thermal
conditions in boilers and electronic equipment and deter-
mines in these situations the performance of the storage
of heat and durability, respectively.

Fully developed conditions of plane plumes in
unbounded space are well documented in the literature.
The laminar variant is described by [12] on the basis of
similarity conditions. The behaviour of turbulent plane
plumes was reported by the experimental study of [28].
An integral (similarity) model for this situation is pro-
vided by the entrainment hypothesis of [29]. Furthermore
the stability of plane plumes in unbounded space was
investigated numerically by [25], in which also supporting
results of additional experiments are given. More
extended experiments were performed by [3], who exam-
ined the transition to turbulence in more detail. Most of
the results mentioned are collected in [11].

Yet, not much information is available about the
behaviour of plane plumes in a confined geometry. This
might be due to the presence of sensitively interacting
complex features and the large scale separation which
makes it hard to obtain converged statistics. Because of
the sensitivity of boundary and initial conditions useful
data are provided only recently by Direct Numerical
Simulations (DNS). Thus, the 2-D case was studied by
[7] and [20] and the 3-D case by [2].

On the one hand the calculation of these 3-D flows by
means of DNS requires a large computer capacity. On
the other hand to perform parametric studies on such
flows for engineering purposes, the use of computational
solution techniques cannot be avoided. Because of the

sensitivity of the transitional flow to low frequency and
low amplitude large scale motions, as indicated by [25],
it is important to perform unsteady calculations. This
feature is the reason why the use of a LES technique
could be the most appropriate method of calculating the
flow.

The LES technique is meant to simulate flows at rela-
tive large forcing rates. This is done by reducing the
spatial sample resolution that would be required for per-
forming a DNS. Application of such a coarse spatial
sampling grid to the flow results in an unresolved flow
field. However, interactions in which unresolved flow
scales participate may influence the flow field at the grid-
scale. Therefore a SubGrid Model (SGM) has to be intro-
duced, accounting for these influences. An LES requires
a proper SGM that parameterizes the subgrid stresses
and subgrid heat fluxes sufficiently well. Simulations with
such a model are able to produce physically significant
results at a relative low computational effort.

The present study focusses on plume flows that are
buoyancy induced and originate from discrete sources.
In such flows a spatial transition from laminar to tur-
bulent flow is accompanied by relatively low (buoyant)
forcing rates. Therefore the turbulent dissipation is small.
On the other hand the scale separation is relatively large.
This is why the application of LES is an attractive way
of dealing with this flow. Furthermore, the resulting flow
is highly non-homogeneous, a feature that additionally
has its reflections on the degree of local isotropy and thus
on modelling difficulties.

The objective of this study is to gain insight into the
transitional behaviour of buoyant plumes. This with
respect to modelling consequences in case of employment
of LES. Therefore, an experiment is performed.

Most analyses on subgrid scale modelling and practical
realizations of LES as documented in the literature, are
concerned with forced flows. Most frequently these flows
exhibit a relatively large turbulent dissipation rate. Then
the classical Smagorinsky model, as described in [16],
performs fairly well, except in the neighbourhood of solid
walls. In general it can be stated that in the application
of LES problems appear in the presence of a transition
from laminar to turbulent flow. This is the case in the
present transitional flow configuration as well as in tur-
bulence near solid walls. In the case of fully turbulent
channel flow, both [6] and [21], are examples of the suc-
cessful application of the Smagorinsky model, on a rela-
tive coarse and fine grid, respectively.

Contrary to these successes, capturing of a spatial tran-
sition is not a trivial affair. Adapting model constants to
the local behaviour of the flow in a dynamic way could
be a solution. This is pioneered in [13] by establishing the
‘dynamic model’. However, this is not always a sat-
isfactory procedure as will be shown. One of the recent
successful results on the basis of an alternative method is
given in [9] for the spatial transition of a purely forced
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boundary layer flow on a flat plate. In this study a spatial
high-pass filter is applied to the grid-scale velocity field
before evaluating the ‘structure function’ eddy viscosity
model. This results in a sensitive dependence of the model
on the smallest resolved scales of motion.

In thermal convective flows an extra complication is
provided by the interaction of the velocity and tem-
perature field and the accompanying coupling of the clos-
ure assumptions for both processes. A standard way of
treating the coupling is the application of a turbulent
Prandtl number, though its value is not well established.
Dynamic versions of the coupling are given in [17]
(revised in [2]) and [32], but these cannot be applied
directly in the case of spatially transitional plumes as will
be shown.

The SGM, that potentially may be applied to the flow
phenomena under consideration, are validated by means
of experimental data. The experimental technique used
in the present study to obtain field information of the
velocity is PTV.

In this paper first the fundamentals of LES will be
addressed together with the methods of testing an SGM.
This is followed by a description of the experiment. The
experimental setup will be discussed, after which the
experimental conditions are documented. An extensive
description of the PTV measurement technique is
provided, as it is applied in the present study. After this
the data analysis for the present purpose is addressed.
The subsequent section is a presentation of the obtained
results. The paper ends with a summary of the major
conclusions.

2. Large-eddy simulation

The starting point is the Boussinesq approximation for
the equations of the conservation of mass, momentum,
and internal energy. The basis of the theory of LES con-
sists of the application of a spatial convolution filter to
the governing equations. This procedure splits a generic
turbulent variable finto a large scale component f, and
a subgrid component f”. The decomposition and the con-
volution of f with a filter function g over the flow domain
Q are given by

S ) = flxn 0+ (xi, 1) )]
where
fxi0) = J g(x;—x) flx}, 1) dxi. (2)

The filter function g has to satisfy the normalization
condition, [ g(x,—x7) dx/ = 1.

Application of the filter to the governing equations
yields a description of the large-scale motion according
to

on;
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where k = A/(pc,) is the thermal diffusivity. All fluid
properties are taken at the reference temperature at which
the coefficient of thermal expansion is defined. The ref-
erence temperature level from which AT is the deviation
may be defined at any value. The subgrid stresses and
fluxes are then defined by

t; = uu;—atl; and ;= u,T—a;T (6)

respectively. These are commonly modelled on the basis
of a gradient diffusion concept and coupled by a turbulent
Prandtl number,

- oT K
T = —2KmS,~/-, h/- = _Kh{Y/ and PI} = Kh . (7)

This introduces an eddy viscosity K, and an eddy diffu-
sivity Kj,. For a given turbulent Prandtl number Pr, only
the eddy viscosity has to be parametrized in terms of
resolved quantities. However, the value of Pr, typically
% < Pr, < é (see [10]), is not well established for any flow.
The stresses 7, can be decomposed in a sum of Leonard
stresses L;;, cross stresses C;;, and Reynolds stresses R;;
defined by

= aqui+ujg;, and R; = uu.
®)
In the present paper only the momentum closure is

considered. Two models are taken into account, the
classical Smagorinsky model ([16]) as given by

K, = CA*|S] 9)
and the standard dynamic model, according to [13], in

the formulation of [17], in which the constant C of
expression (9) is evaluated dynamically according to

L, = aa;—aa;, Cj

1 %M.
— iy (1())
2 Mk[M/\'I
The test window stresses .#;; and M; are defined by
&, =@f,—&d, and M, =A%[S]S,—AS3]S5,,
11

respectively. The hat operator ~ denotes a low-pass
filtering with a kernel of size A = 2A.
3. Subgrid stresses and their validation

Validation of subgrid models with the experimentally
obtained data can be performed in two ways, generally
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referred to as a priori testing on the one hand and a
posteriori testing on the other hand; a denotation as
introduced in [27].

A direct comparison of the experimental results with
those obtained by an LES, using a particular subgrid-
scale model, is generally referred to as a posteriori testing.
The term a posteriori testing is also used if the reference
data are generated by Direct Numerical Simulation
(DNS). The process of a posteriori testing is the standard
way to evaluate a model.

The other method, a priori testing, employs the ref-
erence data to pronounce directly upon the quality of a
subgrid model. In this case the high resolution reference
data are filtered spatially. Using the data at the two
resolution levels, subgrid stresses are calculated. These
stresses are then compared to the subgrid stresses deter-
mined with a model acting on the filtered data. Thus, the
performance of several models can be evaluated, and
suitable candidates can be discerned for actual large-eddy
simulations. However, a good agreement between the
real stresses and the stresses as obtained by using a model
is not a guarantee for a successful LES. In an LES the
SGS model affects the resulting resolved velocity and
temperature field. The latter is taken as an input for
evaluating the model. As a consequence a discrepancy
between experimental data and LES data is likely to
occur. The different sets of input data should converge
with improvement of the model.

The a priori method, employed on the basis of DNS
data, was pioneered in [4] and [19]. At present it has
become a widely used investigation tool. However, using
DNS data restricts the test to relatively low forcing rates,
i.e. low Reynolds numbers or, as in the present case, low
Rayleigh numbers. One of the first extensive studies based
on experimental data at relatively high Reynolds num-
bers is documented in [18]. A drawback of the latter
study, in comparison to the studies using DNS data, is
the fact that only 2-D fields were used. Contrary to the
flow conditions as investigated in the present study, it
must be stressed that the majority of a priori testing so
far has again been performed on forced convection, in
which there are at least two homogeneous directions.

This paper describes the direct results of the experiment
as well as an a priori analysis of the flow, focussing on
the inter-scale kinetic energy transfer. With the filtered
velocity field the rate of strain tensor S; can be calculated
at the filtered level using a straightforward finite differ-
ence scheme. The rate of strain tensor, together with the
subgrid scale stresses, define the inter-scale kinetic energy
transfer. It can be written as function of the filter width,

e2A) = —1,,S),. (12)

If €(2A) is positively valued, the kinetic energy is drained
from the resolved scale to the subgrid scale. This should
be the case if an inertial subrange is present.

4. The experiment
4.1. The experimental setup

A schematic drawing of the setup is given in Fig. 1.
The dimensions of the flow domain are taken to be
WxHxD=0.3x0.2x0.2 m’. In the domain an elec-
trical heating element is mounted, which has the form of
a strip of size Wx HxD = 0.002x0.02x0.2 m*. It is
positioned in the symmetry plane, its lower side at a
height of 0.01 m. At the operating heat flux (as given in
the next section), the element’s surface is sufficiently large
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Fig. 1. The experimental setup: I front view, II side view; A
heating element, B power supply, C heat exchangers, D aspect
ratio adjustment, E probe access matrix.
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in order to keep the temperature differences in the fluid
within a range of 5 K.

The vertical orientation of the heat source yields a
laminar plane plume release at a well defined, fixed
position. The heating element consists of a customer
specified flexible Kapton® heater' with a resistance of 5
Q. Two strips of copper are stuck to the sides to decrease
the flexibility. The orientation of the resistant material in
the flexible heating strip is in longitudinal (D) direction.
A direct current power supply is used with an adjustable
range up to 50 V and 10 A.

The experimental cavity is equipped with confining top
and bottom heat exchangers. The heat exchangers are
supplied by water from a tank by a centrifugal pump at
a rate of about 1-107*m®s™'. The height of the top heat
exchanger is made adjustable and a small gap between
the heat exchanger and the lateral walls is maintained. In
this way the heating causes no hydrostatic pressure
effects. From the heat exchangers the water flows back
to the tank. The temperature in the tank is controlled by
a Julabo P1 thermostatic heater in combination with a
cooler. The volume of the tank is approximately 0.1 m?
and the power of the heater is 1.6 kW. The cooler consists
of a coiled copper tube, connected to the water grid,
supplying water at a temperature of ca. 14°C and at a
rate of 2-10~* m® s~'. Thus, the temperature in the heat
exchanger circuits is kept constant. Under the exper-
imental conditions there is no problem in attaining a
constant temperature with an accuracy of 0.1°C.

The side walls of the confinement are made of 0.1 m
thick glass. With the use of glass the flow domain is
optically accessible. This is required for the performance
of shadowgraphy and PTV. The thickness of the walls
ensured a heat loss through the sides, relatively small
compared to the controlled heat exchange through top
and bottom walls. In case of the maximum heating rate
of 500 W, in the statistically steady state, the heat losses
through the side walls are estimated to be 2%. This rela-
tive amount of heat loss may be assumed to be constant,
also at lower heating rates.

As a successor of previously utilized setups the pre-
sently used configuration is empirically optimized as to
possess a relatively high reproducibility of the observed
flow phenomena. Top and bottom heat exchangers offer
the feature of adjusting a prescribed homogeneous tem-
perature at the start. Furthermore, after establishment of
a re-circulating plume flow, top cooling provides a down-
flow centred around the rising plume. The present con-
figuration creates a symmetrical mean flow. The bottom
heat exchanger enforces a stratification up to the re-
circulating convection region. The heat source is embed-
ded in the stratified layer. Together with the vertical

'Kapton is a registered trademark of E. I. DuPont Company.

orientation of the source this results in a well defined
vertical plume release.

4.2. Experimental conditions

In order to find the transitional flow regime, shad-
owgraphy is used to adjust the heat flux by visual inspec-
tion of the resulting qualitative projection. In this way
the required heat flux can be adjusted. Having this heat
flux, the transition is positioned at approximately half
way the vertical extent of the flow domain.

Using the present configuration, the Rayleigh number
as defined by

_gpqH’

R
“ AVK

(13)

could be varied from zero to 4.6-10'" at an ambient
temperature of 20°C and to 1.0-10" at a temperature
of 35°C. At the maximum heating rate the mentioned
temperatures correspond to the start of the experiment
and the equilibrium temperature, respectively. At the
start of the actual experiment the temperature of the
water in the setup was 19.5°C. The heat exchangers were
kept at 19.5°C and the ambient temperature in the lab-
oratory was 19.9°C. The power supply is turned on at a
heating rate of +1102.5 W m~'. Using the given heating
rate, the dimensionless governing parameters are
Pr=17.0and Ra = 2.1-10", defined at a reference tem-
perature of 20°C.

During the experiment the mean temperature in the
setup rises. Due to this temperature increase Ra will
increase and Pr will drop. At the start the heating element
has to warm up before it begins to emit the heat to the
water. The time constant of this starting effect can be
estimated by 7, = pc,V/aA. Measurement of the tem-
perature increase of the source yielded a value of 1.5 s,
defining an average heat transfer coefficient o.

Starting the experiment the setup was filled with demin-
eralized and de-aerated water. The temperature control
in the heat exchangers supply tank was turned on,
together with the flow through the heat exchangers. This
situation was maintained for about two hours, spanning
the time before the actual start of the experiment. This
time span is needed to obtain a hydro-dynamically stag-
nant and thermally homogeneous initial condition.

A vertical cross-section of the resulting flow was rec-
orded on video-tape using the PTV, and temperatures
were measured with thermocouples at several locations.
The experiment lasted for 600 s, assuring to have enough
data in order to pass a transient of the flow field and
to sample sufficient integral time scales to analyze the
statistically stationary flow. Flow statistics as presented
in this paper are obtained from the video recordings in
the time interval [80—600] s.
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5. Particle tracking velocimetry
5.1. Introduction

The PTV is performed with the computer package
Diglmage as a basis ([5]). A detailed description of the
optical arrangement and the applied tracking algorithm
is given in [2].

At the moment the first results of 3-D velocity measure-
ments appear in literature. The resolution of these
measurements is relatively low. For the time being, in
reducing experimental and data processing complexity,
2-D measurements are preferred. From 2-D data, spatial
derivatives and 2-D dynamics can still be obtained, a
main advantage of field measurements. Besides the pre-
sent method, [5], for an overview of image analysis tech-
niques the reader is referred to [1], [14], and [23].

In the PTV experiments the spatial sample resolution
is not sufficient to represent the dissipation range. Resolv-
ing this range would imply a sample spacing that is equal
to, or even smaller than the Kolmogorov scale. This is
not a drawback in the perspective of the present study.
The purpose of this study involves the validation of LESs
and the testing of SGMs. The objective of LES is to
represent only the energy containing eddies with sufficient
accuracy.

5.2. Data processing

The raw data obtained from the tracking algorithm are
processed with three objectives: (i) enlarging accuracy,
(ii) spurious vector removal and (iii) interpolation on a
square lattice. The present processing of the raw data will
be outlined briefly. For a more extensive description the
reader is referred to [2].

The localization procedure to determine the position
of the particles has some finite accuracy limited by the
image resolution and the size of the particles. At low
velocities the localization accuracy determines the accu-
racy of the velocity. Therefore the velocity of a particle
obtained between subsequent matchings is averaged. In
the present study the averaging procedure covers five
matchings, as motivated in the next section. Hence, par-
ticles that cannot be matched this number of times are
eliminated.

The occurrence of unphysical or spurious vectors, as
obtained from the particle tracking algorithm, is prac-
tically unavoidable. To get rid of these spurious vectors
a filter is used based on a certain maximum allowable
amount of variation within a searching area. The vari-
ation criterion is chosen to be twice the standard devi-
ation. More specifically, the following steps are taken.
For a particle 7 all other particles are determined that lie
within a certain distance r; from particle i. Then the
averages (u, and y, ) and the standard deviations (g7,
and g;,) of the individual velocity components are deter-

mined over this set of particles, including particle i. Sub-
sequently the length of the actual velocity deviation of
particle i with respect to its neighbourhood is computed,
according to

Olew = 3/ (W = ,) + (s — ). (14)
This is compared to the length of the standard deviation

of the vector components for the region under consider-
ation,

o' = /(@) + (). (15)

If the actual deviation o} is larger than twice the stan-
dard deviation ¢’ the vector is removed from the data
field. For a Gaussian distributed field this means that 5%
of the data will be removed, even when there are no stray
vectors. Experience turns out that the amount of stray
vectors does not exceed 5% so that two times the stan-
dard deviation is a proper choice. The radius of the area
taken into account, r, is determined by the amount of
data found in each area. A very small amount of data
may lead to non-significant statistics. On the other hand
we want to preserve the local phenomena, so that the
area may not be too large. A radius r; of about 5% of the
characteristic domain size is found to give good results.

For the interpolation of the unstructure field data to a
grid, an algorithm as used by [22] is employed. The main
interesting features of the interpolation are twofold. It
does not show spurious oscillations as do high-order
polynomial interpolations. Besides, the interpolation
gives the exact measured value at the particle locations.
Before carrying out the interpolation, boundary con-
ditions are supplied by adding zero velocity vectors at
equidistant positions along the walls.

5.3. Error estimation

The accuracy of the particle tracking algorithm is
mainly determined by the accuracy of determining a par-
ticle position, the particle sedimentation velocity and the
particle response to acceleration. The physical domain
with an extent of 0.3 m is depicted on the image plane
with an extent of 512 pixels, having about 1700 pixels
m~". The typical accuracy of the localization of a particle
with a size of about 3 pixels in each direction is 0.1 pixel
([5S]). This yields a position accuracy of
o, =0.1/1700 = 6-10~°> m. Having accurately spaced
samples in time with interval Az = 0.04 s, thus, an accu-
racy for the velocity of ¢, = 0.0015 m s~ ' is found. Using
statistics, or a convolution of the velocity field over N
samples in time, leads to a standard deviation of
ol = a, /\/ﬁS . If the highest occurring frequency suffices

Jnax < 1/(2NA?) still a temporally resolved velocity is

obtained. A value N, = 5 for averaging the determined
instationary velocity field yields an accurate description
of the flow, as outlined in [2]. In the present measure-
ments about 1000 particles were found in each frame, of
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which 500 could be tracked over N, = 5 frames. Thus,
the mean spatial resolution is determined by these 500
particles with a mean mutual distance of about 107* m.
The velocities are interpolated to a finer grid, containing
63 x 42 equidistant grid-points.

The sedimentation of the particles due to a slight den-
sity difference between particles and working fluid can be
estimated by balancing the particles gravitational force
with the Stokes drag. Since the particles are nearly spheri-
cal and the particle Reynolds numbers are lower than
unity, this is a good guess. The estimated accuracy of
the velocities ¢, due to the sedimentation speed u,, then
becomes :

po—P 9d;

Ups = PRRTIE (16)
This yields a value of ¢(10™*) m s~ which is an order
below the value due to the localization accuracy. The
response of a particle to a sudden acceleration can be
determined by balancing the Lagrangian instationary
forces on the particle with the Stokes drag. This gives a
first-order integrating response with a typical reaction
time given by :

s

" 18pvy a7

which is as large as 0(107?) s, being considerably smaller
than the temporal sample spacing.

6. Data analysis

The obtained vector fields were interpolated on a stag-
gered grid of size 63 x 42, yielding a spatial grid width of
A =~ 4.76-107* m. These steps are performed according
to the method discussed in the previous section. By
employing the temporal averaging over five samples the
final resolution in time was 5 Hz, sampled at 25 Hz. The
number of fields on which the analysis thus is constituted
amounts to 2600 velocity fields. The 2-D plane in which
the velocities are measured contains a horizontal and
a vertical component that are indicated by u;, and u;,
respectively.

Before analyzing the data any further the field was
pre-filtered, resulting in a non-staggered velocity field,
conserving the spatial sample spacing. This was per-
formed with a trapezoidal rule over two points, that
confine a volume. The reason for the application of a pre-
filtering procedure is to obtain consistent filtered fields at
different filter levels, of size A, 2A and 4A. The A level
defines the small scales, the 2A level is connected to the
grid scale in an LES and the 4A level is the test scale as
defined in the dynamic procedure. From the A scale
coarser scales are obtained by subsequent filtering using
an extended trapezoidal rule (over nine points), the dis-

crete approximation of a top-hat filter, conserving the
sample spacing. This strategy is consistent with an actual
LES employing a finite volume method on an equidistant
grid.

By integrating the 2-D velocity divergence over discrete
volumes of size 2A, an estimate can be obtained of the
velocity differences Au,(2A) in source axial direction. The
axial velocity difference is given by

Auy 2A) = (uy (x) +A, x5, X3) —uy (] —A, x5, x3))
+ (U3 (X1, %5, X3 +A) —uy (X1, X5, x5 —A)). - (18)

From the 2-D measurements only three of the six
subgrid stress components can be determined : 7,;, 7,3 and
T33. The trace of the subgrid scale stresses constitutes a
grid scale pressure, which is incorporated in the already
existing pressure term, in an actual LES. Therefore, in
the comparison with subgrid stress models later on, one
should look at the deviatoric part of it. This is not possible
since the measurement is only 2-D. While this affects
the 7,, and t;; components, the value of 7,; will stay
uncontaminated. Since the normal subgrid stress in axial
direction t,, cannot be determined in a straightforward
way, the analysis will be kept 2-D. This yields for the
‘exact’ deviatoric subgrid stresses

1
8= Ty =5 Th0yj (19)

This strategy would be identically equal to an application
of the assumption t,, = (7, + 133)/2. The two known nor-
mal stresses 7,, and 15; thus become exactly the opposite
of each other. This procedure, therefore, would result in
a loss of information and this is why the stresses will be
presented with full trace. To be consistent also the win-
dow stresses, .#;;, in the dynamic model are evaluated in
this way.

To calculate the model stresses according to both the
Smagorinsky and the dynamic model the magnitude of
the rate of strain tensor, |S|, has to be known. From
the zero divergence of the incompressible flow field the
normal unknown component can be calculated according
to Sy, = — (S, +S;;). The unknown components S, and
S,; are estimated to be equal to S5, following [18]. Fur-
thermore, the subsequent filtering with a top-hat kernel
results in a field at the test scale that is effectively filtered
with a trapezoidal kernel with an effective width some-
what larger than A/A =2. In evaluating M;; this is
accounted for using the optimal effective value for the
grid-ratio of ﬁ as derived by [31].

Also not all components involved in the contraction
(12) are known. Here only contributions from the known
components are taken into account. It is hardly possible
to make some proper assumptions to estimate the
unknown components of t; and S, To make a just
interpretation of the energy transfer possible such a blur-
ring would be unwanted. Again, as in [18] the trace of
the stress tensor is not subtracted here.

jo
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7. Results
7.1. Mean flow

A vector plot of the time mean flow is given in Fig. 2.
A nearly symmetrical flow pattern is established, con-
sisting of a plume that drives a circulation pattern in the
upper half of the setup. By using a turbulent entrainment
assumption, as outlined in [29], the magnitude of the
mean flow can be estimated. The entrainment is defined
as the time mean velocity or amount of fluid, entering
the plume laterally by turbulent motion. For the present
case (see [2]) an estimation of the mean upward flow in
this way gives not very accurate results because in the
laminar part there is no turbulent entrainment and the
turbulent part is very much influenced by the presence of
the confining top wall. The width of the plume suddenly
increases as the bulk of re-circulating fluid entrains it at
half the setup height. Here, the mean flow towards the
plume is directed almost perpendicular to it. Below this
level the entrainment is much smaller and the fluid does
not flow horizontally towards the plume anymore. In this
region the fluid is bent downwards before the attraction
to the plume becomes large enough.

In fact the time mean flow clearly characterizes the
spatial transition of the flow. At the height where the
entrainment increases at an appreciable rate, the flow
may be defined as spatially transitional. It turns from
laminar, below this location, to turbulent, above it.
Though the fluctuations of the vertical velocity are large
already directly above the source, this does not indicate
turbulence at this elevation yet. A small oscillation of the
laminar plume causes this behaviour. The oscillations are

irregular although the plume is still laminar. A sample
sequence of the temperature at a point located at [0.15,
0.12,0.10] m ( from the left—front—bottom corner) is given
in Fig. 4.

The irregular oscillations are nearly always present.
They are mainly due to upstream influences and tur-
bulence which is convected back to the source region.
Arriving there, this turbulence possesses a reduced but
still noticeable kinetic energy, still being able to determine
the lateral motions of the laminar plume. This influences
the more severe disruptions of the flow upstream and
therefore the transitional process.

It was found ([2]) that the mean velocity profile in the
lower plume part is relatively low and wide compared
to results obtained from both laminar boundary layer
assumptions and turbulent entrainment assumptions. As
argued in [2] the flow in this region can be described as
an irregularly oscillating laminar plume flow, yielding
this striking result.

7.2. Flow fluctuations

Animpression of the instationary behaviour of the flow
is best obtained by looking at a shadowgraph. Employing
this technique, it is observed that a transitional flow as
obtained with the present configuration is highly inter-
mittent. Two coherent phenomena can be discerned quite
clearly. In a relatively large part of the time an oscillation
is present in the thermal plume. The spatial start of this
oscillation moves irregularly along the laminar plume.
Also this structure ensemble sways and twists irregularly.
At a few moments in time an alternating shedding of
vortical dipolar structures can be observed. This was

[m]

X3

> : 0.05 01

T [m]

Fig. 2. Mean flow velocity vectors at x, = %D as obtained by PTV. Flow parameters at starting conditions : Ra = 2.1+10" and Pr = 7.0.

Scaling: 0.01 m s~' magnitude is displayed by the left-bottom vector.



R.J.M. Bastiaans et al./Int. J. Heat Mass Transfer 41 (1998) 3989—4007 3997

Fig. 3. Typical vortex shedding transition phenomenon.

most profound in experiments with an adiabatic top wall,
as performed by [30]. In this case there is no buoyancy
produced by a cooling top wall and a stable thermal
stratification influences the flow field. This phenomenon
was also observed by [24]. A typical example of the latter
phenomenon is given in Fig. 3. Both phenomena occur
irregularly in time and space.

The convergence of the flow to a steady state is checked
by inspection of the low order statistics of the PTV vel-
ocity results as function of time. The velocities were taken
at the midpoint because of our interest in the transitional
region. These statistics should approach a converged
value, which is zero in case of the mean horizontal vel-
ocity component. The velocities in the middle, the time
mean and the standard deviation of it, as function of
time, are displayed in Fig. 5, as well as their probability
densities. It shows that at the end of the experiment the
statistics are nearly constant.

It seems that there exists a tendency consisting of a
long term decrease of the mean and standard deviation
of the horizontal velocity. At the same time these statistics
for the vertical component seem to increase slightly. The
latter is mainly caused by the temperature dependent
properties of the working fluid. The deviation of
especially the horizontal mean component may be caused
by an asymmetry of the setup, including an installation
orientation which is not level. On the other hand, the
difference of the mean horizontal velocity with its
expected ideal value at the end of the experiment, relative
to its standard deviation is within 10%. This justifies a

AT

Fig. 4. Temperature record of the irregular oscillating plume at location [0.15, 0.12, 0.10] m.
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Fig. 5. Evolution of the statistics of the velocity components located at point [0.15, 0.10, 0.10] m as function of time (left), and their

distributions (right).

qualitative analysis, not ascribing too much significance
to the numerical value obtained.

The probability densities behave according to expec-
tations based on physical grounds. Having no net forcing
in horizontal direction results in a symmetrical dis-
tribution with mean zero, which is Gaussian-like. The
distribution of the vertical component is positioned for
the major part at positive values and it is skewed. The
forcing, resulting locally in instantaneous strong up-
draughts, is responsible for both effects.

The spatial distribution of the fluctuations of the vel-
ocity components in the plane under consideration gives
some insight into the turbulent behaviour of the plume.
A contour plot of the standard deviations of the velocities
is displayed in Fig. 6. These fluctuations in time are
denoted by a double prime: u}, in contrast to time mean
values that will be signified by angular brackets, e.g. {u,>.
Due to lateral oscillations of the plume, the standard
deviation of the vertical component u; is rather high
already at small elevations from the heat source. Fur-
thermore, its magnitude behaves like the mean vertical
velocity. The fluctuations of the horizontal velocities u,
are largest in the region where the lateral entrainment
has a maximum.

The axial velocity difference Awu,(2A) provides a
measure of the three-dimensionality of the flow. The
mean value and the standard deviation of this quantity
are calculated and depicted in Fig. 7. The standard devi-
ation of the axial velocity demonstrates evidently that the
flow is 3-D. The frequency contents is similar to those in
the other two directions.

From the velocity standard deviations the dissipation

rate per unit mass can be estimated on the basis of an
equilibrium range energy drain. Assuming a turbulent
integral length scale /, it becomes : ¢ ~ u3* /. Employing
an integral length scale / = H, the dissipation rate in the
core of the plume reaches a value of ¢ ~3.2-107" m?
s, With this value, the micro-scales of length due to
Kolmogorov and Taylor can be estimated to be:
(7Ple)"* ~1.3-107° m and u3./15v/e ~2.7-107> m,
respectively. The spatial sample resolution of +1072 m
therefore is not enough to represent the dissipation range.
This under the hypothesis that a 3-D equilibrium range
would be present. However, the resolution is in accord-
ance with the remarks as stated in the introduction and
it resolves the energy containing eddies.

7.3. Subgrid stresses

The mean subgrid stresses and their standard devi-
ations are depicted in Fig. 8, with full trace. The largest
values of the subgrid stresses occur in the plume region,
in which 7;; is particularly large. At the top wall high
values of 7, are present in the areas at which the plume
spreads out to the left and to the right. Except for the
top wall region these stress components correlate with
the temporal standard deviations of the corresponding
velocity components. The cross-component of the
subgrid stress 7,3 possesses much smaller values than the
other two, the difference being an order of magnitude.
This is caused by cancelling out of positive and negative
contributions. High values of 743 correspond with high
values of the temporal standard deviation of the vertical
velocity and are associated with small oscillating bound-
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ary layers, i.e. in the plume region. In the same way the
large value of 7, in the transitional region can be ex-
plained by the occurrence of relatively small entraining
regions.

Inspection of the standard deviations of the subgrid
stresses shows that the fluctuations of all subgrid stresses
are more equalized over the different components. They
also have a more similar spatial distribution, except for
the prominent fluctuations of 7, at the top wall. It also
shows that 7,, and t;; remain positive most of the time,
while 7,; more or less alternates around zero. On the
other hand, the clear time mean t,; behaviour suggests
the existence of a coherent phenomenon. A real dissection
into flow patterns would require a proper orthogonal
decomposition, which is beyond the scope of the present
study.

The large fluctuations at the left confining wall com-

pared to those at the right wall may be caused by a set of
physical and non-physical artefacts. The light sheet at the
left wall was of a better quality compared to that at the
right wall. Even with the use of local intensity equal-
ization (after recording), this resulted in a larger number
of particles detected at the left wall. In combination with
instantaneously occurring large values of the second spa-
tial derivatives near the wall this results in the large stan-
dard deviations of the subgrid stresses. Another reason
might be the presence of reflection effects of particles at
the confining glass surface. Occasionally a particle may
be matched with its own reflection. However, the interest
of the investigation is focussed on the plume region. In
this area no spurious effects are observed.

The intensities and the mean of the Reynolds stresses
are relatively small compared to the Leonard and cross
stresses, as can be observed in Figs 9 and 10. Here devi-
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atoric parts are shown as outlined in the section con-
sidering the data analysis. The cross stresses are depicted
in Fig. 11. Thus the fluctuations at the A level are much
smaller than those at the 2A level. This is in accordance
with a decreasing spectrum at larger wave numbers. How-
ever, for a 3-D equilibrium range, i.e. E(k) cck ~>?, the
expected difference in intensity amounts a factor
(%)*5‘”3 = 3.2. The observed difference, being a decade,
would be in accordance with a spectrum with exponent
("°log(2))~' = —3.3instead of — 5/3. This suggests a 2-
D turbulent inertial range around k = m/2A—m/A,
according to [15]. Such an inertial range has an exponent

equal to —3. Alternatively this behaviour could be due
to the fact that this range of wave-numbers might lie in
a dissipation range. On the basis of the estimation of the
Kolmogorov microscale the latter hypothesis must be
rejected. However, it is not yet very clear how the interp-
olation of the unstructured original data to a regular grid
(with increased resolution on average) extends the spatial
spectrum. It is this artefact that makes the above analysis
a tentative exercise.

In the composition of the mean value of 7, the influ-
ences of L, and C,, are of equal and major importance.
Since these components exhibit an almost equal standard
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deviation that is about twice as large as the standard
deviation of the total stress, L;; and C;, must have a large
negative correlation. For 7,5 the influence of the Leonard
term is particularly large in the top region, whereas the
cross term is more profound in the lower plume region.
According to the standard deviations here again a large
negative correlation between Leonard stress and cross
stress must be present. These negative correlations are
also an attribute of 2-D motion as can be observed in
a 2-D vortical flow field, e.g. given by u; = sin(2nkx;),
uy = sin(2nkx,), which is also divergence free.

7.4. Kinetic energy transfer

In Fig. 12 the time mean Kinetic energy transfer and
its standard deviation are given. In the present case the
length scale separating resolved components from
subgrid components is defined with the filter width of 2A.
The energy transfer thus defined is from scales above
2A to scales below this value. The mean kinetic energy
transfer shows some regions with positive and negative
values. If the turbulence was purely dissipative, only posi-
tive values would occur. In the plume region and near
the top wall there are areas of negative energy transfer.

This means that kinetic energy is transferred from small
scales to larger spatial scales. This phenomenon is called
‘backscatter’. It is expected that the occurrence of back-
scatter disqualifies subgrid scale models that are based
on a statistical equilibrium assumption.

The time mean backscatter here originates from the
injection of kinetic energy at a scale that is smaller than
2A. It has to be kept in mind that because of this a
dissipative drain of kinetic energy might be present also
below this 2A level. Most of the kinetic energy is present
in the lower wave-numbers and must therefore be trans-
ferred from the high wave-numbers downwards.

Besides the time mean backscatter in the lower part of
the plume, instantaneous backscatter occurs in the total
up-flowing area. This is demonstrated by the standard
deviation of the inter-scale kinetic energy transfer ¢”(2A),
together with the observation that the distribution of
€(2A) is not far from symmetrical. It shows that the
instantaneous values are about ten times as large as the
mean value. Thus backscatter and forward scatter are
equally important phenomena in the plume region. Inte-
grating the energy transfer and its standard deviation
over the domain yields values of 1.0-10~7 W m~! and
3.5-107° W m™', respectively. The latter was evaluated
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over the region at the right from position x = 0.043.
Therefore inter-scale kinetic energy transfer is much more
important than the net kinetic energy drain. This is in
qualitative agreement with results as found by analyzing
forced convective flows resulting from direct numerical
simulation, e.g. by [8] and [26], in the sense that back-
scatter is a possible physical feature.

It can be concluded that backscatter is essential in the
present problem at the 2A level, especially when most of
the fluctuations are to be simulated. At the A level the
influence might be strongly reduced, although actual
LESs on a A grid do not result in a satisfactory rep-
resentation of the flow as indicated by [2]. A subgrid scale
model should therefore exhibit the ability for providing
backscatter. At least a reduction in subgrid dissipation to
zero in laminar, i.e. resolved regions, is an advantageous
property. Therefore dynamic modelling is preferred
beforehand. However, at Pr > 1, as in the case of water,
the modelling of the subgrid fluxes may be more critical.

7.5. A priori testing

On the basis of the filtered velocity fields the subgrid
stresses are calculated according to the Smagorinsky

model and the dynamic model. The objective of this
analysis is to discern between the predictive qualities of
the mentioned SGS models in a statistical sense. Thus, a
realization at some point in time may yield a low cor-
relation between predicted and exact subgrid effects. In
the present study this constitutes a tolerable degree of
freedom because most engineering flows are char-
acterized with numerical methods far beyond any pre-
dictability horizon. However, low correlations of instan-
taneous stresses with model stresses indicate a poor
performance of the model and are not very likely to
produce satisfactory statistics.

The subgrid stresses as calculated on the basis of the
Smagorinsky model are given in Fig. 13. The value of 75
as determined by this model is similar to the ‘exact’
subgrid stress, except for the top wall region in which the
predicted stress is opposite to the real stress. Qualitatively
the fluctuation of 7,; and 753 as predicted by the Sma-
gorinsky model agrees fairly well with that obtained by
grid-scale information. In the plume region the time mean
7,; and 733 components are in disagreement with the exact
values. Results for the dynamic model are depicted in
Fig. 14. Application of this model to filtered data yields
better results for the t,; and 7;; components, though the
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agreement is still very poor. For 7,5 the dynamic model
predicts opposite values and the temporal fluctuations of
all components are underestimated.

Contrary to the subgrid stresses, the inter-scale kinetic
energy transfer as obtained by the dynamic model gives
results that are very similar to the exact transfer rates.
This energy transfer is depicted in Fig. 15, and has to be

compared to Fig. 12. A good quantitative agreement for
the mean inter-scale kinetic energy transfer is obtained if
the dynamic procedure is applied, though the result near
no-slip walls depends heavily on the implementation of
the dynamic procedure. Boundary conditions for the fil-
tering operations have to be applied. The standard devi-
ation of the kinetic energy transfer is estimated to be half

4003
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of the exact standard deviation. It seems that the effective
resolution of subgrid stresses and grid-scale strains differs
somewhat, causing the distinction.

In evaluating %, and M,; the 2A hat filter has to be
applied to several flow quantities. Therefore boundary
conditions at the no-slip walls have to be met. Here it is
assumed that all stresses and strains do not alter over the
boundary. This is a logical consequence of the imper-
meable no-slip condition for the velocity components.

The dynamic parameter C is calculated at each point
of the A grid. Afterwards it is filtered to the 2A grid. This

is allowed since the parameter is defined on the basis of
similarity between the 4A scale and the 2A scale. There-
fore on the one hand a A resolution for C would not be
representative. On the other hand, nearly singular values
of C caused by an almost zero value of M, M;; are thus
filtered out. Since the kernel of the filter exceeds the
domain boundaries, a crucial aspect of the filtering oper-
ation here is the implementation of boundary conditions
for C at the no-slip walls. Application of a homogeneous
Neumann condition leads to the present results. One
could also plead for a homogeneous Dirichlet condition
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since the flow is laminar at the wall. However, in an actual
LES this is already obtained by setting the boundary
condition for the eddy viscosity accordingly. A Dirichlet
condition for C at the upper confinement causes the
energy transfer to be limited too much.

The energy transfer determined with the Smagorinsky
model results in values four orders of magnitude lower
than the dynamic model for both the time mean and
fluctuating transfer rates. The Smagorinsky model shows
increased values at the top wall, being positive in this

entire region. Relating the evaluation of the energy trans-
fer, the Smagorinsky model is inferior comparing it to
the dynamic model. Yet, in applying the dynamic model
care must be taken in the application of appropriate
boundary conditions at no-slip walls.

Evaluating the dynamic model on the experimental
data reveals a value for the dynamic constant C, and thus
for the Smagorinsky constant C; as function of space.
The statistics of the dynamic constant are given in Fig.
16. Here again the presence of backscatter is irrefutable.
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In the plume region the dynamic constant has a minimal
magnitude of —0.01, corresponding with a negative Sma-
gorinsky constant of magnitude 0.1. The maximal fluc-
tuation of the dynamic constant corresponds to a fluc-
tuating Smagorinsky constant with amplitude 0.16.

8. Conclusions

A transitional plume flow was measured by means of
particle tracking velocimetry. A converged represen-
tation of the flow statistics was obtained. The transitional
region, defined by a sudden broadening of the mean flow,
was located in the centre of the flow domain. Above the
transition two re-circulation regions filled the upper half
of the domain.

By applying a spatial filtering operation to the
measured data, the exact subgrid contributions were
determined as defined in the framework of LES. Subgrid
models applied to the filtered field yielded data that could

be compared to the exact contributions, in an a priori
sense. A low correlation of time mean model subgrid
stresses with exact subgrid stresses was found. In the
transitional region the inter-scale kinetic energy transfer
was found to possess a large standard deviation com-
pared to relative low time mean values. Thus, in this
region backscatter and forward scatter of kinetic energy
are of equal importance. A qualitative good represen-
tation of the exact inter-scale kinetic energy transfer was
obtained with the dynamic model applied to filtered data.

This study reveals that numerical prediction of the
behaviour of transitional plumes originating from small
buoyancy sources by means of LES is a very delicate
affair. Globally this is due to three major causes. First,
especially at high Prandtl numbers, care must be taken
to resolve the thermal boundary layer as well as the
hydro-dynamical boundary layer. Second, enough
subgrid scales must be present to allow a statistical
description of the flow. The last and most severe property
a model should possess is the representation of the effects
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of persistent backscatter. In many numerical methods
backscatter, at a physically sufficient rate, is prohibited
by numerical stability. In a posteriori tests the sensitivity
of the results on the errors or uncertainties in the subgrid
models can be tested. It is reported in [2] that actual LES
with the models considered in this paper show a mean
plume flow of which the mean speed is two to three times
the measured value.

For the present configuration more research is required
to investigate the behaviour of the subgrid buoyant
fluxes. Here the hypothesis of the turbulent Prandtl num-
ber should be tested, and correlations of the fluxes with
resolved quantities may indicate new modelling
procedures. For the time being practical applications can
be assessed by means of DNS of characteristic pieces
of the flow problem, only evaluating the flow field in
interesting parts of the domain, applying appropriate
boundary conditions.
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