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CCNVECTION IN A CLOSED CAVITY HEATED FRCM TEE SIDE WITH THE

CEEENDENCE OF VISCOSITY ON TEMEERRTUEE

Ye. L. Tarunin and V. I. Chernatynskiy

During the theoretical investigaticn ot free thermal convec*+iorn,
it is usually assumed tlat the rarameters whkich characterize the
Fhysical properties of the fluid are ccnstants. Actually, however,
these values depend on temperature and fresstre. In many cases, the
dependence of the viscosity coefficient on temperature is especially
significant. High-viscosity fluids - glycerin, cils, certain
Fetroleum products, and silicone fluids = exhikit a strong dependence
cf viscosity on temperature. Even for water, in the temperature ranqe

frcm 10°C to 100°C the kineratic visccsity ccefficient underqgoes rore

than a four-fecld chanje.
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The investigation cf the depandence of viscosity on tempera*ture
entails considerable mathemetical difficulties; therefore,
thecretical investigaticns cf convecticn with censideration of +his
dependence are rare [1-6]. The frecise soluticr of the problem of
stakle convection in an infinite vertical flat layer was ob*tained in
[1]. The stability of flows criginating in a hcrizontal £flat layer
heated from below was ccnsicered in [2, 3]. ERepcrt [4] considered
povement in a convective cell with free bourdaries as a model of
rovement in the Earth's upper mantle. The prcblem of convec*tion in a
vertical cylindrical container was sclvel ir [S]. The mathod of nets
was used tc consider the prchblem of convecticn in a perfect gas in

6.

This rerort gives the results of the numerical study of

convection in horizcntal cylinders with square and round cross

secticns heated from the side.

l« Formulaticn of Problem. Main Ejuaticns.

When viscosity varies, in vector fcrm thke equations of freo

ccnvecticn are




% +(oy)o= _;hvp+va3+2(vvv)3+

+ (vvX rot v) + g3Tk, (1.1)
o+ oyT=yAT, (1.2)
divu=0. (1.3)
-
Here v - velccity, T - temperature, [ - pPrLessure, pg - the mearn

density cf the fluid, g - the acceleration cf the force of gravity,
and X - the coefficients cf thermal expansicr ard heat conductivi+y,

—
and k - the unit vector, directed upward.

Ccefficients B and X are considered tc e constant in equations
(le1)=-(1.2), while the kinematic viscosity ccefficient v 1is assumed
to be known from the temperature functicn. 1he linear dependence of
viscosity cn temperature is considered in tkis study:

v=vo(l—aT), (1.4)
where v, is the mean visccsity, which ccrresgcnds to the mean

temrerature taken as the ccmputing origine.

Twc problems are consicered in this study: a) convection in an
infinite horizontal cylinder withk a square crcss section; »)

convection in a cylinder with a round cross section.

We will formulate the prctlem of plane ccnvective movemant for

B

a




% + (op) o= —-P'—; vp+vA'5+ 2(vvv)3+

+ (vvX rot v) + g3Tk, (1.1)
dd:: + o¢T =yAT, (1.2)
div v=0. (1.3)
-
Here v - velccity, T - temverature®, [ - pPLeEssure, pg - the mean
density cf the fluid, g - the acceleration cf thke force of gravity, B

and 1 - the coefficients cf thermal expansicn ard heat conductivity,

—-—
and k - the unit vector, directed upward.

Ccefficients P and x are considered tc ke constant in equations
(1« 1)=-(1.2), while the kinematic viscosity ccefficient v is assumeid
to be known from the temperature functicn. The linear dependence of
viscosity cn temperature is considered in ttkis study:
v=vo(l—aT), (1.4)
where v, is the mean visccsity, which ccrresgcnds to the mean

temrerature taken as the ccrputing origin.

Twc problems are consicered in this study: a) convection in an
infinite horizontal cylinder with a square crcss section; bh) 1

convection in a cylinder with a round cross section.

We will formulate the prctlem of plane ccnvective movement for a




cavity with a square crcss section with side 4@ (Fig. 1). A1l of the

toundaries of the regicn are assumed to be so0lid. Constant

temperatures of $6/2 are nzintained cn the vertical boundaries, while

the horizontal boundaries are assurmed tc be thermally insulated.
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Introducing the current function
.. __ % :
'v,—-W, Lt (1.5)

we will write the equations of free convecticn in dimensionless form:

=4 3‘; e _ %, "',“7'-“= AN — [TAA-p+
SR UEE TS A A
(33‘%)(5‘%‘3%)] -Ufrf,. (1.6)
%C'*":t”%‘a?‘%:‘lﬁ”- (1.7) 1
We selected d, d42/vo, Vor 9, Cespectively, as the units of distance, i

time, the current functicn end temperature.

The equations contain three limensionless rparameters - the

Grashcf and Prandtl numbers G and F, and also the viscosity

heterogeneity parameter 7y:
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G -EL P=2, =18, (1.8)
‘0

Farameter y is related to tle value cf the visccesity drop p by the

ratic

B 54 5 (1.9)

(1.10)

This problem was sclved by the fipite differences method: an

explicit system with the substituticn of the central differences for
the spatial derivatives was used. Trte rrocedure of the solution was

descrited earlier [7, 9]. Tle time interval varied, calculated fror

the formula:

h?

where ¢, is the maximum absolute value of the current func*tions a*

the nodes of the network.
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L The computations weére conducted on an Aragets computer on 16x16
and 21x21 networks. The valves cf the Prandtl rimber were P = 1 and P

i
<o
-

[ e )
.
N
-

= 5. The viscosity heterogereity parameters selected were 7y

.75, 1.0, 1.25 and 1.637 (the last value ccrresponds to a ten-fold

AT G PTRE  RAT pr—

change in viscosity: p = 10). The maximum velue of the Grashof number

is G = 50103,

Mow we will consider the fcrmulaticn cf the problem for a round

bcrizcrtal cylinder with radius R. The touncaries are heated

according to the cosine law, sc that tle maximur temperature 0

cerresgends to angle 9 = C°, and *he minimus € - to the value 8 =
180°. In cylindrical cccrdinates and dirensicrless form, the ]
equaticns of plane convective movaenmert ares
- k
a9 1 /v 0% b de oTsind  oT
o T 7‘\7;"7;:7—7;er'7;7>=l?-+-0(-5-,;——, —,,7608”)—' '
. b
f OT dp , 20T O¢ 0y 1 od
ey PP Ao - o U SR IRt S il SO (Dot SRS S
! LTA? -2 or " or T oy T oh (dﬂ r or
Ly (t_)iT_'_ 10T 10T ;
oy J\ort T rFor —}Tat_\.—) T j
4 [ o0y I ob\ /[ 0T 1 oTy\’
e s 7;..«)‘}~ (1.12)
—Adv=q, (1.13)
or 1 jou ol ay 0T | ;
R e e (1.14)

Here the Prandtl ard Grashcf numters were determined €rom the

gean viscosity vg:

TR
‘0

‘T s PO i (1.15)
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The current function was introduced in -he usual manner:

Y

V= — ——- Uy = ~—, (1.16)

Ry R2/29s vo and 6 are the units of distance, time, current function,

and temperature. It should le pointed out that th

]

total tempnerature
difference in this problem is 29, which causes the sense of parame¢or
7 to change somewhat; tte value y = 0.818 ncw ccrresponis %o a

ten-fcld drop in viscosity.
The bcundary conditicns of the probtlem ares
at r=1 4=0, ol-j'=0. T = cos . (1.17)

The method of nets was used tc solve prorblems (1.12)-(1.17). 2
network which was uniform with respect to tie radius and angle with
ten steps on the radius and 16 sters cn the angle was used in the
rain calculations. A ne+twcrk which was irrecular over the radius
{thickening at the edge) was uszd in scme cf the calculations. The
crder of approximation cf tle equaticns and Lkcurdary conditions was
equal to 0O (h2), where h 1is *he pmaximum distéence Ltetween the nod=ss of
the network. Symmetrical differences were used to replace the spatial
derivatives. The indeterminancy of certain exrressions in the
differential equations at r->0 was revealed by the 1'H8pital rule
(see [ €], where the procedure for thke scluticr is also described).

The time interval was selected with consideraticn of stability, heing
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equal to:

Ar?

At

]

PR T e 1%
Y e /

The three-point formula fcr firding the line perpendicular *o the
bEcundary cf the temperature gradient was used tc calculate the

thermal flux.

The calculations were made for the follcwirg values of the

farameters. The value of the Prandtl number was fixed: P = 5; ¢he
value cf the Grashof numhber varied up to G = 15«103; the
hetercgeneity parameter was assigned two values: y = 0 and y = 0.825.

Zz. Results of Calculaticns,

The main results are shown in Figures 1-12 and Tables 1a anil 1%,
where the integral characteristics of convecticn are given for the
calculated values of the parameters. All of the integral

characteristics of the convective prccess were considered under

stabtle conditions. Stable ccnvecticn ccnditicns were achieved by the
transitional process of attenpuating cscillaticrs analogous to *he

case cf homocgeneous visccsity {91,

Figures 2-3 give the dependences (the Erandtl number P = 5§) of




the intensity of convective movement Y¥m anc tte dimensionless
flux N cn the Grashef number when the visccsity is constant (y

and there is a ten-fold drcp (y = 1.637 for the square ani vy

]

for the cylinder). Fiqures Zza and 2a were clotted for a cavity

square cross section, ard 2t and 3t - for a rourd cylinder. As

heat
= 0)
0.825
with a

we can

see, the intensity of mcvement and heat transfer increase somewhat as

a result of the heterogeneity cf tte visccsity.
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It shculd be noted that due tc the asymmetry of the temperature

field, the precision of the computaticn of the teat fluxes N_ and N_
turns out to be different at y ¥ 0 (see Takles 1a and 1b). Figure 2
shcws the value of N derending cn G, equal tc (K, + N_)/2. The
ccnvergence cof dependences W(G) at large Gréshcf numbers obviously

‘ indicates an increase in the errcr cf the difference systam comvared

tc the case = 0, when the number of nonlirear terms in the equatinn
Y v

cf mcvement is much smaller.




Table la. KEY: (1) Netwcrk.
P G 1 Ym | vm | N, | N_ N I Cerxa Q)
|
20000 | 0 | 684 | 31.07| 2862) 2862| 2862| 1515
: 1.0 | 7.043| 3328 2919 | 2.940| 2.93 .
. 0.5 | 691 | 3195|2875 2881|2878 .
1 A 20 | 7808 558 | 3.139| 3.259| 3.22 .
50000 | 0.5 | 896 | 52.69) 3.838| 3.931 | 3.88
10 | 942 | 595 | 3.925] 3953| 3.04 .
: 20 | 078 | 813 | 4002} 4304 | 420 :
20000 | 1637 2429|2035 4.980 | 5224 5.10 | 1515
10000 | . 2031 14.48| 4.068| 4.285| 4.18 |
5000 | . 166 | 101 [ 3298 3.445(337 |,
2500 | . 1132 | 67 | 2674/ 2708 2.69
| 1000 | 089 | 38 | 1.969] 1.955| 1.96
i 16000 . 1230 {183 | 465 | 4.94 | 4.80 .
5 | 32000 | . (278 | 254 | 567 | 595 | 5.1 .
[ 10000 | 1200 [ 141 | 309 | 434 [ 447 | 20x20
| 20000 15 {242 | 187 L ROR2 555 507 | 15 18
| | 125 | 2405] 188 | 49731 5,006 502 |
C . 100 239 | 179 | 4953 5011] 198
f (075 1238 | 17.15] 4938 4.971| 4.95 |
| . 0% i2.37 l 165 | 4929 4.941| 4935
u R
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Table 1b.
Ym N (1=0.825) 1
G
1=0 | y=0825| N, N_ 1=0 |y- 0825 L
500 215 2.31 8.66 ) 7.85 E 7.64 R25
1000 2.68 2.87 10.85 i 984 | 961 10.34
. : ! . .
2500 3.54 385 | 1479 f 13.02 ‘3 13.1 139
5000 | 421 | 458 | 1823 | 1637 , 1675 | 175 :
7500 i 4.68 504 | 2092 | 1838 ! 1928 | 1965
10000 ‘ 5.02 53 | 20 ! 2002 2120 | 2148
' - ! :
12500 531 556 | 2026 | 2157 . 2205 | 2202
15000 5.58 585 | 2574 | 2263 | 228 | 2418
1 i !
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The increase in the intensity of mecvement when viscosity depends
cn temperature is illustrated in Fig. 4, ir which the maximum
velccity v, is shown in dependence on the hetercgeneity parameter vy
in the case cf a reqgicn with a square cross section. In the ranae of
y in question, this dependerce (G = 20103, P = 1 and P = 5) is close

lipear.

Pige. He
: v, *
v 9 .
f
L Pt w:cow?
204 =
P:5 6 200
3 i
10
0 ¢S 10 5

r«-x.vq—-— e
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de will point out that the integral characteristics of the
convective process vary less with the ircrease in y than the local

characteristics. In th2 case of a regicn with a square cross section,

ky processing tha results fcr P = € and G = 20103 we obtain ¢+ho
fcllcwing aprroximate dependences (0 K 3 £ 1.6):
N(1) = N(0)(1 +0.02y),
(1) = N (0) (1 +0.02) o

Vm (1) = b (0) (1 + 0.027).

Fiqures 5-12 illustrate the structure cf mcvement and *+he
temperature field at differcnt valves of ke rarameters. As we car
see, at sufficiently large values cf tle Rayleich numher Ra = GeP,
which ccrresgonds to Figures £-€ and Ficures 11-12, the velocity and
temperature boundary layers are woll-develcped in the flow.
Naturally, the effect of the heterogencity cf viscosity increases
with the increase in parareter y. This effect ic evident, first, in
the fact that flow symmetry increases at y = (. The flow rates on tie
hot wall increase, and asymretry Hf fields ¢ ard T originates. This
asynmetry is evident, ir particular, from the shift in the isotherns,
the current lines and tle vertex centers. Tre isotherm correspcondinc

tc the mean temparature (1 = 0) shifts toward tte cold fluid.

Wwe will point out that the patterns of movemen* shown in Fiaures

9-12 qualitatively agree with the fpatterns giver in exparimental
Studg L1031,
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Thus, the result- cf thte calculaticns indicate that the
dependence of viscosity on temperature causes a more or less
significant change in the local characteristics of convective flow.
As for the integral characteristics - the pmaximum value of the
current function and the dimensionless heat flux - being determined
ky the mean viscosity, *hey chang2 with consideration of the

temperature dependence cf visccsity in relatively narrow limits.

The authors are grateful tc G. Z. Gershuni and Ye. M.

Zhukhcvitskiy for their ccnstan* attention tc tte work and their

assistance.
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