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Abstract— A numerical analysis is carried out of the effect of perfectly conducting and adiabatic vertical walls
on the heat transport by convection in a fluid heated from below. The equations of motion for a high Prandtl
number fluid and the heat equation have been solved by the Galerkin method. Because of the side walls, the
convection velocity field has three velocity components and depends on all three spatial coordinates. A two
velocity component approximation, as well as the full three component representation of the velocity field, is
employed in the numerical analysis. The results indicate the surprising accuracy of the two component
approximation. Converged solutions are determined for a range of aspect ratios A between 4 = 0 (Bénard
convection) and A = 20 (Hele-Shaw convection).

NOMENCLATURE
A, aspect ratio;
d, channel width;
g, acceleration of gravity;
k, channel height;
is unit vector of the coordinate y;
N, truncation parameter;
Nu, Nusselt number;
R, Rayleigh number;
Ty, temperature of the lower boundary;
T,,  temperature of the upper boundary;
AT, temperature difference, T, —T;;
v, velocity vector (u,v,w);

x,y,z, Cartesian coordinates.

Greek symbols
o, wavenumber ;
7, coefficient of thermal expansion;
o, temperature;;

kinematic viscosity ;

K, thermal diffusivity.
Subscripts

¢, critical ;

AD, adiabatic;

PC, perfectly conducting.

1. INTRODUCTION

ONE OF the most important problems of research on
natural convection in fluid layers heated from below is
the determination of the heat transport. Cellular
convectionin alayer of infinite horizontal extent has led
to a good understanding of the stability and heat
transport over a wide range of Rayleigh numbers[1, 2].

When the convection layer is constrained by vertical
walls, the horizontal isotropy is removed and an
inhibiting influence on motionsin the fluid is exerted by
the kinematic and thermal conditions at the side walls.

* Present address: Kraftwerk Union, D-605 Offenbach,
West Germany.

The influence of the side walls on the orientation of the
convection rolls in boxes was first theoretically
discussed by Davis [3] and experimentally dem-
onstrated by Stork and Miiller [4]. While Davis [3]
investigated the effect of perfectly conducting walls,
Catton [5] studied the effect of adiabatic walls using
linear stability theories. Edwards [6] and Catton [7]
discussed the influence on the critical Rayleigh number
of lateral walls with arbitrary thermal conductivity.
The problems of the onset of convection and of finite
amplitude convection for the limits of perfectly
conducting or adiabatic side walls were treated
theoretically by Ostroumov [8] and Yih [9] for an
infinite long cylinder and by Charlson and Sani [10, 11]
for cylinders with various aspect ratios. In the case of an
infinite long channel, Davies-Jones [12] and Frick and
Clever [13] have numerically analysed the influence of
the side walls on the critical Rayleigh number and the
critical wavenumber. The introduction of the aspect
ratio A(A = h/d, channel height to channel width)
made it possible to obtain solutions for arange of aspect
ratios between A = 0(Bénard convection)and A = 100
(Hele-Shaw convection). Experimental results of the
behaviour of convection in closed cells have been
presented [14-17]. These investigated the effect of
different aspect ratios and of varying the thermal
conductivity of the lateral walls. In an experimental
investigation of Hele-Shaw convection, Hartline and
Lister [18] gave a special definition of the Rayleigh
number depending on the full width of a Hele-Shaw

" box (side walls and gap width) with low conductivity
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side walls. Koster [19, 20] determined the heat
transport in Hele-Shaw experiments for up to four
times the critical Rayleigh number using real time
holographic interferometry for boxes with ap-
proximately adiabatic and perfectly conducting side
walls.

The results of the above theoretical and experimental
investigations can be summarized as follows. In the
presence of side walls, the fluid motion depends on all
three spatial coordinates. Owing to the stabilizing
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influence of the lateral walls, the Rayleigh number for
the onset of convection increases with increasing aspect
ratio A. The critical Rayleigh number increases more
strongly for perfectly conducting side walls than for
adiabatic walls. Conducting walls also reduce the roll
size (i.e. increase the wavenumber). The reason for the
large increase of the critical Rayleigh number is that the
perfectly conducting walls reduce the temperature
perturbations in addition to damping the velocity
perturbations by viscous dissipation. In the limit of
large aspect ratios A, the critical Rayleigh number R,
exhibits the relationship R, ~ A? for adiabatic side
walls and R, ~ A* for perfectly conducting side walls.
The lateral walls also influence the heat transport. At a
fixed value of the Rayleigh number R > R_, the Nusselt
number decreases with increasing aspect ratio A. For
large enough values of R, the heat transport increases
independently of 4 and of the thermal boundary
conditions at the lateral walls ; it is proportional to R-3
as in the case of the 2-dim. Bénard convection [21].
From the stability analysis it is known that the 2-dim.
convection rolls in the Bénard case for an infinite
Prandtl number fluid become unstable to 3-dim.
disturbances at R, = 22 600 for all wavenumbers. Here
the cross-roll instability and the high Rayleigh number
cause a transition to 3-dim. bimodal convection [2].
For high aspect ratios this instability will be
suppressed. In the case of adiabatic side walls, the
motion is purely 2-dim. owing to the geometry and the
lateral boundary conditions. The stability analysis of
nonlinear convection in a Hele-Shaw cell with
adiabatic side walls by Kvernvold [22] shows that the
region of stable convection is limited by the Eckhaus
instability and the oscillatory instability. In the case of
perfectly conducting side walls, the oscillatory
instability was not observed [19]. For an aspect ratio of
order unity or lower, the transition to bimodal
convection must be expected at high Rayleigh number
of the order R, or higher for both cases of thermal
boundary conditions.

This paper represents numerical solutions de-
termined on the basis of a 2-dim. approximation, as well
as the full 3-dim. representation of the velocity field, in
order to investigate the influence of thermal boundaries
and of the aspect ratio of a long horizontal channel on
the steady heat transport. The formulation of the basic
equations and the numerical method is described in
Section 2. In Section 3 the results of the calculations are
presented and discussed. This paper represents a major
extension of earlier works [13, 21].

2. THE GOVERNING EQUATIONS
AND THE METHOD OF SOLUTION

We consider a fluid channel heated from below, of
height h with infinite extent in the horizontal x-
direction, and with parallel side walls a distance d apart.
The side walls are normal to the y-coordinate as shown
in Fig. 1. The theoretical description of steady
convection in a large Prandtl number fluid is based on
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FIG. 1. Geometry and coordinate system.

the Oberbeck-Boussinesq equations. It is convenient
to eliminate the equation of continuity by introducing
the following general representation for the solenoidal
velocity field :

v =8¢ +ey )]

where the operators é and ¢ are defined by
00 =V x (V x j§), 2
&y =V x (jy). Q)

j denotes the unit vector of the coordinate y. The
representation (1) is called the three component case
in the following. The use of a simplified representation
forv

v =2z (4)

has been introduced by Davis [3] and Catton [7] in
order to solve the linear problem. Expression (4)
describes convection rolls lying in the y-direction.
Davies-Jones [12] and Frick and Clever [13] have
compared solutions obtained by using the represen-
tations(1)and (4)for the onset of convectionin channels
with free and rigid horizontal boundaries and several
aspect ratios. Their results show that in a channel with
either perfectly conducting or adiabatic side walls the
critical Rayleigh number is lower when the general
representation (1) is used. The difference in the critical
Rayleigh number is at most a few percent for A4 ~ 0.5
and decreases strongly with increasing A. In this paper
most results are based on approximation (4) which will
be referred to as the two component case.
Representation (1) is used for selected values of the
aspect ratio for comparison.

By introducing dimensionless quantities h, h?/x and
AT/R for length, time and temperature and after
operating with j-V x(V x )and j* V x on the equation
of motion, the following equations for the steady
variables ¢, ¥ and 8 are obtained in the limit of large
Prandtl number:

VA, +4 82,0 =0, (5
V2A4 +8,0 = 0, 6)

V20+ R(A 02,6 +0,4) = (4 0%, —0,¥) 6,0
— ANy ¢ 0,0+(A % +0,4)0.0, (7)
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where 6 is the deviation from the temperature
distribution of the static state. A, denotes the Laplacian
with respect to the x, z plane

AZ = aix + afz (8)
The Laplacian V? is defined by
V2= 0+ A 3+ 02, 9)

A stretched y-coordinate has been used such that the
side walls arelocated at y = +1. The dependence of the
problem on the physical conditions of the fluid layers
has been reduced to two dimensionless parameters : the
Rayleigh number R and the aspect ratio 4. These
parameters are defined by

ATh?
RV
VK
and (10)
A=h/d

where 7y is the coefficient of thermal expansion, g is the
acceleration due to gravity, AT is the temperature
difference between the lower and upper boundary of the
channel, vis the kinematic viscosity and k is the thermal
diffusivity. Equations (S}«7) represent a set of partial
differential equations for the scalar variables ¢, and 6.
In addition to the coupling of the variables ¢ and ¥
through the differential equations in the case of rigid
horizontal boundaries, this coupling occurs also in the
boundary conditions as long as both ¢ and ¢ are
present [13]. It is possible, in the case of stress-free top
and bottom boundaries, to separate the boundary
conditions for ¢ and . The boundary conditions at the
free boundaries of the layer are given by

0.0=p=yYy=0y=0=0 atz=+} (I11)

At the vertical boundaries the conditions are given by

¢=0,0=y=0 (12)
0,0=0 or 6=0 (13)

whererigid and either adiabatic or perfectly conducting
walls are assumed.

When the simplified expression (4) in v is used, where
¢ is absent, the set of the partial differential equations
(5)H7) is simplified to

VA, +3.0 =0, (14)
V20+R 0y = —08,¢ 8,048,y 3,6 15)

where the scalar fields ¢ and 6 depend on all three
spatial coordinates. Using this approximation it is
possible to determine the heat transport in a channel
with free as well as rigid top and bottom boundaries.
The boundary conditions for  in the case of free
boundaries are given in equation (11). In the case of
rigid walls they are given by

=0,y =0 atz= +1 (16)

The equations (5}7), (14) and (15) are solved
numerically by a Galerkin technique. For this purpose

}aty=i%
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the variables ¢,y and 8 are expanded in terms of a series
sum of orthogonal functions which satisfy the
boundary conditions on ¢, ¢ and 0,

=73 a2 B2 = Y ajpdip (17
avg Avh

Y = Z ib).vﬂ gitax k{(y)kf,(z) = Z ib).vﬂ'//bﬂv (18)
ivB ivp

O =3 i B2 = Y capling  (19)
Avg AvB

The various trial functions in equations (17)-(19) are
given for different boundary conditions in the
Appendix. In the Galerkin method the expressions
(17)A19) are substituted into equations (5)(7)
multiplied by ¢,,,, ¥,., and 8,,,, respectively, and
averaged over the fluid layer. Thus a set of algebraic
equations for the unknowns a,,s, b,,, and c,, is
obtained. In order to compute these coefficients, it is
necessary to truncate the representations (17}(19) at a
sufficiently high level. Following the methods described
in refs. [25, 24, 13, 21], a truncation parameter N is
introduced, such that all coefficients with

A+v+f >N 20)

are neglected. A further simplification is possible in that
only coefficients with even values of 4+ f§ are retained
[25,13]. Foragiven N theset of algebraicequations are
solved by a Newton—Raphson iteration procedure for
various values of R, A and «. To determine the value of
the truncation parameter, N, we follow Denny and
Clever [24] by assuming that the solution is sufficiently
accurate if the convective heat transfer in terms of the
Nusselt number

y=1/2 x=r/x

0,0|;- —1;; dx dy (21)

= —n/a

Nu=1-1/R

y=-1/2
changes bylessthan 19, as Nisincreased to N + 2. With
the symmetry properties mentioned above, sets of 104,
195 and 328 algebraic equations for the unknowns b;
and c,,sfor values of N = 9, 11 and 13, respectively are
obtained in the two component case. In the three
component case the number of algebraic equations for
a;.p b;.s and c;,, increases from 204 to 358 as N is
changed from 9 to 11.

3. RESULTS AND DISCUSSION

In describing the numerical results for steady
convection of an infinite Prandtl number fluid in a
channel with adiabatic and perfectly conducting lateral
walls, we shall concentrate on the convective heat
transport for a wide range of Rayleigh numbers R and
aspect ratios A. The influence of the wavenumber « on
the heat transport has been taken into account only as
far as @ was fixed at the critical wavenumber determined
from the linear problem [12, 13] in dependence of the
aspect ratio and the thermal lateral boundary
conditions. The aspect ratio 4 varies between the limits
0 < A4 < 20. Thus we have the opportunity to consider
the limiting cases of Bénard convection and Hele-Shaw
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convection, In the case 4 =0, only the horizontal
boundaries are important for the behaviour of the
convection, but in the case 4 = 20 {a thin vertical fluid
channel) the side walls impose a rather stringent
‘constraint on the convection flow. The effects of the side
walls on the heat transport, on the temperature and on
the velocity field are shown in Figs. 2-5. In Figs. 2and 3
the results for the two component case are shown.

Subsequently a comparison of the heat transport values
from experiment and theory is shown (Fig. 4) in the case
of Hele-Shaw convection. In Fig. 5 the results of the
approximate calculations are compared with those for
the three component case.

In Fig. 2 the vertical heat transport is displayed in
terms of the Nusselt number for both adiabatic and
perfectly conducting side walls as a function of the

PC AD
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-
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Fic. 3.{a) Temperature field and streamlines in several y-planesfor 4 = 10,R = 2R and a = . (b) Is§therms
it the zone of downflow along the channel width in the case of the adiabatic(AD) and perfectly conducting (PC)
side walls.
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F1G.4. Comparison of calculated and measured heat transport
for Hele-Shaw convection.

Rayleigh number for various aspect ratios. The results
in the case of adiabatic side walls are discussed in ref.
[21]and are shown here again for comparison with the
case of perfectly conducting side walls. As in the case of
adiabatic side walls, the different curves of the Nusselt
number are bounded from above by the curve for the
Bénard problem (4 = 0). For a fixed value of the aspect
ratio A, the curves in the case of perfectly conducting
side walls always lie under those for the adiabatic case.
The curves for both cases climb rapidly with increasing
Rayleigh number and approach asymptotically the
curve A = 0. Thisis obvious in the case of adiabatic side
walls for A < 5 and in the case of perfectly conducting
side walls for A = 1. Similar results for the slope of
Nusselt number curves have been found by Catton and
Edwards [14] in their experiments on the heat transfer
in hexagonal honeycomb cells. A direct comparison of
theoretical and these experimental Nusselt numbers is
not possible because of differences in lateral boundary
conditions.

The different behaviour of the Nusselt number curves
for the two cases of thermal boundary conditions
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shown in Fig. 2 is mainly due to the different
magnitudes of the critical Rayleigh numbers and
wavenumbers. In the case of adiabatic side walls the
velocity perturbations are damped only through the
viscous dissipation. With increasing A the influence of
the side walls increases and the critical Rayleigh
number and wavenumber increase correspondingly.
For perfectly conducting side walls the temperature
disturbances are also constrained. From asymptotic
considerations it is possible to determine the critical
Rayleigh number and wavenumber in the limit of large
A. In the case of adiabatic side walls R, = 12(4n?)A4?
and a, = mare obtained [23] and in the case of perfectly
conducting side walls R, =~ n*4%(A+1)*> and
a, ~ n(AY?) are found.

In order to demonstrate the effect of lateral
boundaries on the convective motion, the distribution
of the temperature and velocity in two cross sections is
shownin Fig. 3. For adiabatic and perfectly conducting
side walls, the temperature and velocity fields have been
calculated for the critical wavenumber at twice the
initial value of the Rayleigh number. The large
difference between the Nusselt numbers (Nu,p = 2.1
and Nupc =293) indicates that the nonlinear
properties of convection are not influenced as much by
the constraints of the side walls as the linear properties.
Although the onset of convection is much delayed by
the more strongly inhibiting thermally conducting side
walls, the growth of the convection amplitude is not
inhibited at the same rate. The form of the streamlines’
differs mainly because of the different critical
wavenumber. Owing to the no-slip condition ( = 0)at
the side walls and because of the small width relative to
the large height of the channel, the streamlines are
strongly dependent on the y-coordinate direction. The
influence of the thermal boundary conditions on the
distribution of the isotherms becomes clearest in Fig. 3.
In addition to the temperature field calculated at the
planesy = 0.0and y = 0.32, theisotherms are shown as
a function of y and z in the zone of downflow for both

3_ T T T T 7T T T T TTTVYTTTTITTT
s N E
C C o AsS 3
o E
o r ]
C N 7]
T - ]
Nu-t [ L ]
- _ ]
- o —
i i i
L g ﬁ
1 A oo g v v by
7 0 { 2 3
Rx102 RX10°(PC)
Rx10"*(AD)

FIG. 5. Nusselt number as a function of Rayleigh number for various values of aspect ratios (given on curves) for
a channel with horizontal free boundaries. The solid lines indicate the three velocity component case and the
dashed lines indicate the two velocity component case.
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cases of the thermal boundary conditions. In the case of
adiabatic side walls, the temperature profile is uniform
along the channel width in contrast to the case of
perfectly conducting side walls where the isotherms are
strongly bent across the channel in the flow direction.
This dependence of the temperature profile on the
thermal boundary condition at the side walls indicates
the strong influence of thermal boundary conditions on
the convection flow, as shown in the interferometric
visualization studies by Koster [20].

A comparison of the Hele-Shaw results (4 = 20) of
the present investigation with experimentalresults [20]
for both thermal limit cases is given in Fig. 4. For 4
< 10 the results for the adiabatic case from theory and
experiments have been already discussed in a previous
work [217. In Hele~-Shaw experiments, Koster { 207 used
a Plexiglas box filled with water, which approximates
the adiabatic boundary conditions, while a silicone oil
filled box with crystal glass walls also used by Koster
approximates the perfectly conducting case. For both
thermal cases good agreement is found between theory
and experiment. Due to numerical convergence
difficulties in the case of perfectly conducting side walls,
the heat transport could only be calculated in the
neighbourhood of the onset of convection. In order to
get accurate converged solutions, a truncation
parameter N > 15 is necessary for R/R, > 1.33. The
results discussed above have been obtained on the basis
of the two-component approximation, equation (4). In
Fig. 5, the heat transport determined from calculations
using the general representation (1) is compared with
results for two component case for a channel with
horizontal free boundaries. Itisknown [ 12, 13] that the
solutions obtained by using the general representation
{1)vield lower values of the critical Rayleigh number R,
than those obtained using equation (4). The largest
difference in R, occurs for A = 0.5 and decreases
rapidly withincreasing 4. In Fig. 5, the heat transport is
plotted for 4 =0.5 (a wide channel) and 4 =5 (a
narrow channel) for both cases of the thermal side walls
conditions. The results are obtained for the critical
wavenumber. For 4 = 0.5 and adiabatic side walis, the
Nusselt number determined by the two component
approximation rapidly approaches the results of the
fully 3-dim. calculations with increasing Rayleigh
number. With increasing aspect ratio, the difference in
Nusselt number disappears for adiabatic walls as it is
evident from the results for 4 = 5. For perfectly
conducting side walls this behaviour is different. For 4
= (1.5, the Nusselt number curves approach each other
only slightly within the range of Rayleigh number
considered. Another situation occurs for A = 5. The
difference in the Nusselt number increases with
increasing R. The reason for this is not clear. However,
it does demonstrate the importance of the third velocity
component,atleastat A = 5inthe perfectly conducting
case. The similar discrepancy between the two cases is
found when 4 is increased to A = 10and A = 20. The
enormous computation costs prohibit a more
thorough investigation of this phenomenon. Since the
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difference is relatively small for adiabatic side walls, we
conclude that the two component case provides a good
approximation of 3-dim. solution in all ranges of
parameter space in the adiabatic case.

4. CONCLUSION

The Galerkin method has been applied to the
problem of finite amplitude convection in a channel
heated from below. The influence of perfectly
conducting and adiabatic lateral walls on the heat
transport has been investigated for several aspect
ratios. A two component approximation, as well as the
full three component representation, of the velocity
field has been employed in the numerical analysis. In
the presence of side walls, strictly 2-dim. convection
rolls, depending on all three coordinates, must be
regarded as an approximation because of the
generation of a component of vertical vorticity caused
by the temperature gradient parallel to the axis of the
rolls. A comparison of the heat transport of the
approximate calculations with those obtained by using
a general representation for the velocity field hasshown
that the two component case provides a good
approximation to the 3-dim. solution. An unresolved
problem in the present investigation is the behaviour of
the convection for high Rayleigh number in the case of
perfectly conducting side walls and large aspect ratios.
This problem is caused by the necessarily large
truncation parameter in the Galerkin expansions.
There is a question of whether the relatively small
difference in the Nusselt number between the two and
three component cases changes with increasing
Rayleigh number. Computations with higher trun-
cation parameters than were used in this study may
possibly clarify this point although this would require
enormous amounts of computer time.

The main conclusions are : The curves of the Nusselt
number versus the Rayleigh number start off with a
relatively steep slope. For a given aspect ratio the heat
transport curve for perfectly conducting side walls
always lies below the curve for the adiabatic case. For
high enough Rayleigh numbers the Nu curves for both
adiabatic and perfectly conducting boundary con-
ditions asymptotically approach the heat transport,
curve for Bénard convection rolls. In this limit of large
Rayleigh number we observe that the Nusselt number
increases approximately as R ® and is independent of
aspect ratio and thermal boundary conditions.
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APPENDIX
The following trial functions have been used :
in the y-direction
R(y) = 5,09,
ki(y) = cos [(2v — )my],

P(y) = cos [(2v—2)ny] adiabatic side walls,
= sin [vxr (y + 0.5)] perfectly conducting side walls.

(A1)
(A2)

(A3)
in the z-direction
2(2) = cos [va(z +3)] (A4)
sin [fin(z 4+ 0.5)] free boundaries (AS)
k3(2) = < S,24(2) B even, rigid boundaries, (A6)
Cyj28+1(2) B 0dd, rigid boundaries,
E(z) = sin [Br(z+0.5)]. (A7)

The use of equations (A1) and (A6) for convection problems
was introduced by Chandrasekhar [1].

AMT 26:5

EFFETS DES CONDITIONS AUX LIMITES THERMIQUES SUR LE TRANSFERT DE
CHALEUR DANS DES CAVITES CHAUFFEES PAR LE BAS

Résumé -L’analyse numérique présentée ici montre P'effet des parois verticales conductrices et adiabatiques
sur le transfert de chaleur par convection dans un fluide chauffé par le bas. Les équations du movement et de
chaleur ont €té résolues par la méthode de Galerkin pour un fluide 4 grand nombre de Prandtl. A cause des
parois latérales, le champ des vitesse posséde trois composantes qui dépendent des trois coordonées spatiales.
Une approximation pour une vitesse 4 deux composantes ainsi qu'une représentation du champ de vitesse a
trois composantes ont été employeés dans I'analyse numérique. L’approximation pour une vitesse & deux
composantes s’est révélée trés bonne par la précision des resultats. Des solutions convergentes ont été
déterminées pour un domainede I'allongement 4 allantde 4 = O(convectionde Bénard)a A = 20 (convection
de Hele-Shaw).

EINFLUSS DER THERMISCHEN RANDBEDINGUNGEN AUF DEN WARMETRANSPORT
IN VERTIKALEN VON UNTEN BEHEIZTEN KANALEN

Zlfammenfassung— Eine numerische Analyse, die den Einfluss von perfekt wirmeleitenden und adiabaten
Wiinden auf den Warmetransport infolge von Konvektion in einem von unten beheizten Fluid zeigt, wird
vorgestellt. Die Bewegungsgleichungen und die Energiegleichung sind fiir Fluide mit hoher Prandtizahl mit
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Hilfe des Galerkin-Verfahrens gelost worden. Infolge der Seitenwande besteht das Geschwindigkeitsfeld aus

drei Geschwindigkeitskomponenten und hangt von allen drei Raumkoordinaten ab. Sowohl eine

Approximation von zwei Geschwindigkeitskomponenten als auch die volle Darstellung mit drei

Komponenten des Geschwindigkeitsfeldes wird fiir die numerische Analyse verwendet. Die Ergebnisse

zeigen eine uberraschende Genauigkeit der Zweikomponenten-Approximation. Konvergente Losungen sind

fiir den Geometrieparameter A von A = 0 (Bénard-Konvektion) bis 4 = 20 (Hele-Shaw-Konvektion)
bestimmt worden.

BJIUAHUE TEIMJIOBbIX TPAHUYHBIX YCJIOBUH HA MEPEHOC TENJIA B
BEPTUKAJIbHBIX KAHAJIAX INPH HAIPEBE CHU3Y

AHHOTAUMR— Y HCIEHHO HCCIEA0BAHO BIHAHHE HACANLHO NPOBOAALLMX H aAHA04 THMECKHX BEPTHKA Tb HBIX
CTEHOK Ha KOHBEKTHBHbIA TEMJIONEPEHOC B XHIAKOCTH NMPH HarpeBe CHU3Y. YPaBHEHHA ABHXEHHA 11
KHAKOCTH ¢ OonblinMm 4ucaoM [lpaHAOTAS ¥ ypaBHEHME TEMIONPOBOJHOCTH PELUANHCL METOAOM
lanepkuna. M3-3a B:1xaHM GOKOBLIX CTEHOK KOHBCKTHBHOE MOJIE CKOPOCTEH HMEET TPH KOMIOHEHTHI
M 3aBHCHT OT BCEX TPEX NMPOCTPAHCTBEHHBIX KOOpAHHAT. I1pH aHanu3e HCMoNb30BATHCH KaK JBYXKO-
MMOHEHTHOE, TaK M MOJIHOE TPEXKOMMNOHEHTHOC MPERCTABIEHHA MOJIA CKOPOCTH. Pe3ynbraTsl
CBHIETEILCTBYIOT O BO/IBLIONR TOYHOCTH ABYXKOMIOHEHTHOTO NpubaHxeHus. [MonydeHsl cxoasimecs
PELUCHHA [18 OTHOLIEHHA CTOPOH (A) B anana3oHe oT A = 0 (koHBexUHs benapa) 10 A = 20 (koHBexnus
Xene-loy).



