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In the paper, the results of physical and numerical simulation of a natural convective
flow formed over a heated horizontal disk with small Grashof numbers have been
presented. The characteristics of the near-wall flow region and of the ascending flow
one were considered in detail. On the basis of experimental and calculated data, the
geometric flow characteristics, namely temperature and dynamic thicknesses, were
determined. A good agreement between the experimental results and numerical
simulation data was achieved. The results obtained were also compared with published
data. The distribution of the vertical velocity component in the near-wall layer was
determined. The analysis of the basic characteristics of heat exchange, namely the local
and integral Nusselt numbers, was carried out.
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Introduction

Major advances in the field of natural con-
vective heat transfer have been made in studies
of currents along a vertical surface, i.e., with the
gravitational acceleration vector parallel to the
main direction of the fluid flow. These advances
have been made possible by progress in devel-
oping the theory of forced convective bound-
ary layer. Natural convection evolves because
of surface heating, and, as a consequence, a
natural convective boundary layer forms on a
sufficiently long vertical surface. The basic pat-
terns in the behavior of such a layer are very
similar to those of a forced convective boundary
layer which has already been well-studied. In
particular, similar to forced convection, regions
of laminar, transient, and turbulent flow exist in
a natural convective boundary layer.

The situation is different if the heated surface
is horizontal or heavily inclined with respect to
the gravitational acceleration vector. Natural
convection heat transfer in fluid observed on
such surfaces has a complex character, due to
interaction of separated ascending flow over its
surface and the surface layer induced by a favor-
able pressure drop that is in turn generated by
this flow.

Analysis of such interaction is fairly compli-
cated, which is why various simplified models of
heat transfer have been proposed in literature.
For example, two extreme cases are considered
in [1, 2]

in the first case, the heated surface is so
small that it can be replaced by a point heat
source with an axisymmetric natural convective
ascending plume forming above it;

in the second case, the surface is so large
that the contribution from the central part of the
surface with the ascending plume to heat trans-
fer can be neglected in the limit. The ascending
plume only indirectly affects heat transfer from
the surface, forming only near-surface flow due
to the ejecting effect of this plume.

Thus, determining the intensity of heat trans-
fer from the surface is reduced to solving the
problem on flow over a heated semi-infinite
plate. For example, two-dimensional equations
of the near-surface boundary layer were solved

in some approximation in a number of studies
[3—5]; as a result, practically important formu-
lae for calculating the intensity of heat transfer
from a heated horizontal surface were obtained
(summary table for the dependences is given in
[6]).

Let us consider the first extreme case when
an ascending plume is formed above a point heat
source. In this case, surface does not directly
affect the flow; only heat transfer of this surface
is taken into account in order to set the inten-
sity of the point heat source. Solving problems
in a statement equivalent to this one allowed
to obtain analytical and numerical solutions in
the self-similar approximation. In particular, the
influence of the strength of the heat source on
various characteristics of the plume was estab-
lished; for example, it was confirmed that the
decrease in temperature along the height fol-
lowed a power law, while the width of the
ascending plume varied as the Grashof number
to the power of 1/4 (the Grashof number is the
governing parameter of the problem).

Evidently, two extreme case are insufficient
for describing the diverse range of problems on
natural convection heat exchange in fluid flow-
ing from a heated horizontal surface. The case
when the surface cannot be replaced by a point
heat source of heat but also is not so large as to
consider it semi-infinite and to neglect the influ-
ence of the ascending plume on heat exchange
is of the greatest interest from a practical stand-
point. In other words, not only the influence of
the ascending plume at the center of the disk,
but also of the near-surface flow along its sur-
face has to be included in the calculations.

We should note that the near-surface layer
develops in spite of the action of the Archimedes
(buoyant) force, which directed not along the
flow but perpendicular to it, i.e., the motion is
due to indirect causes. In [6], the flow was gen-
erated by a negative pressure gradient induced
by a plume ascending from the center of the
disk [6].

In this study, we have experimentally and
numerically analyzed the influence of the heat-
ing intensity of a horizontal disk on heat transfer
and on the structure of the flow above the disk
for small Grashof numbers.
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Fig. 1. Schematics for experimental testbed (a) and visualization of the structure
of natural convective flow (b)
heated disk /, heat exchanger element 2, permeable chamber walls 3,
protective grid 4, horizontal plate 5, laser and optical system 6,
photocamera 7; g is the vector of gravitational acceleration

Analysis of the results of numerical simula-
tion was largely based on experimental data, in
particular, on visualizations of air flow over a
heated disk, presented earlier in [7].

Experimental testbed
and experimental methods

A schematic view of the experimental testbed
is given in Fig. 1. The main element of the test-
bed is a heated brass disk / with a diameter of
190 mm and a thickness of 8 mm. Its bottom is
in contact with heater 2. A special paste with high
thermal conductivity is used to improve the ther-
mal contact; a thermocouple junction (not shown
in the figure) is placed into a layer of this paste
to control the temperature of the bottom of the
disk. The temperature of the disk is maintained
by a controller (not shown in the figure), which
turns on/off the heater depending on whether the
temperature set corresponds to the temperature
detected by the thermocouple.

Thus, conditions close to constant tempera-
ture are imposed on the bottom of the disk, while
the temperature on top of the disk is determined
by conjugate heat exchange with air.

The base of the protective chamber (see Fig. 1)
is a horizontal plate 5 with a round central cut-
out; disk / with a gap of 5 mm is inserted into
the cutout. The top of the disk protrudes over the
upper surface of the plate by 6 mm. The shell of
heat exchanger 2, fitting tightly against the lower
surface of horizontal plate 5 and maintaining its
constant temperature at 16—18°C, covers the gap
from below.
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The testbed is equipped with a coordinate sys-
tem (not shown in the figure) allowing to move a
probe (for example, a temperature sensor) above
the disk by using programatically controlled
stepper motors. The accuracy of movement is
0.50 mm in the horizontal and 0.05 mm in the
vertical plane.

Particular care was taken to measure the tem-
perature of the air over the heated disk. A tungsten
wire sensor with a diameter of 5 um and a length
of 2 mm was used to obtain the instantaneous
temperature value. Due to its small size, the sensor
has an almost instant response to sudden changes
in temperature, considerably expanding (together
with the corresponding electronic equipment) the
frequency range of measurements. The procedure
of measuring the temperature at a selected point
in space above the disk consisted in converting a
continuous analog signal over a certain period of
time depending on the number of samples with
a given frequency (3000 samples with a sampling
frequency of 50 Hz) to digital form. The digi-
tal image obtained this way for the variation of
instantaneous temperature with time at a given
point in space was practically undistorted. The
mean temperature and intensity of instantaneous
temperature fluctuations were calculated by ini-
tial processing of digitized signal. In addition, the
recorded instantaneous temperature was saved for
further correlational and spectral analysis.

In addition to point temperature measure-
ments, numerous photos and videos of the flow
under consideration were taken to gain a more
complete picture of the structure of natural con-
vective flow forming over the heated disk. The
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Fig. 2. Example of a computational grid in the
solution domain of the equations

flow was visualized by the scheme shown in Fig.
1, b. The volume where the flow formed was
seeded in advance with smoke particles that were
then carried by the flow and, accordingly, visu-
alized it.

The laser sheet technique was used for detailed
analysis of the flow structure and for considering
individual fragments of the flow. In our case, a
laser whose beam was reshaped into a plane using
an appropriate optical system was used as a light
source. Fragments of smoke entering the plane
of the sheet were brightly illuminated by it, visu-
alizing a selected fragment of the flow that was
recorded by photo or video camera.

Numerical model

The ANSYS Fluent code allowing to solve
the Navier—Stokes equations in the Boussinesq

approximation for a compressible medium
was used for numerical simulation. Based on
experimental data, we assumed that the flow
was laminar in the selected range of Grashof
numbers

Gr = (0.89 — 9.50)-10¢

for three-dimensional flow with conjugate heat
exchange between the heated disk and the
ambient environment.

A fragment of the computational domain
with a grid covering it is shown in Fig. 2.
The dimensions of the computational domain
exactly match those of the experimental test-
bed. A quasi-structured grid including 1 mil-
lion elements was used, with the grid lines
clustered to the expected boundaries of the
plume and to the lower surface of the compu-
tational domain.

The parameters of air and brass used in
numerical simulation are given in Table.

It follows from the data in Table that the
air parameters used in the simulation were
assumed to be constant, since they do not vary
substantially in the given temperature range.

The boundary conditions were imposed as
follows in the calculations. The temperature
of the lower surface of the disk was set and
remained constant during the calculation, the
temperature of the horizontal surface of the
computational domain was also considered
constant and equal to the temperature of the
ambient air (293 K). The temperature of the
upper surface of the disk was determined from
the condition of conjugate heat exchange with
air adjacent to the surface. Conditions of zero
gauge pressure were set for all other boundaries
(lateral and upper). The following constraints

Table
Parameter values used in numerical simulation
Object Parameter Notation Unit Value
Specific heat capacity c, J/(kg'K) 1006.43
_ Thermal conductivity A W/(m-K) 0.0242
Alr Coefficient of thermal expansion § K-! 0.00366
Kinematic viscosity v m?/s 1.8-10°3
Density pr kg/m? 8500
Brass Specific heat capacity cp”" J/(kg-K) 380
Thermal conductivity b W/(m-K) 130
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R

Fig. 3. Coordinate system x, y related to the surface
of a disk of radius R;
u, v are the components of the air flow velocity.

were imposed on the air flowing into the com-
putational domain through these boundaries:
that the air temperature remained constant
(293 K), and that the vector of its propagation
velocity was always perpendicular to the corre-
sponding inflow boundary.

The coordinate system was chosen so that the
radial (or longitudinal) coordinate x started from
the edge of the disk and was directed toward its
center, and the axial coordinate y was directed
upward, perpendicular to the surface of the disk.
Accordingly, we denoted the longitudinal com-
ponent of the velocity by u, and the axial compo-
nent by v (Fig. 3).

We introduced dimensionless variables, using
the ratio v/R as the velocity scale (the kinematic
viscosity v to the radius R of the disk):

x* = x/R, y* = y/R;
u* = u-R/v, v¥ = v* = v-R/v;
0=(Tr—-T1)(T,—T),

where T, T are the temperatures of the upper
surface of the disk and the air at the outer bound-
ary of the computational domain, respectively.

A constant temperature 7, was set on the
lower surface of the disk as a boundary condi-
tion. In this study we have carried out numerical
simulation for temperatures equal to 303, 313,
333 and 353 K.

Simulation results and analysis

As noted above, the flow generated over the
heated disk can be divided into two regions: the
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near-surface layer and the ascending plume. Let
us first analyze the experimental and numerical
data obtained for the flow in the near-surface
layer.

Fig. 4, a shows the profiles of dimension-
less temperature 0, and Fig. 4, b the profiles
of dimensionless longitudinal velocity «#* nor-
mal to the disk surface at different values of
the dimensionless longitudinal coordinate x*
for the Grashof number Gr = 3.5-10°. The
Grashof number is defined as follows from now
on:

gB(];J_Ta)RB (1)

B 5
L

Gr=

where T, is the temperature of the lower sur-
face of the disk, controlled in the experiment
and set as the boundary condition in numerical
simulation, g is the gravitational acceleration, B
is the coefficient of thermal expansion.

Temperature profiles exhibit a sharp tran-
sition from surface temperature to ambient
air temperature over the greatest part of the
disk. The temperature layer apparently thick-
ens upon approaching the vertical axis of the
disk. The change in longitudinal velocity along
the height is not monotonic; a local maximum
appears, whose vertical coordinate increases
approaching the center of the disk. In addition,
the maximum velocity also increases from the
edge to the center of the disk, approximately up
to the coordinate x* = 0.6 and then decreases
down to zero, which indicates that longitudinal
near-surface flow is transformed into vertical
ascending flow.

The axial component of the velocity vector
has a considerable effect on the formation of
the flow structure near the disk. Notably, we
could find virtually no data in literature regard-
ing the distribution of this component in the
near-surface layer. Nevertheless, a change in
axial velocity in the near-surface region can
be of considerable interest for determining the
characteristics of the near-surface layer, as well
as for understanding the deformation this layer
undergoes as it evolves. Fig. 4, ¢ shows the axial
velocity profiles along the normal to the disk
surface for different values of the x* coordinate.
Pronounced local maxima are observed on the
profiles, with the sign of the maximum value
changing along the axial coordinate x* from the
edge of the disk to its center. In particular,
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Fig. 4. Experimental (a) and calculated (b, ¢) profiles of dimensionless quantities,
obtained by simulation of the flow in the near-surface layer: temperatures across this layer (a),
longitudinal velocity inside the layer (b) and axial velocity across the layer (c)
for different values of the dimensionless longitudinal coordinate x* with the Grashof number Gr = 3.5-10°.
Values of x*: 0.16 (1), 0.37 (2), 0.58 (3), 0.79 (4)

not only the maximum value but also the axial
velocity at a large distance from the disk sur-
face turn out to be negative in the interval 0 <
x* < 0.4. Similar behavior is characteristic for
the longitudinal velocity profile with x* > 0.8
but the difference is that the sign of velocity
remains positive. With x* = (.58 the velocity
profile undergoes sign alternation: the velocity
is positive near the surface and negative above
it. This behavior of axial velocity, together

with the longitudinal component, determines
the resulting orientation of the velocity vector.
Due to this orientation, the effect of the buoy-
ant (Archimedes) force becomes noticeable
at a distance of the order of (0.7—0.8)R from
the edge of the disk, and the buoyant force
becomes the main factor governing the evo-
lution of the flow approaching the center of
the disk (or the plume axis), i.e., an ascending
plume is formed.
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Fig. 5. Calculated (/—4, data from [5] for comparison (6)) and experimental (J5)
distributions of dimensionless quantities in the near-wall layer:
maximum radial velocity inside this layer (a) and self-similar temperature profiles across this layer (b).
Calculated data were obtained for different Grashof numbers Gr (10°): 0.89 (1), 1.80 (2), 3.50 (3), 5.80 (4)

Fig. 5, a shows the dependence of the max-
imum values of the longitudinal velocity u* on
the coordinate x* for different Grashof num-
bers. Each of these numbers corresponds to a
range of x* values where the change in the max-
imum longitudinal velocity linearly depends on
the longitudinal coordinate x*. An increase in
the Grashof number leads to an increase in the
maximum velocities, as well as to an increase in
their growth rate.

The family of 6 temperature profiles shown in
Fig. 4, a can be described using the self-similar
variable from [4], defined by the relation

n= YEXE25Grl/3 (2)

Fig. 5, b shows the processed initial 6 tem-
perature profiles for different Grashof numbers.
The values for the Grashof number Gr = 4.8-10°,
found experimentally in our study, are plotted in
the figure. Additionally, the data from [5] are
given for comparison.

The thickness of the near-wall region, i.e.,
how far along the normal to the disk the effect
of the heated surface persists, should be found to
better describe this region. Not only the dynamic
thickness & but also the thermal thickness &,
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is typically considered in case of non-isother-
mal flows because their values may differ. The
thickness 3, can be determined by choosing the
minimum temperature value below which the
heated surface has no effect. Using the dimen-
sionless ratio for temperature and taking layer
thickness, equal to 5% of the maximum dimen-
sionless temperature, as the value sought for, the
condition (criterion) for determining 3, can be
written as:

8 = ¥™* b5 -

Other studies sometimes use different crite-
ria. For example, an integral variant is proposed
in [4]:

Finding the dynamic thickness u of the
near-surface natural convective layer seems to
be a more difficult task, since the longitudi-
nal (radial) velocity can take completely differ-
ent values with distance from the disk surface,
depending on the amount of air ejected into
the near-surface layer. Some studies (see, for
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example, [4]) propose using the following inte-
gral relation to find the dynamic thickness:

d, =Tu*2 dy*.
0

In our study, we have determined the dynamic
thickness in view of the specifics of the dynamic
near-surface layer where the shear stress gener-
ated as air moves along the fixed surface of the
disk plays the primary role. In turn, friction is
proportional to the derivative of the longitudi-
nal velocity along the normal to the surface and
decreases with distance from the disk. This means
that this derivative can be used as a criterion for
the boundary of the dynamic layer by choosing
the appropriate limit value for this derivative, i.e.,

811 = y* L]’l%y*:g

We have used the derivative value equal to 10
as the numerical criterion for e, i.e., e =10.

Notice that it is possible to further modify
the variable y* so that the values found for ther-

a)
12~ (6T, SM)XGI'I/S

mal and dynamic thickness coincide for different
Grashof numbers. In our case, the temperature
thicknesses shown in Fig. 5, b should be replaced
with a single curve.

Fig. 6, a shows the dynamic and thermal
thicknesses in terms of variables

(x*; 8, x Gr'»s, 5 x Gr'”).

Notably, the dynamic layer substantially
exceeds the thermal one in thickness and this
difference markedly increases approaching the
center of the disk.

Analysis of experimental and calculated data
confirmed the well-known assumption that
a thin layer of thermal conductivity exists in
the near-wall region; convective heat transfer
is practically absent in this layer, and its con-
ductive heat transfer is characterized by a lin-
ear temperature profile [7]. The thickness 3.,
of this layer can be defined, for example, as the
distance from the surface at which the tempera-
ture change differs from the linear distribution
by 5%. The dependence of the thickness of the
thermal conductivity layer on the longitudinal
coordinate is also shown in Fig. 6, a.

b)
807, 6

Fig. 6. Comparison of methods for determining the thermal thickness &, (2, 3, 5 [4], 7 [4]) and dynamic
thickness 3, (1, 6 [4], 8 [4]) of the near-wall layer (in terms of modified variables) as a function of the
longitudinal coordinate in this study (@) and in [4] (b) using experimental data (3, 5 [4], 6 [4]).

The figure shows the dependences as a function of x* 5, xGr'” (1), §,xGr'” (2), 8, xGr'7 (3),

80} Gr/5 (4), 8,998 (5), § =01 (6), 5.1 (7), 5,14 (8)
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Fig. 6, b compares the thicknesses of the
thermal and dynamic layers; the integral cri-
teria proposed in [4] were used to find these
quantities. Thermal thicknesses correlate well
with each other, while dynamic thicknesses
diverge significantly at x* > 0.7. Our data indi-
cate a decrease in dynamic thickness, which
is quite natural, since the longitudinal (radial)
component of the velocity vector tends to
zero approaching the axis of the ascending
plume. The reason for the dramatic increase
in dynamic thickness obtained in [4] might be
that an algorithm “combining” the solutions
for the near-surface layer and the ascending
plume was used in the calculations.

We should also note that a single criterion
is insufficient to correctly determine the thick-
nesses of the dynamic and thermal layers, since
the changes undergone by other parameters of
the flow have to be taken into account. For
example, the change in axial velocity has to be
taken into account in choosing a criterion for
determining the thickness of the dynamic layer,
along with taking into account the nature of
the changes in the longitudinal velocity at the
boundary of the layer. Obviously, the role of
axial velocity significantly grows approaching
the region where the ascending jet evolves, and
this factor should be taken into account along
with the change in the longitudinal velocity.

In contrast to finding the thickness of the
near-surface layer, finding its length is given
much less attention in the literature, and in
fact this problem is practically never dis-
cussed. Nevertheless, if the flow is regarded as
a combination of a near-surface layer with an
ascending flow, the boundaries of these regions
in the longitudinal (radial) direction have to be
determined, and this means that an appropri-
ate criterion has to be chosen.

We propose to develop such a criterion
based on a linear dependence of the maximum
longitudinal velocity on the longitudinal coor-
dinate (see Fig. 5, ¢).

Thus, the length of the near-surface layer
depends on the value of the coordinate x* for
which the deviation of the curve of the max-
imum longitudinal velocity from the linear
dependence is, for example, 1%. Then, for
the case Gr = 3.5-10¢ (Fig. 7, a), the value
x* = 0.62 can be considered to be the bound-
ary along the longitudinal coordinate of the
near-surface layer.

This approach is of course justified not only
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by analysis of the longitudinal velocity compo-
nent, but also by the corresponding dynamics
of the changes in other parameters of the flow.
Fig. 7,b shows the thermal and dynamic thick-
nesses of the near-surface layer. Evidently,
the coordinate at which the thicknesses start
to sharply increase corresponds well to the
length of the near-surface layer. The change
in the axial velocity (Fig 7,c), namely, a sharp
increase, also occurs, starting from the value of
the coordinate x*=0.62.

It is convenient to analyze natural convec-
tive heat transfer of air with the heated hor-
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Fig. 7. Variation of calculated dimensionless
characteristics of the near-wall layer
over its entire length: maximum axial

velocity (a), dynamic (/)
and thermal (2) thickness (b),
maximum axial velocity inside the layer (c)
Vertical dashes indicate the value
x* = 0.62 at which the curves deviate
from linear dependences by 1%
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izontal disk surface using the local Nusselt
number, which is defined as follows:

Nu :ocR(l—x*)zR(l—x*)(a_Tj
) » (7,-T,)\ &y

where a is the heat transfer coefficient, deter-
mined from the assumption that a conductive
heat transfer layer exists [6].

Fig. 8, a shows the change in the Nusselt
number along the disk radius for a flow with the
Gr = 5.4:10°. The local Nusselt number takes
the maximum value at the edge of the disk, and
then monotonically decreases towards the center,
which agrees well with our experimental data.

Fig. 8, b shows the distribution of the integral
Nusselt number, found using the relation

)

w

Nu

27R? |
= Nu o (L= x)d (1= x¥),

0

depending on the Grashof number.

Such data are wusually described by a
power-law function which in case of laminar
flow has the following form (see, for example,

[7D):
Nu=C-Gr"®,

where C is an empoirical constant.
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Fig. 9. Dimensionless thermal thickness
of ascending plume for different
Grashof numbers Gr (10°):

0.89 (1), 1.8 (2), 3.5 (3), 5.8 (4

The value of the constant C = 0.11 was
taken in our study.

Let us consider the main patterns of the flow in
the region of the ascending plume, for example,
the geometric characteristics of the plume: tem-
perature thickness or temperature radius b,. The
values of the coordinate R — x for which the tem-
perature is half its value on the axis can be taken
as the temperature radius.

Fig. 9 shows the variation of the temperature
radius of the plume for different Grashof numbers.

b)
6.4-Nu
6.0

56+
520
481
4.4

Fig. 8. Distributions of the local Nusselt number Nu_over the radius of the disk with Gr = 5.4-10° (a)
and the integral number Nu depending on the Grashof number (b). The distributions were obtained from the
calculated (solid lines) and experimental (1) characteristics of heat transfer
on the upper surface of the disk;

2 is the approximation of the experimental curve by the dependence 0.11-Gr*? (Gr)
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Fig. 10. Self-similarity of calculated
temperature profiles in ascending flow
at height y* = 8 for different
Grashof numbers Gr (10° ):

0.89 (1), 1.8 (2), 3.5 (3), 5.8 (4);

solid line shows the approximating dependence

There is a segment where the plume narrows (the
so-called “neck” [10]), after which the thickness
monotonically increases with height. The posi-
tion of the neck remains approximately the same
with increasing Grashof numbers and the thick-
ness of the plume decreases.

Several studies [1, 2, 8, 9] noted that the
shape of the ascending plume was similar to jet
flows, in particular, in temperature and velocity
profiles. For example, the maximum temperature
in a natural convective plume is observed on the
flow axis, and then the temperature decreases
monotonically. Additionally, temperature profiles
of well-developed flow exhibit self-similarity in
terms of variables (R — x)/b,, 6, which is con-
firmed by the calculated data shown in Fig. 10.

Conclusion

We have reached the following conclusions
based on the results of experimental and numeri-
cal simulation of a natural convection plume with
small Grashof numbers.

The entire flow that is formed can be divided
into two regions: the near-surface layer and the
ascending flow.

Temperature and velocity profiles are self-sim-
ilar in the well-developed sections of both regions.

Dynamic and thermal thicknesses of the
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near-surface layer were found by analysis of
experimental data and the results of numerical
simulation; criteria for determining these thick-
nesses were introduced. It was confirmed that the
results of our analysis are in good agreement with
the results obtained by other authors. We have
proposed a criterion for determining the length
of the near-surface layer based on analysis of
the variation patterns of maximum longitudinal
velocity in the layer. We have established that the
length determined by this method does not con-
tradict the physical dependences in the near-sur-
face layer.

Even though the axial velocity component
does not have a governing role in the near-surface
layer, analysis of the behavior of this component
was necessary both to construct a general model of
the flow and to select many criteria, such as those
determining the dynamic and thermal thicknesses,
the length, etc.

We have obtained data on the heat transfer
characteristics, namely, the distribution of the
local Nusselt number over the surface of the disc,
as well as the relationship between the integral
Nusselt number and the Grashof number. The
dependence we have found agrees well with the
results obtained by other authors.

We have established that the temperature radius
of the plume decreases with increasing Grashof
numbers. The general patterns observed for the
entire range of Grashof numbers are narrowing of
the flow at a certain distance from the disk sur-
face (the so-called “neck” region) and subsequent
almost linear increase in the radius with increasing
height.

Our findings indicate that steady near-wall flow
which then becomes steady ascending flow can
form despite the buoyancy force acting along the
entire surface of the disk. A natural question to
ask, then, is whether the given flow pattern persists
with an increase in the intensity of disk heating.
We have managed to uncover only several stud-
ies [8 — 10] hypothesizing that separation of the
near-surface layer occurs at a sufficiently large dis-
tance from the center of the disk. Confirming this
hypothesis can enhance our understanding of heat
transfer over a heated horizontal disk.

The study was carried out with the financial sup-
port of the Russian Foundation for Basic Research as
part of scientific project no. 18-31-00130.
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