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Abstract

This study deals with natural-convection heat transfer from a vertical electrically heated plate, which is symmet-
rically placed in a chimney of variable height. The heated plate serves as a thermal pump for ventilation of a sym-
metrical enclosure beneath the chimney.

In order to provide a comprehensive picture of the phenomena, three main approaches are used in parallel: tem-
perature and velocity measurements, flow visualization, and numerical simulation. Temperature measurements are
done by thermocouples distributed inside the plate and through the chimney. Velocity measurements are performed by
means of a precise anemometer. Visualization is performed using smoke of incense sticks, with video recording and
consequent image processing. Computer simulations of unsteady flow and temperature fields are performed in 3D and
compared with measurements and visualization, with special attention paid to velocity fluctuations. Analysis is pre-
sented on the dependence of the temperature distribution on the flow field. The air flow rate on the heating plate in the
chimney increases with the chimney height and is adequately predicted by the numerical simulation of the system.

© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The present work is an additional step in an exten-
sive study being performed in our laboratory on differ-
ent aspects of passive ventilation of structures. In the
previous laboratory-scale study [1], ventilation of an
enclosure by air flow induced from a heated downward-
facing plate has been studied both experimentally and
numerically. Numerical studies have been performed
also for one- and multi-story real-size structures, while
extensive experimental investigations were done for their
laboratory-scale models [2-4].

The problem addressed in the present work is,
essentially, chimney-enhanced free convection from a
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heated vertical plate. Chimney effect was studied in the
past, however, as noted recently by Fisher and Torrance
[5], “very few prior experiments have considered chim-
ney-enhanced convection.” Following their own theo-
retical analysis [6,7], Fisher and Torrance [5] report
experimental results of chimney enhanced heat transfer
from a vertical parallel-plate heat sink. They conclude
that chimneys can provide significant heat transfer en-
hancement.

Sparrow et al. [8] analyzed numerically the heat
transfer rate from a single isothermal vertical plate and
that for a plate that is shrouded by an adiabatic wall
situated parallel to the plate. Haaland and Sparrow [9]
obtained numerical solutions for a parallel-walled
chimney, where the flow is induced by heat sources lo-
cated in its inlet. Straatman et al. [10] performed a nu-
merical and experimental study of free convection in an
isothermal parallel-walled channel, to which adiabatic
extensions of various sizes and shapes were added. Later
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Nomenclature

g gravitational acceleration (m/s?)
h static enthalpy (J/kg)

H unit height (= 150 mm)

I radiation intensity (W/m?)

k thermal conductivity (W/m K)
L length (m)

p pressure (Pa)

V4 modified pressure (Pa)

Ra Rayleigh number (= gB[T, — To,|L? /va)
Re Reynolds number (= ud/v)

t time (s)

T temperature (K or °C)

u velocity (m/s)

x distance (m)

Greek symbols

o thermal diffusivity (m?/s)

B thermal expansion coefficient (K~!)
A plate thickness (m)

e emissivity

I dynamic viscosity (kg/ms)
v kinematic viscosity (m?/s)
p density (kg/m?)

T stress tensor (N/m?)

Q solid angle

Subscripts

i, J component

p plate

r radiation

w wall

00 ambient

on, Shanin and Floryan [11] studied the increase of the
heat transfer in systems of channels with adiabatic ex-
tensions.

Experimental results reported in the literature con-
cern chimneys of relatively small size, suitable for cool-
ing of electronic components. This study has been
performed on a chimney of a horizontal cross-section
which is approaching those of the channels examined for
ventilation in real-sized buildings [2-4]. A comprehen-
sive picture of the problem is presented, including both
the resulting heat transfer enhancement and subtle de-
tails of the processes leading to it. The numerical sim-
ulations are based on the experimental parameters. That
makes it possible to cross-examine the accuracy of the
experiments and the validity of the simulations. Of
special interest are the unsteady effects in the flow, of
which the study and even detection represent a signifi-
cant challenge.

In the following sections, the experimental set-up
and procedure are described in detail. The numerical
method is discussed, with special attention paid to its
reliability in the prediction of the complex flow phe-
nomena encountered in the present study. The results
concerning the validation of the method are presented in
Appendix A.

The experimental mapping of the temperature dis-
tribution inside the chimney is discussed and compared
with the numerical predictions. It is shown that this
distribution is related to the unsteady velocity field,
characteristic of the flow inside the chimney. This flow
field is revealed by smoke visualization, which is sup-
ported by the measurements and shows good agreement
with the results of numerical simulations. Of particular

interest is the thermal pumping effect of the heated plate
in the chimney. This effect is evaluated by the mass flow
rate of air through the chimney and the flow rate vari-
ation with the height of the chimney.

2. Experimental study

The experimental facility, shown in Fig. 1 and de-
scribed in detail below, included an electrically heated
two-sided vertical plate, an insulated chimney of vari-
able height, an enclosure through which the air enters
into the chimney, power supply to the plate, a set of
thermocouples for temperature measurement inside the
chimney, data acquisition system, and a smoke genera-
tion unit connected to the chimney and the enclosure. A
precise anemometer has been used for velocity mea-
surements. Smoke visualization was recorded by a dig-
ital video system. An infrared radiometer was used for
estimation of the emissivities of the involved surfaces.

The heated plate was made of two identical 1.5 mm
thick aluminum sheets, 150 (height) x 120 (width) mm,
between which an electrical wire heater was mounted.
Thus, total thickness of the plate was 5 mm. The electric
power was delivered to the heater from a power supply.
The maximum power input to the plate during the ex-
periments was 40.5 W. The temperature of the plate was
monitored during the experiments, using two thermo-
couples mounted inside the plate on both sides of the
heater, to make sure that the plate is heated symmetri-
cally. These thermocouples are denoted as TC,, in Fig. 1.

The chimney was made of two layers of cardboard,
with a 20 mm layer of thermal insulation between them.
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Fig. 1. General view of the experimental set-up.

The inner horizontal cross-section of the chimney is a
rectangle, 180 x 100 mm, where the larger dimension is
along the plate and the smaller one is normal to it. The
bottom of the plate coincides with the bottom of the
chimney. The basic height of the chimney is 2H, where
H =150 mm is the vertical dimension of the heated
plate.

The front bottom part of the chimney, from zero
height to approximately 5/3H, has been made of glass in
order to enable observation and recording during visu-
alization.

The chimney is modular, i.e. it is built of a number of
sections. Each additional section has the height equal
to the height # = 150 mm. The experiments were per-
formed for the chimney of 2H, 3H, 4H, 5H, and 9H in
height.

The enclosure from which air entered the chimney,
shown in Fig. 1, is a box, of which overall inner length,
height and width are 600, 300 and 240 mm, respectively.
Two different boxes were used: gypsum made for mea-
surements in the enclosure [12] and glass made for vi-
sualization. The box cover, which serves to hold the
chimney, is made of pressed wood. The enclosure has
partitions at its inlet ports designed to provide a well-
arranged air flow inside it, as shown in the previous
studies [1,12]. The distance between the partition and the
sidewall of the box is 50 mm, the height of the inlet
between the partition and the floor is 50 mm, and the
upper entrance opening is also 50 mm wide. The flow of

smoke during the visualization was observed and re-
corded through the transparent walls of the box.

A number of thermocouples have been used to
measure the temperature of the flowing air during the
experiments. As shown in Fig. 1, a thermocouple was
mounted closely above the plate, i.e. at a location
slightly higher than H above the entrance to the chim-
ney. This thermocouple is denoted TC1" in the figure. A
thermocouple mounted at the top of the basic 2H
chimney is denoted TC2. Each additional section has a
thermocouple at its top. According to the overall
chimney height reached by the section, i.e. 3H, 4H, and
S5H, these thermocouples are denoted TC3, TC4, and
TCS, respectively. Thus, the vertical spacing of ther-
mocouples inside the chimney equals the height of the
plate.

The thermocouples were mounted in such a way that
they could be shifted across the chimney, in the direction
normal to the plane of the plate itself. Thus, temperature
measurements at various points were performed, and
temperature profiles at various heights inside the chim-
ney could be determined. Up to five thermocouples have
been used simultaneously for the temperature measure-
ment at different heights. Additional thermocouples
monitored the temperature of the heated plate (TC,), the
temperature of the chimney wall opposite to the plate
(TC,,), and the ambient temperature outside the chim-
ney. All thermocouples were connected to a PC through
a Fluke Hydra data acquisition unit.
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The readings of the thermocouples were verified
before each experimental run, exposing them simulta-
neously to the ambient air, while being connected to the
data acquisitor. The time of exposure was 10-15 min. It
was found that the maximum difference between the
readings of any two thermocouples did not exceed 0.2 °C.

A Flir ThermaCAM SC2000 infrared radiometer has
been used to estimate the emissivities, to be used in the
numerical simulations. Direct infrared measurements in
course of the experiments inside the chimney were not
feasible. For this reason, the objects were placed verti-
cally outside the experimental set-up, and heated up to
the same typical temperature at which they are operated
during the experiments. As the temperature was mea-
sured simultaneously by a thermocouple, the emissivity
was adjusted until the readings of the radiometer and the
thermocouple equaled. It was found that the emissivity
of the cardboard was ¢, = 0.85. As for the plate, it was
not possible to establish an accurate value of its emis-
sivity because the plate surface had some specularity. It
was also found that oxidation of the plate occurred in
course of the experiments. For these reasons, the plate
emissivity value was taken from the previous studies
[3,4] to be equal 0.14. It should be noted that the plate
emissivity does not affect the air flow rate through the
chimney, as discussed later.

A typical experiment has been performed in the fol-
lowing manner. The chimney was mounted, and the
plate was connected to the power supply and heated.
The system was operated for about 2 h, until a “sta-
tionary” state characterized by temperature fluctuations
about a certain value has been reached. Then, the
readings of each thermocouple were recorded for about
10 min at each point along a horizontal line normal to
the plane of the heated plate, i.e. in both the negative
and positive x-direction. These readings provided the
average temperature at each point, yielding further the
temperature profiles shown in Fig. 2a—c for the heat
input of 40.5 W. Simultaneously, temperature fluctua-
tions have been also stored.

At the same time, the velocity of air inside the
chimney has been measured by a precise, NIST trace-
able, TSI VelociCalc 8346 hot-wire anemometer, which
has a resolution of 1.0 cm/s, an accuracy at low velocities
of 1.5 cm/s, and a response time of 200 ms. The model
used has an articulating probe. Both mean and fluctu-
ating velocities were determined. The procedure was
similar to that used for temperature measurements, i.e.
the probe could be shifted across the chimney, yielding
mean velocity profiles and velocity fluctuations, exam-
ples of which are shown in Fig. 4b—c.

When the measurements for a chimney of certain
height were accomplished, an additional section of the
chimney was added. It was mounted gently, while
the heating of the plate was continued. As a result, the
system reached, usually in about 1.5 h, a new “station-

ary” state, characterized by temperature fluctuations
about another value at each point, which corresponded
to the new height of the chimney. Then, all the tem-
perature measurements were performed, both for all the
points measured previously and for those of the added
section.

A typical experimental run included heating of the
system with the chimney of 2H to a “‘stationary’ state,
and gradual addition of the chimney sections up to
heights of 3H, 4H, 5H and 9H. Measurements were
conducted at all stages. Thus, such run took usually
about 12-14 h. We note here that the gradual addition
of sections was important to assess the changes occur-
ring in the system immediately.

Smoke visualization was performed both in the
chimney and the glass enclosure. Incense sticks were
used for smoke generation. The smoke could not be used
directly, as it had to be cooled down to the ambient
temperature before entering the system. For this rea-
son, a simple but reliable “smoke generator” was con-
structed. It consisted of a transparent cylinder, 200 mm
in diameter and 1 m long. The cylinder was tightly
closed on both sides. One side had a small aperture,
through which a long flexible transparent tube, 6 mm in
diameter, connected the cylinder with the experimental
set-up. Through an aperture on the other side, another
small-diameter tube carried fresh air from a compressed
air system. The compressed air was dispersed inside the
cylinder through a ceramic dispenser. A number, typi-
cally about 15-20, of commercially available incense
sticks, were placed, while smoldering, inside the trans-
parent cylinder. Thus, after a certain amount of smoke
was generated inside the cylinder, a small amount of
fresh air was allowed to flow into the tube, where it
provided both the oxygen needed for burning and an
excessive pressure inside the cylinder, as compared to
that in the experimental system. As a result, a gentle flow
of smoke to the experimental set-up was established.

The smoke could not be followed all the way from
the entrance of the enclosure to the exit of the chimney,
as it dispersed. In order to obtain local flow patterns, the
smoke has been introduced into the system at various
locations, which are indicated in Fig. 1 as S1-S4. Point
S1 served to release smoke at the entrance to the en-
closure and to follow the flow field inside it. Point S2,
located symmetrically beneath the heated plate, and
point S3, located between the plate and the wall, intro-
duced the flow of smoke directly into the chimney.
Finally, point S4 has been used to record the vortex at the
upper corners of the enclosure. In addition, experiments
were performed with the whole box filled with smoke.

The flow of the smoke both inside the chimney and
through the box has been recorded by a Redlake Mo-
tionScope 8000C digital imaging system, using a 150 W
fiber optic illuminator. Examples of the recordings are
shown in Figs. 5-7.
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Fig. 2. Air temperatures measured across the chimney for a 40.5 W output from the plate, for different chimney heights: (a) 3H, (b) 5H,
(c) 9H and (d) simulated mass-averaged temperature of the air leaving a 9H-high chimney (300 K is taken as the ambient temperature

in all numerical simulations).

The results of both the measurements and the smoke
visualization indicate that the flow field is characterized
by strong pulsations. In addition, in spite of the full
geometrical symmetry of the system, asymmetrical flow
was observed. These results are discussed later in con-
nection with the numerical results.

3. Physical model and numerical study

The numerical calculations were performed for the
velocity and temperature fields inside the chimney and
the box.

The conservation equations were solved numerically,
using the FLUENT 5.5 CFD software. The basic form
of these equations is as follows [13]:

continuity
op 0

54'6—%(014[):07 (1)

momentum

0 0 6p a'L’l‘j
= (pu; —puitj) = ——+— is 2
5 () + g (i) = 5o+ 5, e @

energy
0 0 0 oT op op Ou;
&(ph) +a_xi(puih) - G_x, (ka_x,) +§+Mia—xi+ 'C,'jaj

3)

where p is the density, v is the velocity component in the
i-direction, p is the static pressure, x; is a Cartesian co-
ordinate, t;; is the stress tensor, g; is the gravitational
acceleration the i-direction, 4 is the static enthalpy, & is
the thermal conductivity, T is the temperature, and ¢ is
time. Since neither large viscous stresses nor compress-
ibility effects were expected in the current problem, the
viscous heating term t;;(Ou;/0x;) was not activated [13].
Since the flow is buoyancy driven, the momentum
equation, Eq. (2), is redefined in FLUENT using the
following relation for the vertical x,-direction [13]:

P = —pogxs+p

where p, is the reference density taken at 300 K and
atmospheric pressure. The Boussinesq approximation
was not used, and the density—temperature relation was
provided as an input.
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The boundary conditions for the momentum equa-
tion are no-penetration, no-slip at all the solid bound-
aries. The pressure boundary condition p' = 0 is imposed
at the ports of the system, namely, at the entrance
openings of the box and at the exit opening of the
chimney.

The boundary conditions for the energy equation are
based on the experimental parameters. The heat flux,
corresponding to the input power of, for instance, 40.5
W, has been imposed on the plate. For a constant heat
flux, wall temperature of the plate is not uniform.
Therefore, the plate was defined in the simulations ex-
actly as it was built in reality: it had the core which
generates heat, and the external layers defined as “con-
ducting walls.” The thermal conductivity of aluminum
was taken as 180 W/m K.

For the other boundaries, FLUENT makes it possi-
ble to incorporate the heat transfer coefficients of the
walls and the outside temperatures in the calculation of
the inside temperature field. Thus, the calculations were
performed both for adiabatic walls and for walls with
heat-transfer coefficients determined experimentally.

The temperature of the surroundings is imposed at
the entrance opening. As for the exit opening, FLUENT
adjusts the boundary condition there, extrapolating the
temperature values from the interior grid cells adjacent
to the exit.

Surface-to-surface radiation is taken into account
through a so-called discrete transfer radiation model
(DTRM). The main assumption of the DTRM is that
the radiation leaving the surface element in a certain
range of solid angles can be approximated by a single
ray. The DTRM also assumes that all surfaces are dif-
fuse, i.e. the reflection of incident radiation at the sur-
face is isotropic with respect to solid angle.

At the boundaries, the DRTM is used as follows. The
radiation intensity, /-, approaching the surface is inte-
grated to yield the incident radiation heat flux, ¢/, as

o = [1 a0 )

where Q is the hemispherical solid angle. The net radi-
ation heat flux from the surface is then computed as a
sum of the reflected portion of ¢/~ and the emissive
power of the surface:

q/r/+ = (] - Sw)q:f7 + SWO'T; (5)

where T, is the surface temperature in Kelvin, &, is the
wall emissivity which should be assigned as boundary
condition, and ¢ = 5.669 x 10~% W/m?K* is the Stefan—
Boltzmann constant. FLUENT incorporates the radia-
tion heat flux, Eq. (5), in the prediction of the wall
surface temperature.

It should be noted here that the radiation model used
in this study involves angular discretization in two di-
rections. It has been found that the default values of

angular divisions, equal to 2 in FLUENT, yielded some
errors in the results. Therefore, the number of divisions
was adjusted, and at four divisions in each direction the
errors practically disappeared. This has been achieved
on account of the computing time, where a typical nu-
merical run for a 5H-high chimney took about 30 h.

The software enables the calculation of the overall
rate of change of the internal energy of the fluid, flowing
from the entrance to the exit, as well as the calculation of
the overall heat input at any boundary. Therefore, the
comparison of these two results served to ensure the
overall energy balance of the system.

The grid used in the simulations was not uniform. It
was important to provide a finer grid near the bound-
aries, especially at the hot plate, where the flow has a
boundary-layer character. Thus, the grid of variable step
has been used.

In the vertical y-direction, the plate is divided into 60
cells, varying in size from 1.3 mm at the lower edge to
3.7 mm at the middle and to 0.86 mm at the top. In the
horizontal z-direction, the plate has 30 cells, varying
from 6.4 mm at the symmetry plane to 1.5 mm at the
edges.

Due to the symmetry, numerical solutions were per-
formed for a half of the system which preserved all the
features of the full system, including two entrance ports.
Total grid size was as large as 56,700 (x2 for the full
system) inner elements for the enclosure, 39,600 x 2
inner elements for the first 150 mm of the chimney (1H),
and 108,900 x 2 elements for the 9H high chimney. As
mentioned above, the grid is finer near the heated plate,
all ports, partitions, and walls of the system. Each
additional section of the chimney has also a grid of
variable density, where smaller cells are used near its
centerline, walls, and edges. A fine grid near the cen-
terline is important since it is expected that significant
velocity and temperature gradients exist there.

Note that the grid size has been chosen after a careful
examination of the grid dependency of the solution. This
examination has been performed by making the grid
more and more fine for exactly the same hydrodynamic
problem, until grid refinement seized to yield noticeable
changes in the flow field, including quantitative para-
meters like the frequency of vortex shedding in the wake
of the plate. The finest grid tried had as much as
90 x 120 x 22 x 2 = 237,600 x 2 elements for a SH high
chimney alone, and the smallest elements near the plate
were as small as 0.2 mm. This grid provided essentially
the same results as that finally chosen, but needed much
longer calculation times.

The calculations were performed with a heat-transfer
coefficient of 1.0 W/m? K through the walls, determined
experimentally. Additional calculations for the adiabatic
wall showed essentially the same temperature field;
however, the air adjacent to the walls became slightly
warmer.
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We have already noted that the experiments per-
formed in the present study, including both measure-
ments and visualization, show considerable fluctuations
of the velocity and temperature inside the system. In
order to take into account these fluctuations, an un-
steady form of the governing equations has been solved
[13]. The numerical approach included second-order
upwind schemes for the momentum and energy equa-
tions, chosen to provide greater accuracy. In addition,
second-order discretization is important where the flow
crosses the grid lines obliquely, in order to reduce
numerical diffusion. Since natural convection with rela-
tively high Rayleigh numbers (Ra about 10°) is en-
countered, a second-order pressure interpolation scheme
has been used. The SIMPLE algorithm has been used
for pressure—velocity coupling.

General validity of the numerical approach has been
verified solving the model hydrodynamic problem of
vortex shedding from a plate (“von Karman vortex
street””) at various plate thickness, length-to-thickness
ratio, and flow velocity, expressed through the plate-
thickness-based Reynolds number and dimensionless
shedding frequency. Additional model problem was that
of shedding suppression by heating of the plate. These
model problems were chosen because independent ex-
perimental and numerical results had been reported on
them in the literature, including the recent works by
Eisenlohr and Eckelmann [14] and Hourigan et al. [15]
on vortex shedding from long plates, and Noto et al.
[16], Schumm et al. [17] and Lecordier et al. [18] on the
thermal effects in vortex shedding. An additional reason
for the choice of these model problems was the fact that
the flow in the chimney is an induced one, thus bearing
features of both free and forced convection.

The model problems are introduced and discussed
in Appendix A, and shown in Figs. 10-13. There, it is
shown that, in general, the results obtained by the pre-
sent method are quite similar to those reported in the
literature. Therefore, the present numerical approach
may be considered quite reliable.

Examples of the numerical results are presented in
Figs. 2d, 3 and 7c for the temperatures, and in Figs. 4a—
7b for the velocities.

4. Results and discussion
4.1. Temperature distribution

For the lowest configuration, 2H, the temperatures
were measured across the chimney (normal to the plate)
at the heights 17H and 2H by the thermocouples de-
noted TC1" and TC2. For the second configuration, 3H,
the thermocouples TC1*, TC2, and TC3 were used. The
thermocouples TC1*, TC2, TC3, TC4, and TC5 have
been used for 5H and for 9H.

S

I

T T e R S e N TR |

9
@

312

310

308

308

304

302

LTI

300

s

&
k4
i
I
I

i
I

"

AT BT

R ]

RTINS

BERET
PRI

SR

=35,
|
S

s

TN
ROOE

IR

=

SIS

BB R
T

R R T R R AR AL R AR AR R
itk i :

T

Fig. 3. Simulated instantaneous temperature distributions for
different chimney heights: (a) 2H, (b) 5H and (c) 9H.

Fig. 2a—c shows the examples of air mean tempera-
ture profiles, measured at various levels inside the
chimney for the heat input of 40.5 W, and chimney
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Fig. 4. Examples of velocity distribution: (a) simulated velocity distribution at a horizontal plane—exit of the chimney 2H high
(half the system is shown as simulated), (b) velocity fluctuations and local mean velocities of air measured across the chimney at the exit
of the 2H high chimney and (c) velocity fluctuations and local mean velocities of air measured across the chimney at the height of 5H in

the 9H high chimney.

heights of 3H, 5H, and 9H, respectively. In order to
eliminate the effect of the ambient, the indicated tem-
peratures relate to the measured difference between in-
side and outside.

One can see from Fig. 2 that the temperature of air at
any point above the plate decreases considerably as the

height of the chimney increases. This trend is observed
for all the thermocouples placed at the centerline of the
chimney. The decrease in the air temperature means, for
the constant heat output from the plate, that the air flow
rate increases significantly with the height of the chim-
ney. This increase causes considerable decrease in the
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temperature of the plate—the measured temperatures of
the plate for the 2H and 9H chimneys differ as much as
about 10 °C.

Fig. 2 also shows evolution of the air temperature
profiles across the chimney. Just above the plate, there is
a sharp peak in the temperature profile at the centerline,
within the hot air which is shed from the plate. Farther
from the centerline, the temperature drops steeply and
remains at almost the same level. Near the walls, op-
posite to the plate, the temperature increases slightly.
This increase is caused by convection at the walls which
are heated by direct radiation from the plate. As the air
flows upwards, the temperature profile gradually chan-
ges. The peak becomes less and less sharp, and the
temperature gradients in the cross-sections become
smaller. Above the plate the effect of radiation is insig-
nificant. Therefore, in a chimney that is high enough a
smoother monotonic mean temperature profile is es-
tablished.

The mean temperature profiles obtained at different
power outputs from the plate demonstrate shapes simi-
lar to those at 40.5 W, but differ quantitatively, as ex-
pected.

Fig. 3 shows the simulated instantaneous tempera-
ture distributions for the chimney heights of 2H, 5H,
and 9H. One can see that these instantaneous distribu-
tions follow, in general, the same trends as the measured
mean temperatures. In particular, it is true for the
temperature values along the centerline of the chimney,
the shape of the temperature profiles at different heights,
and the effect of radiation.

One can also see from Fig. 3 that, unlike the mean
profiles, the instantaneous temperature distributions are
not symmetrical. This result is due to the oscillating
character of the flow, as is discussed in the following.
This character expresses itself also in Fig. 2d, where the
simulated mass-averaged temperature of the air leaving
a 9H-high chimney is shown. A very good agreement is
observed between this temperature and the mean tem-
perature represented by TCS in Fig. 2¢ for the same
chimney. Note that the latter is just a mean of the
measured values; since the velocity at the centerline is
higher than near the walls, the experimental mass-aver-
age value should have been even closer to the simulated
one.

4.2. Velocity field

Considering the temperature distributions discussed
above, one can conclude that they are caused by the
velocity field. Analysis of the velocity measurements and
simulations, accompanied by the visualization, shows
that this is, indeed, the case.

Fig. 4a shows the simulated velocity distribution at a
horizontal plane—exit of the chimney 2H high (half the
system is shown as simulated). The velocity has a pro-

nounced maximum over the plate, which corresponds
both to the simulated temperature distribution of Fig. 3a
and the measured temperature profiles at this chimney
height. Farther from the plane of the plate, the velocity
becomes much lower, but it can rise again closer to the
walls that are heated by radiation.

The velocities measured at the same location, i.e. the
open top cross-section of the 2H high chimney, show
very similar behavior, as demonstrated in Fig. 4b. The
measurements were performed at five points of distance
x, normal to the plane of the plate. At each point, the
velocity readings were taken for approximately 50-70 s.
One can see steep decrease in the mean velocity. For a
higher 9H chimney, Fig. 4c, the velocity profile develops
downstream and becomes flatter, likewise the tempera-
ture profile discussed above.

Fig. 4b—c presents also the fluctuating velocity, but
these measurements cannot yield the real period of os-
cillations because of the relatively low sampling fre-
quency. However, they provide some indication of the
very strong local oscillations in the flow velocity. Ad-
ditional feature that can be detected from Fig. 4b is the
zero flow velocity possible at x = 3-4 cm. Since the an-
emometer shows the absolute value of the velocity, this
result means that backflow can exist at this location. The
numerical simulation shows that, indeed, backflow oc-
curs from time to time at that location as indicated in
Fig. 4a. It is similar to the episodic and time-dependent
cold inflow detected and discussed by Fischer and Tor-
rance [5].

As mentioned above, velocity measurement cannot
give a full picture of the velocity fluctuations. In this
problem, smoke visualization proves to be of great help.
Fig. 5a shows a typical smoke pattern at the entrance of
the symmetrical enclosure, where the smoke is intro-
duced at point S1, as denoted in Fig. 1. As visualized in
Fig. 5a, one can see that the smoke flows mostly along
the bottom and then turns upwards, to the chimney. A
small part of smoke is entrained into the clockwise ro-
tating vortex, located at the upper right corner of Fig.
Sa, around point S4 as denoted in Fig. 1. Fig. 5b, which
shows a simulated instantaneous flow field inside the
enclosure, supports this result. In addition, Fig. 5b
shows that in spite of the geometrical symmetry, the flow
field inside the enclosure is typically asymmetric.

This point is further illustrated in Fig. 6, which
shows the smoke visualization just above the tip of the
heating plate, with smoke introduction into the chim-
ney at a point beneath the plate, denoted by S2 in Fig.
1. The flow of smoke was observed through the trans-
parent window of the chimney. The plate tip appears at
the bottom of the frames shown in the upper row of
Fig. 6. The light was provided by two optic fibers,
through two small drills located symmetrically in the
side walls of the chimney. Actually, these were the drills
used for thermocouple TCI1" in the temperature
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Fig. 5. Flow inside the enclosure: (a) typical smoke pattern at the entrance of the symmetrical enclosure, where the smoke is introduced
at point S1 and (b) simulated instantaneous flow field inside the enclosure.

measurements. The recording rate was 125 frames/s.
The time interval between frames 1 and 3 is 0.44 s. One
can see that although the smoke entered the system
symmetrically relative to the plate, its flow is not uni-
form. As visualized in Fig. 6, in frame 1 smoke flows
mostly to the left of the plate, in frame 3 the smoke
flows to the right of the plate, and in frame 2 the smoke
flow is quite symmetrical. This result can be explained
considering the corresponding simulated flow field also
shown in Fig. 6. One can see from the velocity field that
at the leading edge of the plate, where the smoke is let
into the system, the velocity can be considerably higher
to the right of the plate, to the left of it, or about the
same from both sides. As a result, the smoke is en-
trained mostly to the left, to the right, or equally to the
both sides. Thus, Figs. 5 and 6 show that the flow in the
box and in the vicinity of the plate has a fluctuating
character and is generally not symmetrical.

Consider now the wake of the plate. It is shown in
Appendix A that the wake flow can be characterized by
alternating vortices which are suppressed when the plate
is heated, leading to a stable wake. Fig. 7 reveals that in
our case the wake is neither a vortex street, nor a stable
pattern aligned with the flow direction.

Fig. 7a presents the result of image processing of two
frames taken during flow visualization when smoke filled
the whole enclosure. The smoke in the illuminated re-
gion is represented by white fields, while the wake is
black. The tip of the plate is shown, as well. One can see
a triangle-shaped pattern above the plate, followed by a
thin “tail”, which shifts from left to right. This feature is
easily seen also in the simulation of the flow above the
plate, shown in Fig. 7b. It appears that the triangle
pattern is formed by two counter-rotating vortices,
which do not detach but rather shift, while the tail is
formed by the main flow. The temperature distribution
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Fig. 6. Smoke visualization just above the tip of the heating plate, with smoke introduction at point S2 (upper row) and numerical

simulation of the flow field (lower row).

shown in Fig. 7c corresponds to this flow pattern,
showing that the wake is the region of highest temper-
ature (shown by the darkest region) which also shifts.

The patterns above the plate are a further indication
of the pulsating character of the flow inside the chimney.
This character, however, is not similar to the von Kar-
man shedding. In our opinion, it is quite possible that
the instability of the flow in our case is related to the fact
that the system has two ports, and the flow inside it is
determined by two streams coming from the opposite
directions. This point needs further analysis.

4.3. Plate temperature and air flow rate

Fig. 8 shows the measured time-average temperature
of the heated plate at 2H, 3H, 4H, 5H, and 9H, versus
the numerical predictions for 2H, 5H, and 9H. Since the
emissivity of the plate was not measured directly, we
present the temperature of the plate in a normalized
form, where the normalized temperature is defined as
(T, — Tn)/(Tpom — Tin), 1.€. it equals unity for the plate in
the 2H-high chimney (the lowest considered), and the
absolute values of Tj,,y are not necessarily identical in

the measurement and simulation. Comparison of the
trend lines drawn in Fig. 8 for the measured and simu-
lated values show a very good agreement between the
two.

Finally, Fig. 9 shows the mass flow rate of air, pre-
dicted by the numerical simulation, and the flow rate
estimated from the experiments vs. the chimney height in
H units. The point of H# = 0 is the theoretical result for
an identical plate in an infinite reservoir, corresponding
to a mass flow rate of about 0.63 g/s. Since the mass flow
rate was not constant in time but had a fluctuating
character, the two curves show the highest and lowest
values, respectively, of the simulated overall mass flow
rate for each chimney height. The experimental mass
flow rate, indicated by solid triangles, was roughly esti-
mated by using the measured velocity profiles for 5SH
and 9H. As these profiles were measured only at the two
orthogonal symmetry planes of the chimney, interpola-
tion was used. Unfortunately, it was not possible to do
the same for small chimney heights, because of the steep
velocity profiles there. For the two points, the deviation
between the experimental estimation and the mean
simulated value is less than 20%, which is an adequate
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Fig. 7. Instantaneous flow fields in the wake of the heated plate: (a) image-processed flow visualization, (b) simulated velocity field and

(c) simulated temperature distribution.
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agreement for engineering purposes. This means that the predicted by simulation for various system configura-
pumping effect of the heated plate in the chimney can be tions and chimney heights.
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Fig. 10. Sustained vortex shedding from a cold body of square cross-section: (a) instantaneous velocity field and (b) regular oscillations
of the air velocity normal to the plate.
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Fig. 11. Stable vortex pattern above a heated body of square cross-section: (a) velocity field and (b) oscillations fading as a result of
heating.
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The variation of flow rates with chimney height
demonstrates the practical essence of the work presented
herein: a chimney enhances the flow rate, from about
0.63 g/s on a plate in an infinite reservoir, to about
6-7 g/s in a 1350 mm high chimney in a system of that
size and configuration.

5. Closure

Natural convection from a vertical electrically heated
plate, placed in a chimney, has been investigated
both experimentally and numerically. Effect of chimney
height on heat transfer rates from the plate, and on the
temperature and flow field inside the chimney has been
studied in detail. Local mean and fluctuating tempera-
tures and velocities have been experimentally obtained
for various locations inside the chimney, providing,

(@) (b)

Fig. 12. Flow in the wake of a heated short thin plate: (a) stable
pattern and (b) vortex shedding.

@) (b)

Fig. 13. Flow in the wake of a heated long thin plate: (a) stable
pattern and (b) vortex shedding.

along with the flow visualization, a comprehensive pic-
ture of the phenomena.

The computer simulations of the flow and tempera-
ture fields were performed and compared with the ex-
perimental results. The overall mass flow rate through
the chimney, which reflects the pumping power of the
heated plate, was similar in the experiments and the
numerical simulations, and increased with the height of
the chimney. For the particular size and configuration of
the system employed herein an enhancement of the air
flow rate up to 10 times was achieved.

Appendix A

The model problem used for the verification of the
numerical method was that of vortex shedding behind a
bluff body.

The approach adopted herein was to solve the hy-
drodynamic problem for the body identical to the plate
used in this study, in the geometry identical to that of the
experimental set-up. However, for the comparison with
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the findings from the literature, it was important to
involve other shapes of the body. Thus, the following
three cross-section shapes have been used: a square
cylinder 15 x 15 mm, a plate 5 x 15 mm, and a plate
5 x 150 mm, which is identical to the plate in the main
study. The velocities of the flow were chosen to be
similar to those encountered in the main study. Three-
dimensional transient simulations were performed.

Fig. 10a shows the velocity field above the square
cylinder placed in the chimney with the mean air velocity
of 0.1 m/s. The Reynolds number based on the body
thickness, 4, is equal to 100. One can see that a von
Karman vortex street develops behind the body. Fig.
10b shows a quite regular oscillating pattern represented
by the velocity in the x-direction (normal to the flow in
the plane of Fig. 10a) at a point on the centerline above
the body. The period of oscillations is 0.9 s.

The situation changes drastically when the plate is
“instantly” heated to 10 °C above the ambient. The
vortex shedding stops, and two steady vortices are
formed on the top of the body, as shown in Fig. 11a.
This result is in full agreement with the experimen-
tal findings of Noto et al. [16] and Lecordier et al. [18] on
the effect of the body temperature on its wake. The x-
velocity at the same point decays to zero, as shown in
Fig. 11b. Note that the time intervals in Figs. 10b and
11b are 10 s each, and Fig. 11b follows Fig. 10b.

Fig. 12 represents the results for a plate 5 x 15 mm
at ambient temperature. When the same velocity of 0.1
m/s is used, there is no shedding, because the Rey-
nolds number decreases to 30. For the same Reynolds
number of 100, the velocity should now be 0.3 m/s, as
in Fig. 12b. Here, the vortex street is observed once
again. However, the period of oscillations is now
0.12 s. Thus, at the same thickness-based Reynolds
number, two bodies with the thickness ratio of 3:1
have the frequency shedding ratio of 0.9/0.12 =7.5,
which is in good agreement with the correlation of
Eisenlohr and Eckelmann [14] and analysis of Houri-
gan et al. [15].

Fig. 13a shows that for the plate of 5 x 150 mm at
the same velocity of 0.3 cm/s and thickness-based Rey-
nolds number of 100, stable vortices are observed. The
velocity should be increased to 0.5 m/s (Re = 170) in
order to obtain a von Karman pattern. This result is,
once again, in agreement with the analysis of Eisenlohr
and Eckelmann [14]. There, it is shown that the char-
acteristic length used both in the Reynolds number and
the dimensionless frequency (or the Strouhal number)
should be based on a sum of the plate thickness and the
displacement thickness of the boundary layer along the
plate, rather than on the plate thickness alone. Since
the displacement thickness is obviously larger for a
longer plate, while the plate itself is relatively thin, there
is the above-mentioned difference in the results of Figs.
12 and 13.

The examples discussed in this Appendix show that
the numerical method used in the present study is quite
reliable in the prediction of complex flow patterns en-
countered in flows around bluff bodies. One can also
conclude that it is quite improbable that a von-Karman-
type shedding takes place in the induced convection
discussed in the main text, since the mean velocities there
are typically below 50 cm/s while the temperature of the
plate is typically about 100 °C above the ambient.
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