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Abstract—The heat transfer by natural convection and radiation between an isothermal vertical surface,
having a staggered array of discrete vertical plates of finite thickness, and the surroundings is investigated.
The natural convection contribution has been measured for several geometric configurations with tow
emittance surfaces, analysing the influence of the most significant parameters. The radiant component has
been evaluated by applying the configuration factor algebra to all the surfaces of the system, assumed
isothermal, diffuse and gray. The theoretical results have been experimentally verified by measuring the
exchanged heat flux through surfaces of known emissivity. For the particular geometry taken into account,
the convective and radiant components yield a more efficient heat transfer than that obtained from fins
made up of U-shaped vertical channels of the same bulk volume.

1. INTRODUCTION

MaANY TECHNIQUES have been introduced in the past
years to improve the efficiency of heat exchange sys-
tems involving natural convection and/or forced con-
vection, and with or without phase change [1]. In
this area of research, Sparrow and Prakash [2] have
considered heat transfer enhancement in natural con-
vection using an array of discrete plate segments in
lieu of a continuous uninterrupted surface. Their
study was aimed at reducing the thermal boundary
layer thickness in order to obtain higher heat transfer
coefficients. Therefore, short vertical elements were
considered to prevent a thermally developed bound-
ary layer. The degree of enhancement and the related
conditions have been evaluated in ref. [2] by numerical
analysis applied to the study of a two-dimensional
system. The results are expressed as a function of two
parameters: the number of plates in a subchannel
formed by two adjacent columns and the ratio
between the interspace of the plates and the height of
the whole system. Within the range of values examined
the greatest improvement was by a factor of two.

Whereas Sparrow and Prakash [2] analysed a two-
dimensional problem assuming the plates to be infi-
nitely long in the third dimension, a more practical
situation would involve an array of parallel vertical
plates having one edge connected to a vertical wall.
Also, unlike the thin plate assumption made in ref.
{2], the plate fins would actually have some finite thick-
ness. The aim of this paper is to investigate this more
realistic situation; i.e. the task is to study the heat
exchange from vertical staggered plates of finite length
and thickness, connected to an isothermal baseplate.
Figure 1 shows the finned surface examined in this
paper.

In addition to natural convection, the analysis also
accounts for radiation which can have a significant

4

F1G. 1. Finned heat sink configuration with staggered array
of discrete plates.

contribution to the total heat exchange. The con-
vective component was experimentally evaluated, on
a wide range of geometrical parameters. The radiant
heat flux was calculated by means of the finned surface
shape factor (towards the surroundings) obtained by
an analytical scheme,

The results have been used to determine the geo-
metrical configuration to optimize the heat flux fora
finned surface at a given bulk volume.

2. BACKGROUND

No correlation of natural convection for channels
delimited by staggered arrays of discrete vertical plates
attached to a perpendicular baseplate has been found
in the available literature. The bibliography dealing
with analytical and experimental studies carried out
on systems of parallel vertical plates is instead much
richer.
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a channel aspect ratio, S/L

A overall heat transfer surface of the heat
sink [m?]

A total area of elements having shape

factor equal to 1 [m?]
A, area of a repetitive discrete plate channel
[m7]
A*  area of an end side channel [m?]
B overall test width [m]

cocflicients in equation (1)

¢, specific heat at constant pressure
Pke 'K

C..C, conductance by convection and radiation
for a finned surface with a staggered
array of discrete vertical plates [W K]

C..C, conductance by convection and radiation

for a finned surface made up of U-
shaped vertical channels [W K]
D fin thickness {m]
D*  fin base thickness [m]
shape factor from w surface to z surface
F. ., F¥,..F, . shape factor of a repetitive
channel, end side channel and whole
staggered finned surface towards
ambient environment
shape factor of U-shaped channel
towards ambient environment
g acceleration of gravity [m s™?]

Gr,  Grashof number gf(T,— T )H /v?

Gr,  Grashof number, gf(T,— T )rjv?

i average heat transfer coefficient
Wm K ]

NOMENCLATURE

H overall height of finned surface [m]
H*  height of discrete plates [m)]

L fin length [m]

M overall height to discrete plate height

ratio, H/ H*
N total number of channels
Nu,,  Nusselt number, #H/A
Nu,  Nusselt number, fr//.

P thermal power, ¢;+¢. [W]

Pr Prandti number, ¢ /2

e heat transfer rate by convection [W]

4 heat transfer rate by radiation [W]

r characteristic length, 2LS/(L-+5) [m]

Ra, Rayleigh number, Gr, Pr

Ra* modified Rayleigh number, (r/H)Ra,

S transverse spacing across two adjacent

columns of discrete vertical plates [m]
surface and ambient environment

absolute temperature [K]

constant in equation (1), —929.14 m~

T’l s TV,

1

X J-surface forming an enclosure [m7].
Greek symbols

B volumetric coefficient of expansion

K71

e radiation emissivity

®,,®, functionsin equation (1)

A thermal conductivity [Wm ™' K~']

T dynamic viscosity [kgm "s™']

¥ kinematic viscosity [m?s™']

¥ function in equation (1)

I 5.67x 107 WK *m °

Elenbaas [3] has obtained a relation for vertical
plates by solving the boundary layer equations.
Aibara [4] has shown that for U-shaped finned
surfaces, the heat exchange by natural convection is
essentially the same as for the parallel plate channel
of infinite length. Such an approximation leads to a
less than 5% error in the heat transfer rate only when
the ratio of channel depth to channel width is greater
than 5. Van de Pol and Tierney [5] have developed
a semiempirical correlation for U-shaped channels
fitting the experimental data from twelve fin arrays.
Their relationship can also be used for channels with
relatively short depth.

As already mentioned, a numerical analysis for an
isothermal staggered array of discrete vertical plates
of infinite length along the horizontal direction has
been performed in ref. [2]. However, as stated before,
the results obtained cannot be applied to the geometry
dealt with in this paper because the influence of the
normal baseplate, as well as the length and finite thick-
ness of the fin are not taken into account. Suzuki ef
al. [6] have numerically and experimentally studied a

system made of a staggered array of vertical flat plates
in mixed convection at low Reynoids numbers con-
sidering the finite thickness of the segments, but again,
the problem is different than the one examined in this

paper.

3. ANALYSIS

3.1. Convective heat transfer

The geometrical configurations considered in refs.
[2-5} may be regarded as limiting cases of the one
shown in Fig. 1 when some geometrical parameters
approach limit values. Hence a relationship has been
developed so as to approximate the solutions of thc
most important limit cases including the one studied
in ref. [2]. After the structure of the correlation has
been defined, numerical coefficients were evaluated
using the experimental data obtained from twelve
aluminum finned surfaces of low emittance (¢ = 0.05).
The modified Rayleigh number Ra varied from 65 to
500 and the characteristic length r from 0.96x 107
to 1.56 x 10 "m.
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F1G. 2. Comparison of experimental and calculated Nusselt
number.

The relationship was obtained assuming a constant
temperature for the whole surface and a constant
ambient fluid temperature (taken equal to 20°C).

The relationship expressed as a Nusselt number is
as follows:

Ra*

Yo,

Nu, = —{1—exp[—y®,(0.5/Ra?)*"]} (1)
where
®, = 1+ {1—exp[—(10/M)"*'*]}

rexp(—c.aM>)In M
@, = 1+1.67{1—exp[—1.9(10/M)" "]}

“exp (—cqasM)In M
¥ = 24[1—0.483 exp (—0.085/a))/

{1 +a][1+[1—exp (— 1.66a)]

+[12.926a%Sexp (V'S) —0.61T)}’

¢, =5, ¢, =05 ¢,=006
c;=174, ¢;=0.08, cc=0.165
V=-929.14m "

All thermophysical properties are evaluated at the
wall temperature, except for the f value, calculated at
the fluid temperature.

Equation (1) allows the experimental data for a
staggered finned surface with a 4% standard deviation
to be correlated (Fig. 2) and it is valid for other geo-
metrical configurations representing limit cases.

For U-shaped channels characterized by M = 1 and
by a distance between adjacent fins equal to the double
of the S term in equation (1), the function ¥ is equal
to that defined in ref. [5] while ®, and @, approach
unity. As a consequence equation (1) becomes iden-
tical to the one defined in ref. [5], provided that the
aspect ratio a is based on the quantity S depicted in
Fig. 3(c).

For a system made of parallel plates of infinite
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FiG. 3. Definition of geometrical parameters varying the
configuration of the channel.
length (M = 1, L - 0) equation (1) yields

Ra¥*
Nu, = =2
U=

{1—exp [—24(0.5/Ra*)"""]}

which is Elenbaas’ parallel flat plate solution [3],
where r = 2§ (for L — o) is the characteristic length
equal to the distance between two adjacent plates of
infinite length. Figure 3 shows the definition assumed
for geometrical parameters (S, M) varying the con-
figuration of the channel.

When a staggered array of discrete vertical plates
of infinite length (M > 1, L - o) is considered,
equation (1) becomes

Ra¥

Nu- =S40

{1 —exp [—24D,(0.5/Ra*)* "]}

where
@, =1+ {1—exp[~(10/M)" "]} In M
®,=14+1.67{1—exp[—1.9(10/M)"* "} In M

which approximates to within +5% the numerical
results obtained in ref. [2] for a similar configuration,
provided the different definition of characteristic
length in ref. [2] and in this paper is taken into account.

If the fin length approaches zero, equation (1)
becomes, for any M value

Nuy, = 0.595Raj;*®

which approximates to within 1% of McAdams’
relation for natural convection on vertical isothermal
plates [7].

In conclusion, equation (1) allows, with good accu-
racy, the mean convective heat transfer coefficient to
be evaluated for an array of vertical plates, either
continuous or discrete, attached to a baseplate, by
varying the geometrical parameters. The relationship
does not take into account the plate thickness ; how-
ever the effect of this parameter is negligible in the
range of D/S < 0.3 and it is consistent with ref. [6].

3.2. Radiation heat transfer

The evaluation of the radiant heat flux between
finned surface and surroundings was performed with
the configuration factor algebra [8] assuming the heat
sink surface to be isothermal, gray and diffuse. At
first, a repetitive channel divided into a finite number
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F1G. 4. End side channel (a) and repetitive channel (b).

of simple geometry elements was defined for the whole
surface, shown in Fig. 4(b). The shape factor between
each channel and the environment was calculated,
taking the environment to be at a constant tem-
perature and characterized by absorptance equal to 1.
Referring to the surface of the side element shown in
Fig. 4(b) under number 1, the shape factor is given as
follows :

F,=1-F—F"

where F'=F i, + Fi;+ Fia+ Fis+ Fig+ Fi;
+ F | gis the shape factor from surface 1 to the surfaces
of the reference channel and F" = F, ,, + F,,, +
F,, + F, 5 is, with good accuracy, the shape factor
from surface 1 to the surfaces outside of the channel
but parts of the heat sink. Since a fraction of energy
emitted from surface 1 towards surfaces 10 and 13
impinges on surfaces 3-8, the evaluation of F”’ is quite
laborious.

The same procedure has been applied to all the
other components of elementary geometry such as
surface 2 of the baseplate between two arrays of seg-
ments, side surfaces 3, 4, 5, etc. of the segments and
surfaces 6, 7, 8, 9, etc. arising due to the finite plate
thickness.

The shape factor F, ,, (with respect to the environ-
ment) of the repetitive channel was obtained com-
bining the single shape factors as shown in the appen-
dix.

Figure 5 shows the calculated results for the repeti-
tive channel using a computer program. The shape
factor is given as a function of the H/L ratio between
the overall height of the array and the fin length, for
different values of the parameters M and L/S, where S
is the transverse spacing across a channel. The results
were obtained by assuming the ratio D/H* between
the thickness and the height of the single segment
equal to 0.2, S/H* ranging from 0.4 to 2. The shape
factor F, ., increases with decreasing L/S. At constant
L/S, the shape factor F_, is affected by the lowest
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F1G. 5. Repetitive channel shape factor.

values of H/L while M is not significant in the explored
range.

The results for the channel can be extended with
good accuracy to the whole finned surface except for
the external channels bounded by an array of rect-
angular segments and by the continuous side plate
shown in Fig. 4(a). The contribution of the two end
side channels to the radiant heat transfer diminishes
as the number of channels N increases. As a conse-
quence, a good guess for F¥, is to take a mean
value of the shape factors F, ,, of the repetitive and
F,, of the U-shaped channels having the same
overall height, H, depth L and interspace between
plates S. I:‘C,O0 can be evaluated either by the same
procedure used for the discrete plate repetitive
channel or by the results presented in refs. [9, 10].

The total radiant heat exchange ¢; can be obtained
from F_ ,, and F?*_ and from the radiative properties
of the material of the heat sink, as shown in the appen-
dix. The final relationship, which includes all con-
tributions to heat exchange of the whole extended
surface, is as follows:

_ eF,
ST (U= (1—F,.)

Ao(Ti—T2) (2

where the quantities are defined in the appendix.

4. EXPERIMENTAL RESULTS
AND DISCUSSION

In order to compare the analytical approach
developed for the evaluation of the radiant heat flux
and determine the numerical coefficients (¢,—cg) in
equation (1), many experiments have been carried out
on extended surfaces of different dimensions (Table
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F1G. 6. Test fin apparatus (section).

1). The first set of experiments (S1) was made on
finned coated surfaces (black anodized) of high emiss-
ivity. The second one (S2) was performed on the same
specimens having mirror polished surfaces. The third
one (S3) was carried out using the specimens of set
S2, replacing the original end metal sides with vertical
low conductivity plates of the same dimensions. The
experiments were performed on the apparatus shown
in Fig. 6, which displays a section of the fin baseplate
assembly. The finned surfaces were made of aluminum
(for its high thermal conductivity and for the ease of
coating) to yield a timewise-invariant high emissivity
value. The heat sink baseplate was heated by an elec-
trical plane heater placed on its back and insulated by
means of a S mm fibreglass layer. The fin baseplate-
assembly was inserted in a block of 70 mm thick
polystyrene. The average temperature of the heat sink
was measured by means of six thin chromel-alumel
thermocouples placed inside 0.5 mm holes in the plate
base. Since fin efficiency has resulted close to unity,
the measured temperature values were assumed for
the whole finned surface. Air temperature was meas-
ured by a shielded thermocouple to prevent thermal
radiation between the thermocouple and the environ-
ment. Tests were carried out in an enclosed room (at
20+0.5°C) to provide a still atmosphere by varying
the thermal heat flux without exceeding an 80°C sur-
face temperature of the heat sink.
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heat transfer rates.

4.1. Radiant component

The radiant component was evaluated by means of
the experiments S1 and S2. The emissivity values of
the finned surfaces, measured by an experimental
apparatus [11], were 0.85 and 0.05, respectively. For
each specimen the two sets of experiments, carried out
at the same surface temperature, make it possible to
eliminate the convective contribution and check
equation (2), the difference of the overall heat
transfer being equal to the difference (¢*) between
the radiant fluxes.

Figure 7 shows a comparison between the experi-
mental values (g¥).,, and (g¥)..,. from equation (2),
for extended surfaces at different temperatures. The
results agree with an 8% standard deviation.

4.2. Convective component
The mean convective component of the baseplate
and the staggered array of discrete vertical plates was

Table 1. Test fin dimensions

Transverse
spacing
Fin Overall Fin across a Fin Fin base
height width length channel thickness thickness HIH*
Configuration H B L S D D* ratio
number (m) (m) (m) (m) (m) (m) M
1 0.075 0.11 0.020 0.0063 0.002 0.005 10
2 0.075 0.11 0.020 0.0063 0.002 0.005 12
3 0.075 0.11 0.035 0.0063 0.002 0.005 10
4 0.075 0.11 0.035 0.0063 0.002 0.005 12
5 0.150 0.11 0.020 0.0078 0.002 0.005 10
6 0.150 0.11 0.020 0.0078 0.002 0.005 20
7 0.150 0.11 0.035 0.0078 0.002 0.005 10
8 0.150 0.11 0.035 0.0078 0.002 0.005 20
9 0.300 0.11 0.020 0.0100 0.002 0.005 30
10 0.300 0.11 0.020 0.0100 0.002 0.005 40
11 0.300 0.11 0.035 0.0100 0.002 0.005 30
12 0.300 0.11 0.035 0.0100 0.002 0.005 40
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transfer rates.

evaluated by using mirror polished extended surfaces
(¢ = 0.05). The influence of the continuous end sides
was minimized using vertical low conductivity plates
in lieu of the original end metal sides (experiments
S3). The radiant contribution, evaluated by equation
(2) with ¢ = 0.05, was subtracted by the measured
heat flux and the results were used in fixing the con-
stants ¢,—¢, in equation (1).

4.3. Combined natural convection and radiation heat
transfer

The reliability of the method used for analysing the
heat transfer due to natural convection and radiation
from the whole finned surface has been verified by
means of the experiments (S1) on heat sinks (see Fig.
1) having black anodized surfaces (¢ = 0.85).

The heat transfer by natural convection from the
baseplate and from the staggered array can be com-
puted by equation (1). With reference to the two end
continuous sides, the mean heat transfer coefficients
on the inside and the outside can be evaluated by
the relation suggested in refs. {3, 7], respectively. The
radiant heat transfer from the whole finned surface
can be determined by equation (2).

By means of the convective and radiant com-
ponents, it is possible to evaluate the total heat flux
dissipated at a given temperature rise above ambient.
Such a procedure was applied, as an example, to
type 1, 3, 8, 12 surfaces (Table 1) of 0.85 emissivity.
Figure 8 shows the good accuracy resulting from
the comparison of the experimental and theoretical
values.

For these extended surfaces radiation ranges from
40 1o 25% of the total heat dissipated (P), T,— T,
varying from 10 to 50°C in agreement with exper-
imental and analytical results presented in ref. [12]
for highly populated pin fin arrays. At higher rise
temperatures, the contribution of radiant heat flux
increases.

Once the calculation procedure has been verified, it
is possible to compare the predicted thermal con-
ductance of the extended surfaces analysed here and
that of surfaces made of U-shaped vertical channels.
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FIG. 9. Thermal conductances of heat sinks, with continuous
or discrete vertical plates, vs number of channels.

Such a comparison may be performed either at the
same heat transfer surface, as pointed out in ref. [2] for
natural convection from a staggered array of infinite
length discrete plates, or at the same bulk volume
of the heat sink. The latter condition seems more
interesting because the sink volume is often the rel-
evant parameter in the application of refrigeration of
electronic components.

By holding external dimensions (L, B and H) fixed,
it is possible to compare the convective and radiant
thermal conductance for heat sinks made of vertical
continuous and discrete plates (at fixed M). The cal-
culation results of convective (C, discrete plates, C.
continuous plates) and radiant conductances (C; dis-
crete plates, C; continuous plates) are presented in
Fig. 9 with N channels on the abscissa. In spite of the
heat transfer surface reduction, the finned surface with
staggered discrete plates yields greater thermal con-
ductance than the U-shaped one. Furthermore, owing
to the reduction of the thermal boundary layer, a
consequence of the breaking of the continuous vertical
plates, the maximum convective conductance cor-
responds to higher values of N.

5. CONCLUDING REMARKS

An investigation on the heat flux exchange by natu-
ral convection and radiation from a finned surface made
of a staggered array of discrete vertical plates has been
performed. The experiments, carried out on systems
of different geometrical dimensions, allowed a cor-
relation for natural convection which provides the
mean convective heat transfer coefficient for an array
of vertical plates, continuous or discrete, connected
to a vertical baseplate. The radiant component has
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been studied applying the configuration factor
algebra. The calculation results presented by graphs
agree with good accuracy with experimental data
obtained on different emissivity surfaces. The cal-
culation procedure of the total heat flux exchanged is
consistent with the experimental heat transfer charac-
teristic of the heat sink studied here.

At the same bulk volume, the comparison between
conductances of heat sinks made of U-shaped chan-

conductances of heat sinks made of U-shaped cha
nels and a staggered array of discrete plates shows
higher thermal performance for the latter which more
than compensates for the reduced area. Of con-
siderable interest is the utilization of this particular
heat sink in the cooling of electronic equipment.
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APPENDIX

Consider a finned surface composed of » finite areas x;
(/ = 1, n) forming an enclosure with a hypothetical surface
x, simulating the ambient environment.

The following restrictions are met :

(a) all radiant energy is emitted and reflected diffusely:
(b) the absolute temperatures T, of each area x; (j = 1. n)
and T, of ambient x,, are constant and uniform.

Under these assumptions, reciprocity relations and con-
figuration factor algebra give

x
(2-’?/>E1+2+v b =X Fu le2r o wh (3)
=1

-xochx‘,(l+2#--~+k) = “vdva,l+x'LFx.Z+ +'Y1;F/.k (4)
xy:Fx, l+x,(Ex.<2+ +x‘1‘Fr,.k
=x,F +xF .+ vxF . (5)

with & < n.
By using equations (3)—(5) the shape factor F, , from a
channel to the environment is

3

XL

— (6)

01

]

AC

5

F =

where 4, is the whole area of the channel, x;and F; . are the
area and the shape factor of jth element of the channel
(divided into m elements).

Equations (3)-(5) can be applied to compute the shape
factor F, , from an extended surface with staggered discrete
plates to the ambient environment

F o (N=DAF, ., +24FF, +4
Ao (N—2)A, +24*+4

)]

F. , and F} . are the shape factors of the repetitive channel
shown in Fig. 4(b) and of the end side channel shown in Fig.
4(a), evaluated by equation (6); A. and A¥ represent the
corresponding heat transfer surfaces. N is the number of
channels and A the external surface of the two lateral con-
tinuous sides, having shape factor equal to 1.

Obviously it must be

=

X = A+24¥+ (N—2)A. = A

i=1

where A is the overall heat transfer surface of the device.
Since 4 and x,, form an enclosure, with the hypothesis of
diffuse and gray surfaces, it follows that :

_ o(Ti-Ts) .
T (1-8)/(Ae)+ J(AF, )+ (1—¢,)/(x,e,)

where ¢ is the Stefan-Boltzmann constant, ¢ and ¢, finned
surface and environment emissivity, 7, and 7", the respective
absolute temperatures, while F, ,, is computed by equation
(7). If the emissivity of the ambient environment is I,
equation (8) becomes

g (8)

- TAx 4 74
K R (TR e A

where ¢; is the net heat transfer by radiation exchanged
between the finned surface 4 and the ambient environment.
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CONVECTION NATURELLE ET RAYONNEMENT THERMIQUE
POUR DES AILETTES VERTICALES ESPACEES

Résumé—On étudie le transfert thermique par convection et rayonnement entre une surface isotherme
verticale ayant un arrangement de plaques verticales discrétes, d’épaisseur finie et 'environnement. La
contribution de la convection naturelle a été mesurée pour différentes configurations géométriques avec
des surfaces a faible émittance, en analysant I'influence des parmétres les plus actifs. La part de rayonnement
a été évaluée en appliquant I’algébre de facteur de configuration a toutes les surfaces du systéme, supposées
isothermes, diffuses et grises. Les résultats théoriques ont été expérimentalement vérifiés en mesurant le
flux de chaleur a travers des surfaces d’émissivité connue. Pour la géométrie particuliére considérée, les
composantes de convection et de rayonnement donnent un transfert thermique plus efficace que pour des
ailettes 4 canaux verticaux en forme de U et de méme volume.

WARMEUBERGANG DURCH NATURLICHE KONVEKTION UND STRAHLUNG VON
VERSETZT ANGEORDNETEN VERTIKALEN RIPPEN

Zusammenfassung—Dar Wirmeitbergang durch natiirliche Konvektion und Strahlung zwischen einer
isothermen senkrechten Oberfliche, die mit einem versetzten Feld von einzelnen senkrechten Blechen
endlicher Dicke versehen ist, und der Umgebung wird untersucht. Der Anteil der natiirlichen Konvektion
wurde flir mehrere geomtrische Anordnungen mit Oberflichen niedriger Emission gemessen, wobei der
EinfluB der bedeutsamsten Parameter analysiert wird. Der Strahlungsanteil wurde durch die Anwendung
der Algebra der Sichtfaktoren auf alle Oberflichen des Systems, die als isotherm, diffus-reflektierend
und grau angenommen wurden, ermittelt. Die theoretischen Ergebnisse wurden durch die Messung der
Wirmestromdichte an Oberflichen von bekanntem Emissionsgrad experimentell bestitigt. Fiir die in
Betracht gezogene besondere Geometrie erbringen die Konvektions- und Strahlungsanteile einen besseren
Wairmeiibergang als bei Rippen, die aus U-férmigen vertikalen Kanélen gleichen Volumens bestehen.

CBOBOJHO-KOHBEKTUBHBINA U JIYUUCTBIN TETJIOOBMEH OT BEPTHUKAJIBHBIX
PEBEP, PACIIOJIOXKEHHBIX B WIAXMATHOM IIOPAIKE

Annoraumus— VcciaenoBan cBOOOMHO-KOHBEKTHBHBIHM H JIYYHCTBIH TEIIOOOMEH MEXAY H30TEPMHYECKOH
BEPTHKAJILHOM MOBEPXHOCTHIO, Ha KOTOPO#H B 1IaXMaTHOM NOPSAKE PaclONOXEHbl TUCKPETHO BEPTHKA-
JILHBIE IIACTHHBI KOHEYHOH TOJILLMHEL, M OKpyxaroteil cpenoil. iamepen Bkan cBo6oaHOH KOHBEKLUU
U159 HECKOJILKMX [€OMETPHYECKMX KOHOUIypaluuii ¢ MOBEPXHOCTAMH, HMEIOIIMMH HH3KYIO H3J1y4aTellb-
HYIO CHOCOBHOCTb, C Y4€TOM BJIMSHHS HaubGosee CyLIECTBEHHbIX mapameTpoB. C moMowbio anreSps
¢dopMnapamMeTpoB, IPMMEHEHHOMR 7% BCEX MOBEPXHOCTEH, KOTOPBIE CYHTAJIHCh H3OTEPMHUYECKHUMH, Nub-
(y3HBIMH M CEpBIMH, OIpeleieHa JyYHcTas KOMIOHEHTA. Pe3ynbTaThl TeOpeTHYECKHX pacyeToB MOAT-
BEPXOEHBH OAHHLIMH HM3MEDPCHHH  TEMJIOBOrO IMOTOKA Yepe3 IMOBEPXHOCTH C  H3BECTHOM
JlydenoriomaTensHoil cnocoGHocThio. HaltieHo, YTo Ans pacCMOTPEHHOH reOMETPHH KOHBEKTHBHAS M
JyuMcTas KOMIIOHEHTHI ofecneunBatoT Gosiee HHTEHCHBHBIH TermoobMen, 4eM y pebep, o6pazoBaHHbIX
U-06pa3HBIMH BEPTHKAIbHBIMH KaHAIAMH NIPH TeX e CpPeAHeOOBEMHDBIX 3HAYEHHSIX.



