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Abstract—Natural convection in a one-sided-heated, vertical channelin the presence of a vent openingin the
unheated wall was studied both experimentally and numerically. The experiments were performed in water
(Pr = 5) for parametric variations of the interwall spacing, vent opening size, vent axial position, and wall-to-
ambient temperature difference (Rayleigh number). For comparison purposes, bascline data were also
obtained for unvented channels. The heat transfer data were supplemented by cross-channel temperature
distribution measurements and by flow visualization performed using the thymol blue electrochemical
technique. The numerical solutions provided information on both the local and average Nusselt numbers,
cross-channel temperature profiles, and the rates of fluid flow through the opening at the bottom of the channel
and through the vent. Both the experiments and the numerical solutions demonstrated that the average
Nusselt numbers for the channel are insensitive to both the vent opening size and the vent axial position, for the
range of operating conditions investigated. The numerical solutions showed that although the mass flow rate
entering the channel through the opening at the bottom decreases in response to the presence of the vent, the
total mass flow rate drawn into the channel is very little affected. The local Nusselt number distributions
exhibited sharp, vent-related peaks. Excellent agreement prevailed between the experimentally and
numerically determined cross-channel temperature profiles. For certain operating conditions, the flow
visualization experiments revealed the existence of a recirculation zone inside the channel, adjacent to the
lower edge of the vent opening.
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INTRODUCTION

NATURAL convection in one-sided-heated, vertical
channels is encountered in many practical applications
and has been the subject of numerical and experimental
studies(e.g. [1-37). These works, however, arerestricted
to channels which are open to the ambient only at the
top and bottom. Of comparable practical relevance is
the one-sided-heated channel which is vented by the
presence of additional openings in the walls. These
vents provide alternative paths for the ambient fluid
to be drawn into the channel. Despite its wide
applicability, especially in the cooling of electronic
equipment, a literature survey revealed no prior work
related to natural convection in vented channels.

The present paper is a combined experimental and
numerical study of the heat transfer characteristics of
one-sided-heated, vented channels. The investigated
channel geometry consisted of an isothermal heated
walland an unheated wallin which a single slit-like vent
was present. In this configuration, fluid from the
ambient can be drawn into the channel through both
the principal opening(at the bottom of the channel) and
through the vent opening. To assess the heat transfer
and fluid flow ramifications of the presence of the vent,
parameteric variations were made of the interwall
spacing, vent opening size, and vent axial position.
For each configuration defined by these geometric
parameters, the wall-to-ambient temperature dif-
ference (i.e. the Rayleigh number) was varied by
an order of magnitude. For comparison purposes,

HMT 29:6-A

819

baseline results were also obtained for unvented
channels.

The heat transfer experiments encompassed the
determination of average Nusselt numbers for the
heated wall and the measurement of cross-channel
temperature profiles at different axial positions within
the channel. The experiments were conducted in water
(Pr = 5). The numerical solutions provided both local
and average Nusselt numbers, cross-channel tempera-
ture distributions, and the flow rates of the fluid
entering the channel through the principal opening and
the vent opening,

Flow visualization experiments were performed
utilizing an electrochemically generated tracer fluid
(thymol blue method) and were intended to reveal the
patterns of fluid flow in the vicinity of the vent opening.
For certain operating conditions, zones of recirculating
flow inside the channel were observed and documented.

EXPERIMENTAL APPARATUS
AND PROCEDURE

The test section

The description of the test section utilized in the
experiments is facilitated by the schematic view
presented in Fig. 1. The ventilated channel under study
was bounded by two principal walls. One of these, the
heated wall, designed to deliver heat isothermally to
the fluid, was a 0.635-cm-thick copper plate with
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A surface area of the heated wall

g acceleration of gravity

Gr,  Grashof number, gf(T,— T,,)S3/v?
H channel height, Fig. 1

h average heat transfer coefficient,
equation (1)
k thermal conductivity of water

m mass flow rate passing through the
unvented channel
m, mass flow rate passing through the

principal opening of the vented channel

noj/vent

m,,  total mass flow rate drawn into the
vented channel

Nuy,. local Nusselt number, equation (20)

Nu, average Nusselt number, hS/k

P dimensionless pressure difference,
equation (8)

Pr Prandtl number

D pressure in channel

P pressure in ambient

p pressure difference, (p—p..)

0 rate of heat transfer at the heated wall

q local rate of heat transfer per unit area

NOMENCLATURE

at the heated wall

Rayleigh number, Gr Pr

S interwall spacing, Fig. 1

T temperature

T, temperature of heated wall
T, ambient temperature

vent opening size, Fig. 1
dimensionless velocity components,
equation (7)

dimensionless inlet velocity
velocity components

Uy inlet velocity

X,Y dimensionless coordinates, equation (6)
X,  dimensionless vent axial position
x,y  coordinates, Fig. 3
X, vent axial position, Fig. 3.
Greek symbols
B coefficient of thermal expansion
0 dimensionless temperature, equation (8)
v kinematic viscosity
p fluid density in the channel

Do fluid density in the ambient.

dimensions 14.54 x 9.67 cm (height x width). Heating
of the plate was accomplished by means of three
independently controlled heaters. Each heater con-
sisted of Teflon-coated chromel wire (0.0127-cm
diameter) laid in horizontal grooves machined on the
back surface of the copper plate.

Each heater extended over a specific portion of
the plate height. The first heater encompassed the
lowermost four grooves, the second heater the middle
seven grooves, and the third heater the top 10 grooves.
This heating layout was designed to respond to the
expected non-uniform heating required to attain a
uniform wall temperature.

S STYRENE

—

TRACER
FLUID
SOURCES
7
H
>
HEATED ﬁ UNHEATED
WALL WALL

Fic. 1. Schematic side view of the experimental apparatus.

Temperature uniformity at the heating surface was
obtained by carefully adjusting the power delivered to
each heating circuit. Eight pre-calibrated chromel-
constantan thermocouples (0.0254-cm diam.) were
installed in the plate to guide the adjustment process.
The thermocouples were installed in holes drilled into
the rear face of the copper plate with their junctions
situated 0.05 cm from the front face of the plate. A
digital voltmeter with an accuracy of 1 uV was utilized
in the voltage readings.

In all the runs performed, local deviations from the
mean plate temperature were less than 1.5% of the wall-
to-ambient temperature difference, with the typical
deviation being 0.75%.

In order to minimize extraneous heat losses, the
copper plate was backed by a 3.2-cm-thick, closed-
pore, water-tolerant styrene block. As can be seen in
Fig. 1, the upper and lower edges of the copper plate
were beveled and covered with styrene insulation so
that only the front surface of the plate contacted the
water.

The unheated wall consisted of separate upper and
lower portions as seen in Fig. 1. The space between the
two parts of the wall formed the vent through which
fluid was drawn into the vertical channel. Each portion
of the unheated wall was constructed of a 0.635-cm-
thick, 9.67-cm-wide Plexiglass plate, bonded to a
3.2-cm-thick block of styrene insulation. The edges
of the wall which bounded the vent were beveled back
at 60° in order to minimize the resistance experienced
by the fluid flowing from the ambient to the vent
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opening in the channel wall. The bevel was continued
back into the insulation and then terminated to pro-
vide a plenum chamber for the incoming fluid. Several
sets of upper and lower walls with different heights
were employed during the experiments to obtain the
desired vent openings and axial positions.

Precisely machined spacers were employed in setting
the interwall spacing S. A dial-equipped caliper with
accuracy of 0.0025 cm was utilized in verifying both the
interwall spacing and the vent opening. Plexiglass side
walls were attached to the two principal walls
completing the channel geometry. Plexiglass was
chosen as the side wall material to allow visual
observation of the flow patterns inside the channel
during the flow visualization experiments.

The test environment

The experiments were conducted in a fluid
environment free of extraneous buoyancy-induced
motions. This was accomplished by a system of two
chambers both of which were filled with distilled water.
The chambers were created by the use of two Plexi-
glass tanks, one placed within the other. The respec-
tive dimensions of the inner and outer tanks were
73.1x43.2%x453 cm and 101.6x66.0x483 cm
(length x width x height). Heat and water losses due to
evaporation were eliminated by covering the tops of the
two tanks.

The heat transfer and flow visualization experiments
were performed in the inner chamber, while the outer
chamber provided thermal control. This was achieved
by installing a temperature controller and water
circulating unit in the space between theinner and outer
tanks. This unit provided an agitated bath around
the inner tank at a pre-selected temperature. The
temperature level was maintained to achieve a nominal
Prandtl number of 5 during the experiments.

The test section described earlier was mounted on a
Plexiglass supporting frame (not shown in Fig. 1) and
placed in the inner tank. Special care was taken in the
design of the supporting frame to avoid obstruction
of the flow in the vicinity of the channel openings. A
12.7-cm vertical clearance existed between the inlet
of the channel and the floor of the inner tank and be-
tween the exit of the channel and the free surface of the
water.

Three pre-calibrated chromel—constantan ther-
mocouples (0.0254-cm diam.) were vertically deployed
in the inner tank to sense possible undesirable
temperature stratifications in the water.

As will be seen shortly in the description of the
experimental procedure, equality between the water
temperature in the inner and outer chambers was a
necessary condition for the initiation of a data run. This
temperature equality was verified by a 0.1°C ASTM-
certified thermometer installed in each chamber.

Temperature probe
To facilitate measurement of temperature profiles in
the interwall space, a special thermocouple probe was

designed and fabricated. As shown pictorially in Fig. 2,
the probe consisted of a two-pronged fork between
whose tines the thermocouple was stretched. The
thermocouple was made from bare 0.0076-cm-diam.
chromel and constantan wire that had been pre-
calibrated. The junction, situated midway between the
tines, was formed by a butt-welding operation such that
the chromel lead wire extended between the junction
and one of the tines, and the constantan lead wire
extended between the junction and the other tine.

As seen in the figure, the tines of the fork were
positioned adjacent to the respective side walls of the
channel in order to avoid flow disturbances in the
channel proper. For the same reason, the horizontal
member of the fork was situated outside the channel.
The stem atop the fork was connected to a traversing
mechanism which was capable of positioning the
junction to 0.001 in.

Experimental procedure for heat transfer runs

The preparation for a data run was initiated by
setting the desired interwall spacing, vent opening size,
and vent axial position according to the procedures
described earlier. The test section was then mounted on
the supporting frame, placed in the inner chamber, and
leveled.

Next, the equality of the temperatures of the water in
the outer and inner chambers was verified by reading
the thermometers. This equality in temperature
guaranteed that the inner tank was free of extraneous,
buoyancy-induced motions. Then, the power settings
of the three heaters were dialed in. Previous experience
furnished the relationship among the power settings
that would yield uniform temperature at the heated
wall. Power to the heaters was then switched off but the
settings maintained. The water in the inner tank was
manually stirred to eliminate temperature stratifi-
cation. The attainment of the non-stratified condition
was verified by the readings of the three thermocouples
deployed in the inner chamber. An hour waiting period
was allowed for the motions generated by the stirring
operation to die away.

FORK

JUNCTION

TC LEAD
WIRE

Fi1G. 2. Thermocouple probe in place in the channel.
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After this waiting period, power was again delivered
to the heaters, and the attainment of steady-state
conditions was verified by monitoring selected plate
thermocouples. At steady state, the plate and water
temperatures, voltages, and currents were recorded,
and a new setting of the voltages for the next data run
was dialed in, after which the power was switched off.
The water in the tank was stirred, and after another
hour waiting period, a new data run could be
performed.

In order to provide baseline information for
comparison with the results obtained for the ventilated
channel, heat transfer runs were also performed with
the vent opening closed. For this purpose, the vent
opening was blocked with thin polyester tape (0.002-cm
thick) so as to totally suppress fluid flow through
the opening without, however, altering the thermal
boundary conditions at the unheated wall which
prevailed during the experiments for the ventilated
channels. As will be shown in the presentation of the
results, baseline information was obtained for each
investigated channel spacing, heated wall to ambient
temperature difference, vent opening, and axial
position.

Experimental procedure for temperature profile runs

To prepare for the measurement of the fluid
temperature profiles, the probe described earlier was
introduced into the channel and the axial position set
with the aid of a cathetometer. Then, using electrical
contact between the thermocouple junction and the
copper wall, a reference position for the junction was
established. The probe was then traversed so that the
center of the junction was 0.0254 cm from the surface
of the copper wall, and this position served as the
first station for the traverse that was subsequently
performed.

At this point of time, the procedure that was already
described for the heat transfer data runs was executed,
and when steady state was achieved, the traverse was
initiated. All told, 43 temperature measurements were
made in the interwall space at positions which will
be evident from the data to be presented later. About
15 min were required to complete a traverse.

Temperature profiles were determined both for the
ventilated channel and for the corresponding non-
ventilated channel.

Flow visualization experiments

Flow visualization experiments were conducted with
the objective of revealing the flow patterns in the
vicinity of the vent. This was accomplished by
employing the thymol blue method [4]. This is an
electrochemical technique where the fluid undergoes a
change in color in response to a change in pH due to an
imposed DC voltage. The tracer fluid generated is
neutrally buoyant and faithfully follows the flow. Three
substances are added to the water in order to enable the
generation of the tracer fluid : a pH indicator (thymol
blue), an acid (hydrochloric acid), and a base (sodium

hydroxide). Due to the addition of these substances, the
flow visualization runs were performed separately from
the heat transfer runs.

Toimplement the method, two copper electrodes are
placed in the solution and, if a small DC voltage (less
than 6 V)isimposed, a change in the pH of the solution
in the neighborhood of the negative electrode produces
the tracer fluid. By placing the negative electrode in a
suitable location, the flow patterns of interest can be
observed.

In the present experiments, the negative electrode
consisted of three 14-gauge copper wires shown in Fig.
1 and labeled tracer fluid sources. Each wire extended
across the span of the test section. A copper-foil
electrode (0.00254-cm thick) bonded to the beveled
surface of the lower edge of the vent opening was used to
provide additional tracer fluid. A typical photograph of
the flow field revealed by these electrodes will be
presented later.

The preparation for a flow visualization run included
the same procedures described for the heat transfer
runs, ie. setting of the interwall spacing and vent
geometry, inter-tank temperature equilibration, stir-
ring, one-hour waiting period, and observation of the
attainment of the steady-state condition. At this point,
voltage from an adjustable DC power supply was
applied to the electrochemical circuit.

Photographs of the flow field were obtained with a
100-mm Pentax macro lens utilizing black and white
film (Kodak Tri-X, 400 ASA).

Data reduction

The experimentally determined heat transfer results
will be presented in this paper in terms of the Nusselt
and Rayleigh numbers. These dimensionless quantities
were calculated from the experimental data, following
the procedure which will now be outlined.

The Nusselt number was evaluated from

Nug, = hS/k, h=Q/A(T,—T,) 1)

where Q is the rate of convective heat transfer to the
fluid, and A is the area of the heated plate.

A one-dimensional heat conduction calculation
demonstrated that heat losses through the backing
insulation of the heated plate were negligible. There-
fore, Q was taken as the electrical power input to the
plate without any corrections.

The wall temperature T,, was calculated by averaging
thereadings of the eight plate thermocouples. Similarly,
the ambient temperature T,, was obtained by averaging
the readings of the three thermocouples deployed in the
inner chamber.

The Rayleigh number based on the interwall spacing
was calculated from

Ra, = [¢B(T,,— T..)S*/v*] Pr )

where all the thermophysical properties were evaluated
at the film temperature ¥(T,+ T,).
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NUMERICAL ANALYSIS

A numerical study of the heat transfer and fluid flow
characteristics of the one-sided heated ventilated
channel was conducted to supplement the experimental
work. A schematic view of the calculation domain
utilized is presented in Fig. 3, where the coordinates and
the relevant geometric parameters are defined. The
analysis was based on the two-dimensional conserva-
tion equations incorporating the standard boundary-
layer approximations and the Boussinesq model for the
density variation.

For the coordinate system shown in Fig. 3, the
dimensionless form of the governing equations can be
written as [5]

3U/6X +aV/3Y =0 3)
UQU/6X)+ V(8U/3Y) = —dP/dX + 0+ 0*U/aY? (4)
U(00/0X)+ V(00/0Y) = (1/Pr)(8%0/0Y?)  (5)

where
X = (x/S)/Gr,,

U = (uS/v)Gr,,
P = p'(x)($?/pv?)/Gr2,

Y=y/8 (6)
V = oSy )
0 =(T-TIHT,—T,). (8)

In the dimensionless pressure, equation (8), p'(x) is
equal to p(x)—p(x), which is the imbalance between
the pressures within the channel and in the ambientata
given axial position x.

The boundary conditions at the heated wall (Y = 0)
can be written as

U=V=0 0=1. )]

At the entrance of the channel (X = 0), the velocity was
assumed to be uniform and the temperature of the
incoming fluid was taken as equal to the ambient
temperature, so that

U=U, V=0 6=0. (10)

The pressure at the entrance of the channel was
obtained from Bernoulli’s equation which, in dimen-
sionless form, becomes

P=—iU2 (11)

y

F1G. 3. Schematic view of the calculation domain.

Attheexit plane(X = H/S Gr,), the pressure within the
channel was assumed to be identical to the ambient
pressure, so that

P=o. 12)

Attentionis now focused on the boundary conditions
at the vent opening. The opening is centered at the axial
coordinate x,, and its upstream and downstream edges
are located at

Xy =x,—3t, Xx,=x,+%t

13)

The velocity boundary condition at the vent opening
was determined by assuming that fluid entered the
channel horizontally, driven by the pressure difference
P'(x) = p(x)— p(x). Consistent with the practice used
at the channel inlet, Bernoulli’s equation was also
employed in the determination of the transverse
velocity at the vent. This approach was adopted
because the Bernoulli description of the pressure at the
channel inlet X = 0 is well supported by the excellent
agreement of numerically and experimentally de-
termined average Nusselt numbers for unvented, one-
sided heated channels [6].

At any X in the vent opening, Bernoulli’s equation
yields, in dimensionless terms,

V(X) = (—2P GrH)1? (14)
and by assumption
Uu=90 (15)
for Y =1and X, < X < X,, where
18
X, =X,—-2- 1
=X (16)
18
X, = - 1
T )

Again, as at the inlet of the channel, the temperature
of the fluid entering the vent was taken as the ambient
temperature, so that the thermal boundary condition at
the vent-opening region (Y =1 and X, < X < X,)
becomes

8 =0. (18)
For the sections of the unheated wall other than the
vent, zero velocity and heat flux conditions were
imposed

U=V=0 and 086/0Y =0. (19)

Solution procedure

An examination of the conservation equations and
boundary conditions presented in the foregoing reveals
that the problem depends on five prescribable
parameters: the Grashof number Gr,, the Prandtl
number Pr, and the dimension ratios S/H, x,/H, and
t/S. In addition, it appears that the dimensionless
entrance-section velocity U, is also a prescribable
parameter. However, it will soon be demonstrated that
U, is not independently prescribable.
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The natural convection problem described by
equations (3}5) and (9)(19) was solved by the
Patankar—Spalding finite-difference method. This
scheme is a forward-marching procedure which
requires that temperature and velocity be specified at
X = 0. For a fixed dimensionless height of the channel
H/S Gr,, the magnitude of the entrance velocity U, had
to be adjusted so that the condition P = 0 at the exit of
the channel was satisfied. This was achieved iteratively
by utilizing a Newton—Raphson procedure. Thus, U,
was chosen to satisfy the pressure boundary condition
and, therefore, it is not an independently prescribable
parameter.

The desired numerical accuracy was obtained by
employing 600 x 52 grid points (streamwise x cross-
stream directions).

From the numerical solutions, the local Nusselt
number at any axial location on the heated wall was
calculated from

Nuloc = qs/(Tw_ Tnc)k = _(60/6Y)Y=0
where

(20)

q = —k(@T/0y)y=0. @1

The total heat transfer from the heated wall was
calculated from

Q= f ) —k(@T/8y), - dx 22)

0
from which the average Nusselt number was evaluated
as

Nu, = [Q/H(T, —T.,)}(S/k) = (S/H) Grsf

0

H/SGrs

[—(36/0Y)y_odX]. (23)

The ratio of the mass flow rate entering the channel
through the vent opening to the mass flow rate entering
the channel via the main opening was obtained from

mvenl/mo = |:J'x2 PU(X) dx:'/puOS

= (I/U‘,)J‘X2 V(X)dX. (24)
X1

RESULTS AND DISCUSSION

As mentioned in the Introduction, the objective of
the present work is to investigate how the heat transfer
and fluid flow in a vertical, one-sided-heated channel is
affected by fluid entering the channel through a vent in
the unheated wall. The research program conducted to
achieve this goal encompassed the experimental
determination of average Nusselt numbers and of
temperature profiles across the channel, flow visualiza-
tion, and numerical solutions.

Average Nusselt number results
Average Nusselt numbers for the heated wall were
determined experimentally for three values of the

dimensionless interwall spacing S/H. For each spacing,
two vent opening sizes t/S were studied with the vent at
three different axial positions X,. For a particular
geometrical configuration defined by S/H, /S, and X,
the Rayleigh number Ra, was varied by an order of
magnitude by varying the temperature difference
between the heated wall and the fluid environment. For
the presentation of the results, the (S/H)Ra, group was
used as the abscissa variable because it is commonly
employed for unvented channels. For comparison
purposes, experiments were also performed with the
vent opening closed, as described in the experimental
procedure section.

Average Nusselt number results are presented as a
function of the channel Rayleigh number (S/H)Ra, in
Figs. 4-6, respectively, for dimensionless inter-
wall spacings S/H =2.19x 1072, 3.24x1072, and
6.56 x 1072, Each figure presents data for two dif-
ferent dimensionless vent opening sizes t/S, denoted
by open and black symbols, which are defined in the
legend at the top of the figures. For each opening size,
results for three vent axial positions are displayed:
lower, mid, and upper. The actual values of the vent
axial positions corresponding to these designations
can be found in Table 1. To avoid overlapping of the
data, individual graphs were employed for each case.
Each graph includes two sets of data. The results for
the baseline case (vent opening closed) are represented
by circles while squares denote the data obtained for
the vented channels. Lines were fitted through the base-
line data to provide continuity.

An overall inspection of Figs. 4-6 reveals that the
average Nusselt number for the channel is insensitive to
either the vent opening size or the axial location of the
vent, for the range of parameters investigated. Indeed,
the maximum deviation of the data for the vented
channel from the baseline data is under 29, which is of
the same magnitude as the expected scatter of the data.
The experimentally determined insensitivity of the
average Nusselt number to the presence of the vent was
corroborated by the numerical solutions.

The aforementioned insensitivity can be rationalized
with the aid of the numerical results. The numerically
obtained rates of mass flow entering the channel
through the principal (bottom) opening and the vent

Table 1. Axial coordinates at the center of the
vent opening

x,/H
S/H t/S Lower Mid Upper
2.19x1072 20 0127 05 0873
40 0149 05 0.851
324 x 1072 1.0 0121 05 0.879
20 0137 05 0863
6.56 x 1072 05 0121 05 0879

1.0 0138 05 0.862
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F1G. 4. Average Nusselt numbers for vented and unvented
channels, S/H = 2.19 x 102,

opening are presented in Fig. 7 as a function of the vent
opening size and axial position, for the typical values of
(S/H)Ra,and (S/H)indicated there. In this figure, the left
ordinate represents the ratio between the mass flow rate
entering the channel via the vent opening m,.,, and the
mass flow rate entering the channel through its
principal opening m,. The right ordinate is the ratio of
the total mass flow m,,, drawn into the channel through
the two openings to the mass flow rate m, ,yen, drawn
through the unvented channel. The two ordinates
employ the same scale and are designated according to
the arrows shown in the figure.
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F1G. 5. Average Nusselt numbers for vented and unvented
channels, S/H = 324 x 1072,
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FIG. 6. Average Nusselt numbers for vented and unvented
channels, S/H = 6.56 x 102,

It can be noted from the figure that while there is a
sharp increase in the ratio m,,,,/m, as the vent opening
size increases, the total mass flow rate drawn through
the channel is only slightly affected by the presence of
the vent opening, i.e. the ratio #it,g, /My, yeq remains close
to unity. In particular, when the vent opening is at the
lower position, no change is observed in the total mass
flow rate due to the presence of the vent, ie.
Py Miggvem = 1. For the other positions of the
opening, the increase in the total flow due to the vent is
about 10%.

From a careful examination of the figure, it may be
concluded that the presence of the vent opening is seen
to always decrease the mass flow rate through the
principal opening of the channel. As a result, it is
expected that the heat transfer at axial stations below

(S/H)Rag = 300 LOWER
20 =
| s/H=324x 10
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— L mio” ZiLower 3 .
oEo — m ‘1:-’
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Fi1G. 7. Typical results for the flow rates entering the channel.
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FiG. 8. Typical local Nusselt number distributions on the
heated wall.

the vent should be less than that in the corresponding
unvented channel. However, since the vent opening
delivers astream of relatively coolfluid to the channel, it
is expected that the heat transfer at and above the vent
opening will be enhanced. These vent-related opposing
effects are, seemingly, mutually canceling as witnessed
by the insensitivity of the Nusselt number results of
Figs. 4—6 to the presence of the vent.

Local Nusselt number results

Numerically obtained local Nusselt numbers are
presented in Fig. 8 as a function of the dimensionless
axial position x/H for typical values of (S/H)Ra,, S/H,
and t/S. The solid line in the figure represents the
distribution of the local Nusselt number for the
unvented channel (i.e. the baseline case), while the other
lines represent the results for the three axial positions of
the vent opening, as indicated by the legend.

The most striking feature of the figure is the sharp
peak exhibited by the local Nusselt number in response
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to the presence of the vent opening. The height of the
peak is less pronounced at vent locations higher in the
channel. This decrease in the peak occurs because less
mass flow is drawn into the channel through a higher-
positioned vent than a lower-positioned vent. Further
examination of the figure shows that upstream of the
vent position the local Nusselt number for the channel
is lower than that for the unvented channel. Down-
stream of the vent, the opposite relationship applies.

Cross-channel temperature profiles

The effect of the presence of the vent opening on the
temperature field within the channel was revealed by
examining cross-channel temperature profiles at
different axial positions. To this end, Fig. 9 was prepared
to convey the numerically determined temperature
profiles at four axial locations for typical values of
(S/H)Ra,, S/H, and t/S with the vent opening situated at
the mid-height position. The dimensionless tempera-
ture (T— Tw)/(Tw— T,) is plotted as a function of the
dimensionless cross-stream coordinate y/S, which
varies from 0 (heated wall) to 1 (unheated wall). The
profiles presented correspond to four different axial
positions labeled I, II, IT1, and IV, which are defined in
the schematic view of the channel shown in the inset of
Fig. 9. For each axial position, temperature profiles for
the vented channel (solid lines) and for the unvented
channel (dashed lines) are compared. To avoid
overlapping of the profiles, the ordinate origins were
displaced.

At the axial station just below the vent opening
(position I, the temperature profile for the vented case
lies above the profile for the unvented case, reflecting
the lesser mass flow rate passing through this portion of
the channel when the vent opening is present. At the
vent, the cooler fluid entering the channel lowers
the temperature of the channel flow. At the centerline of
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F1G. 9. Numerically determined cross-channel temperature distributions for vented and unvented channels
for S/H = 6.56 x 10-%, (S/H)Ra, = 1.7x 10%,¢/S = 1.0, x,/JH = 0.5.
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Fic. 10. Experimentally determined cross-channel temperature distributions for vented and unvented
channels for S/H = 6.56 x 10~ 2, (S/H)Ra, = 1.7x 10, t/S = 1.0, x,/H = 0.5.

the vent opening (position II), the two profiles for the
unvented and vented cases are nearly indistinguishable.
Above the vent (positions III and IV), the effect of the
cooler fluid admitted through the vent opening persists,
giving rise to temperature profiles which lie below those
for the unvented channel, as can be verified by
comparing the temperature profiles for the vented and
unvented cases at positions IIT and TV,

Temperature profiles were also obtained experi-
mentally for the very same set of parameters that
characterized the numerical results of Fig. 9. The
experimentally determined temperature profiles are
presented in Fig. 10 in the same format as was used in
Fig. 9. The experimental data for the vented case are
represented by circles. The dashed lines represent the
temperature profiles for the unvented channel obtained
by fitting the experimental data. The actual data points
were not plotted to avoid severe overlap.

An examination of Fig. 10 leads to the same
conclusions as were drawn from the numerically
determined results of Fig. 9 regarding the evolution of
the temperature along the channel. Indeed, the details
of the relationship between the unvented and vented
cases displayed in Fig. 9 are perfectly reproduced in Fig.
10.

A direct comparison of the numerically and
experimentally determined temperature profiles is
provided in Fig. 11. Two axial stations in the channel
were chosen for comparison (locations IT and V). At
each station, numerically and experimentally de-
termined profiles were plotted for both the vented and
the unvented channels. The ordinate origins were
displaced to avoid overlapping and should be used in
accordance with the arrows shown in the figure.

As the figure indicates, the agreement between the
numerical predictions and the measured data can be
considered excellent for both the vented and the

unvented channels. The same level of agreement was
encountered for other axial locations (not presented
due to space limitations).

Flow visualization results

The flow visualization experiments had the objective
of revealing the flow patterns in the vicinity of the vent
opening. Figure 12is a photograph illustrating the flow
field obtained by employing the techniques and
procedures described earlier in this paper. The
photograph shows a side view of the vent opening and
the adjacent portions of the channel and of the fluid
region outside the channel. The photograph cor-
responds to the mid-height position of the vent and to
S/H = 6.56 x 1072, ¢/S = 1.0, and (S/H)Ra, = 2 x 10*.
In the photograph, the white vertical strip, interrupted
by the vent opening, is the unheated Plexiglass wall.
The black vertical strip at the left is the heated copper
wall.

The dark, nearly horizontal streamers to the right of
the vent opening shown in the photograph were
produced by the tracer fluid generated at three
horizontal electrodes (not shown in Fig. 12 but shown
schematically in Fig. 1). These streamers are seen to
converge as they pass into the vent opening. After
enteringinto the channel, part of the fluid flows upward
and part flows downward along the unheated wall. To
better resolve the downflow, a copper foil electrode
situated on the lower beveled edge of the vent was used
to provide additional tracer fluid. The downward-
moving fluid reaches a maximum penetration and
then turns and flows upward, forming a V-shaped
recirculation region. Within this recirculation zone,
fluid moves downward along the unheated wall and
upward along the left leg of the V-shaped region.

A very similar recirculation pattern was described in
ref. [3] for the upper region of a one-sided-heated,
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F1G. 11. Comparison of experimentally and numerically determined cross-channel temperature profiles for
S/H = 6.56 x10~2, (S/H)Ra, = 1.7 x 103, t/S = 1.0, x,/H = 0.5.

unvented, vertical channel. The arguments presented
there for the existence of the pocket of recirculating flow
can be extended to the present situation.

It is relevant to note that the partitioning of the vent

F1G. 12. Flow visualization pattern in the vicinity of the vent
openingfor S/H = 6.56 x 10~ 2,(S/H)Ra, = 2 x 10*,1/S = 1.0,
x,/H =0.5.

flow in upflow and downflow portions did not occur for
all operating conditions. In particular, at small surface-
to-ambient temperature differences, the entire vent flow
moved upward in the channel. Itis also noteworthy that
for all the investigated operating conditions, the flow
through the vent was always from the ambient into the
channel and not vice versa.

CONCLUDING REMARKS

The present investigation examined the response of
the natural convection heat transfer and fluid flow
characteristics of one-sided-heated channels to fluid
entering the channel through a vent in the unheated
wall. The work encompassed both experiments and
complementary numerical solutions.

Average Nusselt numbers were experimentally
determined for parametric variations of the dimension-
less interwall spacing, vent opening size, and vent axial
location. For each configuration defined by these
geometrical parameters, the wall-to-ambient tempera-
ture difference was varied by an order of magnitude
while the Prandtl number of the working fluid (water)
was maintained at a nominal value of 5. In order to
provide baseline data, experiments were also per-
formed for the corresponding unvented channel
Information on the temperature field within the
channel was obtained by measuring cross-channel
temperature profiles at different axial positions for both
vented and unvented channels. Flow visualization
experiments were conducted to reveal the patterns of
fluid flow in the vicinity of the vent opening.

Finite-difference-based numerical solutions were
obtained for the parabolic form of the conservation
equations. These solutions yielded both local and
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average Nusselt numbers, cross-channel temperature
distributions, and rates of fluid flow passing into the
channel through both the principal opening (at the
bottom of the channel) and through the vent.

The experimental results demonstrated that, for the
range of parameters investigated, the average Nusselt
numbers for the channel were insensitive to both the
vent openingsize and the axial location of the vent. This
finding was corroborated by the numerical solutions.
The solutions indicated that although the presence of
the vent opening causes a decrease in the mass flow rate
entering the principal opening of the channel, the total
mass flow drawn into the channel is only slightly
affected.

The numerically determined local Nusselt number
distributions along the heated wall exhibited sharp
peaks in response to the relatively cool fluid entering
the channel via the vent opening. However, upstream of
the vent position, the local Nusselt number was shown
to be lower than that for the unvented channel due to
thelesser mass flow rate passing through that portion of
the channel. Numerically and experimentally de-
termined cross-channel temperature profiles displayed
excellent agreement, revealing the effects of the
presence of the vent opening on the temperature field.

Flow visualization experiments demonstrated that,
for certain operating conditions, part of the fluid
entering the vent flows upward and part flows

downward along the unheated wall. Upon reaching a
maximum depth of penetration, the downward moving
fluid turns and flows upward forming a V-shaped
recirculation zone.
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CONVECTION NATURELLE DANS UN CANAL VERTICAL VENTILE
A TRAVERS UNE OUVERTURE DANS LA PAROI DU CANAL

Résumé—On étudie expérimentalement et numériquement la convection naturelle dans un canal vertical
chauffé sur un coté avec une ouverture sur la paroi non chauffée. Les expériences sont faites avec de I’ean
(Pr =~ 5) pour des variations paramétriques de I’espacement, de la dimension de I’évent, de la position
axiale de celui-ci et de la différence de température entre paroi et ambiance (nombre de Rayleigh). Pour
comparaison, des données sont aussi obtenues pour des canaux normaux. Les résultats thermiques sont
complétes par des mesures de distribution de température et par une visualisation de ’écoulement a I'aide
de la technique électrochimique au bleu de thymol. Les solutions numériques donnent une information a
la fois sur les nombres de Nusselt locaux et moyens, sur les profils de température dans une section droite
et sur les débits de fluide a travers la base du canal et a travers 1'évent. Les expériences et les solutions
numériques montrent que les nombres de Nusselt moyens pour le canal sont insensibles a la dimension de
I’évent et a sa position axiale pour le domaine des conditions opératoires considéré. Les solutions
numériques montrent que bien que le débit masse entrant par la base du canal décroisse du fait de la
présence de 'event, le débit total dans le canal est peu affecte. Un excellent accord est constaté entre les
profils de température expérimentaux et calculés. Pour certaines conditions opératoires, les expériences de
visualisation révélent I’existence d’une zone de recirculation a lintérieur du canal, adjacente au bord
inférieur de I'évent.
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NATURLICHE KONVEKTION IN EINEM VERTIKALEN KANAL, DER DURCH EINE
OFFNUNG IN DER KANALWAND MIT DER UMGEBUNG VERBUNDEN IST

Zusammenfassung—Die natiirliche Konvektion in einem einseitig beheizten vertikalen Kanal, der durch
eine Offnung in der unbeheizten Wand mit der Umgebung verbunden ist, wurde sowohl experimentell
als auch numerisch untersucht. Die Experimente wurden in Wasser durchgefiihrt (Pr 2~ 5), wobei der
Wandabstand, die GroBe der Offnung, die axiale Lage der Offnung und die Temperaturdifferenz zwischen
Wand und Umgebung (Rayleigh-Zahl) variiert wurden. Fiir Vergleichszwecke wurden die Basisdaten
auch fiir unge6finete Kanile ermittelt. Die Ergebnisse beziiglich der Warmeiibertragung wurden durch
Messungen der Temperaturverteilung im Kanalquerschnitt und durch Sichtbarmachung der Strdmung mit
dem elektrochemischen Thymolblauverfahren erginzt. Die numerischen Losungen ergaben Informationen
iiber die Ortlichen und mittleren Nusselt-Zahlen, die Temperaturprofile im Kanalquerschnitt und iiber den
Stoffaustausch durch die Offnung am Kanalboden und durch die Offnung in der Wand. Die Experimente
und die numerischen Ldsungen zeigten, daB im untersuchten Parameterbereich die mittleren Nusselt-
Zabhlen fiir den Kanal hinsichtlich der GréBe und der axialen Lage der Offnungen unempfindlich sind. Die
numerischen Losungen zeigten, daB der Gesamtmassenstrom, der in den Kanal eindringt, nur sehr wenig
beeinfluBt wird, obwohl der Massenstrom durch die Offnung am Boden wegen der Offnung in der Wand
abnimmt. Die 6rtlichen Nusselt-Zahlen zeigten aufgrund der Offnung ausgeprigte Spitzen. Es konnte eine
hervorragende Ubereinstimmung zwischen experimentell und numerisch ermittelten Temperaturprofilen
quer zum Kanal erzielt werden. Fiir ganz bestimmte Betriebsbedingungen offenbarten die Experimente zur
Sichtbarmachung der Stromung die Existenz einer Riickstromzone im Kanal, und zwar gegeniiber der
unteren Kante der Wando6ffnung.

ECTECTBEHHAS KOHBEKUHA B BEPTUKAJIBHOM KAHAJIE, COOBIIAIOHIEMCS
C OKPVXAIOIIEA CPEJON YEPE3 OTBEPCTUE B CTEHKE

AHHOTAIHA—DKCNEPHMEHTAJILHO H YHCJIEHHO HCCIIEIOBAach ECTECTBEHHAs KOHBEKLHA B BEPTHKAIbHOM
KaHaje, OLHA M3 CTEHOK KOTOPOTO HAarpeBajach, a B JIPyrOH HMENOCh BEHTH/ISILIMOHHOE OTBEPCTHE.
OKCNEPHMEHTbl BBIMOJIHAMHMCE I BoAbl (Pr = 5) mpM napaMeTpHYeCKHX H3MEHEHUAX PacCTOAHHS
MeX Ay CTEHKaMH, pa3Mepa BEHTHJIAIMOHHOTO OTBEPCTHS, €r0 pacnoJIOXEHHA OTHOCHTEIBHO OCH KaHasa
M Pa3’HOCTH TEMIlEPaTYp CTEHKH M OKpyxalolieit cpeabl (ducno Panes). Jns cpaBHeHMA ObUH Takxke
noJ1y4eHbl OCHOBHBIE XapaKTEPHCTHKH JUIS KaHAJIOB, HE MMEIOLLIMX OTBEPCTHH B cTeHKkaXx. Kpome naHHbix
[0 TEIUIONEPEHOCY W3MEPEHBl PAClpedc/IeHHs TEMIEPaTypbl B MONEPEHHBIX CCYEHHAX KaHAIOB M C
[IOMOLUbKY IEKTPOXHMHYECKOH METOOMKH THMOJIOBOH CHHM BH3ya/M3HpOBaHBI MOTOKH. YmcieHHble
pacHeThl TO3BOJIMJIM NMOJMYYMTh HHPOPMALIHIO O JIOKAJbHBIX K cpedHMX yucaax HyccenbTa, TemnepaTyp-
HbiXx NpodusaX B NOMEPEYHbIX CEYEHHAX KAHAJIOB M CKOPOCTHAX ABHXKCHMSA XHUAKOCTH Yepe3 OTBEPCTHE B
HUXHEHA YacT¥ KaHana W BEHTHWIAUHOHHOE OTBEPCTHE. DKCNEPHMEHTANbHBIE W YMCIICHHBIE PE3YJIbTaThl
OKa3ajy, YTO B MCCJIEJAOBAHHOM OMANa3OHE JKCIUTyaTAUMOHHBIX YCJIOBHH cpennMe umncna Hyccenbta
IS KaHajla ¢ BEHTHWISALHOHHBIM OTBEPDCTHEM HE 3aBHCAT OT pa3Mepa OTBEPCTHA M €ro NOJIOKEHHS
OTHOCHTEJILHO OCH KaHaja. VI3 YHCIEeHHBIX pacyeToB CIeyeT, YTO XOTA Pacxoi Macchl 4epe3 OTBEPCTHE
B HIDKHEW 4aCTH KaHajla yMEHbINAETCH NP HAJAMYHH BEHTHIIALHOHHOTO OTBEPCTHS, CYMMAaPpHBIA pacxon
MacCChl, BTEKaloWeH B KaHaJl, H3AMEHACTCA TIPH 3TOM He3HauuTenbHo. [1py HanuYMp BEHTHIALMOHHOIO
OTBEPCTHSA B pacnpejesieHHsAx JokanbHbIX wHcen HyccenbTa cyllecTBYIOT pe3KHE MakcMMyMbl. Mexay
JKCMEPUMEHTAIBHO M YMCIEHHO OMNpeleNIEeHHBIMH TEMNEPAaTypHBIMH NpOQMIAMH B MOMNEPEYHbLIX ceve-
HHUSIX KaHajla HMeeTCa OueHb Xxopoluee corJiacke. IIpH HEKOTODBIX YCAOBHAX C NOMOLIBLIO BH3YamH3alHK
6pls1a 0OHapyXeHa 30HAa PEeHHPKYJALMH, MPUMBIKAIOLIas K HWKHEMY Kparo BEHTHIISLHOHHOTO OTBEpC-
THS.



