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Abstract-A numerical analysis is presented for the mixed convection heat transfer of a high viscosity fluid 
contained in a two-dimensional rectangular tank subject to rolling motion. The study is motivated by the 
thermal design of heating systems of a tanker in a wavy sea. Basic equations are given for the body (tank)- 
fixed coordinate system considering inertia forces acting on the fluid in the tank including centrifugal force, 
Coriolis force, etc. The isotherms and flow velocity vectors are determined by the numerical solutions of 
the basic equations. Similarity parameters are introduced, and their influence on the heat transfer is 

systematically examined. 

INTRODUCTION 

FLUID motion and heat transfer in a tank with rolling 
motion are of practical interest since these phenomena 
appear in heating of oil tanks of tankers which are 
moving in a wavy sea [l]. The phenomena are char- 
acterized by the combined effect of the fluid flows 
induced by the rolling motion of a tank and the natu- 

ral convection in it. 
Although natural convection in enclosures has been 

extensively studied in recent years [24], the mixed 
convection heat transfer in an enclosure induced by 
its rolling motion has received little attention. Studies 
on the natural convection in an inclined enclosure [S- 
91 also can be found, but mixed convection in a tank 
subject to rolling motion has not been treated. 

In a previous paper [l], a numerical analysis was 
presented for the mixed convection in the tank of a 
tanker subjected to rolling in a wavy sea. Flow pat- 
terns and temperature distributions in the tank were 
given by the results of the numerical solutions of the 
basic equations describing the fluid motion and heat 
transfer. In ref. [l] an assumption was made that the 
motion amplitude was small. Under this assumption 
equations of fluid motion were represented by the 
space-fixed coordinate system in order to prevent iner- 
tia forces due to the tank motion appearing explicitly 
in the equations. By introducing the above assump- 
tion, however, limitation of the motion amplitude was 
inevitable in the analysis although the basic equations 
became simple. 

In this study, both equations of motion and energy 
are represented by the tank-fixed coordinate system 
to remove limitation of motion amplitude in the analy- 
sis. In the equations of motion the inertia forces acting 
on the fluid in the tank are represented by centrifugal 
force, Coriolis force, etc. In the study, these inertia 
forces can be defined in a compact expression which 

makes the basic equations simple. In the numerical 
computation of the basic equations, a direct com- 
putation with FFT method is introduced to solve the 
flow-vorticity equation, which can reduce the com- 
puter time. The isotherms and flow velocity vectors 
are then determined by the numerical solutions of the 
equations. The similarity parameters which define the 
characteristics of the phenomena are introduced from 
the basic equations. The influence of the variation 
of the similarity parameters on the heat transfer is 
examined systematically for the wide range of rolling 
motion and natural convection occurring in a tank. 

PROBLEM STATEMENT 

Mathematicalformulation 

The geometry of the tank and the heating system 
under investigation is shown in Fig. 1. The tank is 
assumed to be two dimensional, and it is completely 
filled with a viscous fluid. The boundary conditions 
are that the bottom of the tank is heated, both side 
walls are cooled, and the tank top is insulated. The 
tank is assumed to be initially motionless, and the 
fluid in the tank has an initial uniform temperature 
T,. The temperature of the bottom heater is kept at 
T,, and that of both side walls of the tank is kept at 
TO during heating. 

The natural convection heating is started and con- 
tinued using a bottom heater. The heating is continued 
until the mean temperature of the fluid in the tank 
approaches the average of T, and T,. Then, the rolling 
motion of the tank begins. 

The roiling motion of the tank is assumed to be a 
simple harmonic motion around the tank center ‘0’ 
as shown in Fig. 1. The motion amplitude cp of the 
tank is given by 

rp = -rpcoswt (11 
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NOMENCLATURE 

ax, Qy inertia forces in x- and y-directions, Greek symbols 

respectively (equations (2a) and 2(b)) 

; 

thermal diffusivity of fluid 

Fr Froude number, (c&$5)/J< 91) thermal expansion coefficient of fluid 

: 
gravitational acceleration e dimensionless temperature, 

inertia force/gravity force, (T- T,)I(T,- Tll) 

W’WS e dimensionless mean temperature in the 
K dimensionless viscosity tank 

(equation (29)) p viscosity of fluid 

I half length of the tank V kinematic viscosity of fluid 

Nu Nusselt number (equation (45)) P mass density of fluid 

P pressure of fluid b mass density of fluid under the thermal 

P dimensionless pressure, p/(pgZ) expansion (equation (7)) 

Pr Prandtl number, pJ(pcr) z dimensionless time, wt 

e heat transfer rate to the tank wall cp amplitude of rolling of the tank 

Ra Rayleigh number, pg/U3(Tw- TJ/(crp,) (equation (1)) 

Re Reynolds number, (w@)l/v @ maximum amplitude of rolling of the 

t time variable tank 

T temperature * dimensionless stream function 

T* similarity parameter for variable w frequency of rolling motion of the tank 

viscosity, (T, - T,)/(T, - T,) w* dimensionless frequency of rolling 

u, a velocity components in the x- and y- motion of the tank, wl*/u 

directions, respectively n dimensionless vorticity function. 

U, V dimensionless velocity components, 

u/(00, a/W) Subscripts 

W half width of the heating element 0 cooled surface 

X,Y body (tank)-fixed coordinates W heated surface 

X, Y dimensionless coordinates, R, L right and left side of the tank wall, 

xll, Yll. respectively. 

I Centrifugal force 

2 Angular inertia force 

3 Coriolis force 

4 Gmvity force 

FIG. 1. Calculation model and coordinate system. 

Fig. 1. The body forces acting on the unit mass of the 
fluid at the point ‘c’ in the tank are represented as 
shown in Fig. 1. They are : 

(1) centrifugal force, r$3 2 ; 
(2) inertia force due to angular acceleration, - r@ ; 
(3) Coriolis force, 2q@(qz = u2+u2); 
(4) gravitational force, g. 

The components a, and ay of the above forces in the 

x- and y-directions are represented by the following 
equations : 

a, = -gcoscp-22v(/,+xrl,2-y~ (24 

uY = -gsincp+2u(i,+yrj,2+x@ (2b) 

where u and o are velocity components corresponding 

to the coordinates x and y, respectively. 
By introducing the expression given in equations 

(2a) and (2b) the inertia forces acting on the fluid can 
be defined in a compact form with u, v, cp, @ and @, 
which will make the equations of fluid motion simple. 

The basic equations for the flow and the heat trans- 
fer then can be represented with the coordinate system 

where @ is the maximum amplitude and w is the 
x, y as follows. 

motion frequency. 
The continuity equation : 

The coordinate system is chosen as the tank-fixed 
coordinates x-y with the center point ‘0’ as shown in 

“+!Ko. 
ax ay (3) 
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The Navier-Stokes equations : 

( au au au 
P z+“&+“ay 

> 
g+ (@,) =-ax 

+2${P;}+${ii(g+g)} (4) 

( 

au au au 
P ~+u~+“ay 

> 
= -$+ (Pa,) 

tir = u,/g = {-sin(@cosr) 

+G(-2Usinr+ Ysin2r-Xcosr)}. (15b) 

Equations (3t(6) become 

(16) 

The energy equation : 

ar aT aT 
at+Uax+vay= cx($+$). (6) 

The body force terms (pa,) and ($a,) in equations (4) 
and (5) are represented by the following expression 
using Bousinesq approximation : 

P/P= I--B(T-To) (7) 

where fi represents the density under the thermal 
expansion due to the temperature difference (T- T,). 

The body force terms (pa,) and @a,) then become 

(ia,) = ~(1 -ET- To >>a, (84 

@a,) = ~11 -MT- T&y. @b) 

In equations (4)-(6) the density p and the thermal 
diffusivity CL of a high viscosity fluid are assumed to 
be constant because they are almost invariable with 
temperature [lo]. On the other hand, the viscosity p 
of a high viscosity fluid varies steeply with tem- 
perature [lo]. 

The viscosity-temperature relation for a high vis- 
cosity fluid is given by Vogel [lo] : 

p = pL, eb/(T- T,) 
(9) 

where p is the viscosity of a fluid at a temperature T 
[lo]. The constants pLm, b and T, depend on the fluid. 

The above equations (3)-(6) are transformed into 
the dimensionless form by using the following 
expressions : 

x = x/r, Y = y/l 
1 

u = u/(d), V = v/(d) 
(IO) 

0 = (T- T,)/(T, - T,), z = cot 

p = P/(Pd), 

o* = wP/ci (11) 

G = w’Iij/g (12) 

Pr = P&E) (13) 

Ra = psP3(TW- TO)/(~~c,) (14) 

ax = a,/g = {-cos(@cosT) 

+G(-2?‘sinr+Xsin2r-Ycosr)) (15a) 

+$&,{K;}+$;{K(;+;)} (18) 

(19) 

Equations (16t(18) can be transformed into the 
following form using a vorticity R and a stream func- 
tion $ by eliminating the pressure term P from equa- 

tions (17) and (18): 

E+ U&j+ VFy= 2Gcosz 

Ra Pr 
+ w*2 

where 

(20) 

v’* = -R (21) 

u=!!? w 
ay' V=-z (22) 

a2K au 
,4caxZax-2p--p- 

a2ir au azrcav (23) 
away ax aPay' 

If the viscosity is invariable, then the values of K 
and A become K = I and A = 0. 

Equations (20)-(23) are solved together with equa- 
tion (19) under the given initial and boundary con- 
ditions. 

Similarity parameters 
The similarity parameters defined by equations 

(1 1 )-( 14) are explained as follows. 
(1) o* = oZ’/u. The parameter m* represents the 

dimensionless angular frequency of rolling motion, 
which is expressed from equation (11) as 

w* = {(ol@)Z/v}(v/~)(l/@) = Re.Pr/@ (24) 

where Re is Reynolds number, defined by 

Re = (wlqi)l/v. (25) 
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The parameter Pr/w* in equation (20) represents 
l/Re, which appears in a Navier-Stokes equation of 
a usual forced flow. 

(2) G = w’Z@/g. The parameter G represents the 
ratio of the angular acceleration relative to the gravity 
g. The value G represents the Froude number Fr of 
the rolling motion by replacing it in the following 
expression : 

G = u’Z@/g = {w212@2/(gZ)}(1/@) = Fr2(l/@) (26) 

where Fr represents the Froude number 

Fr = (wR+%/(&. (27) 

The amplitude @ also represents one of the similarity 
parameters. 

(3) Ra, Pr and Ra/w*2. The parameters Ra and Pr 
are the Rayleigh number and the Prandtl number 
which appear in the case of usual natural convection. 
The parameter Ra/o * ’ indicates the relative import- 
ance of natural/forced convection as appears in equa- 
tions (17) and (18) or (20), namely 

Ra/w*2 = (Ra/Re’)(l/Pr’)@ 2. (28) 

When the value of Ra/w*2 becomes small, the 
importance of the body force term including a(?/t?Y 
and atI/aX in equation (20) is reduced. Then, the heat 
transfer is influenced mainly by the forced flow, i.e. 
the rolling motion, where the flow is characterized by 

the values of @ and w*. 
(4) K = p/pO. The parameter K represents the 

dimensionless viscosity-temperature relation of the 
fluid which is introduced by equation (9), namely 

K=;= ; (l+T*)tI/(l+T*@ 
0 

(29) 

where pw and ,uO represent viscosities corresponding 
to the temperatures T,,, and T,, respectively. 

The dimensionless temperature T* in equation (29) 

is given by 

T* = (T,-T,,)/(T,-T,). (30) 

The parameters QpO and T* in equation (29) are 
similarity parameters which define the influence of 
viscosity variation with temperature on heat transfer. 

Initial and boundary conditions 
The initial conditions for equations (2Ok(23) and 

(19) are determined from the pure natural convection 
condition before the oscillation begins, where the 
mean temperature 0 in the tank has approached the 
average of T, and T,, i.e. 0 N 0.5. The calculation for 
the pure natural convection is similar to that in a 
previous paper [l], and therefore the details of the 
calculation are omitted here. 

The boundary conditions are determined by the 
assumption that the relative velocity components are 
zero at the tank walls. The thermal boundary con- 
ditions are given by Fig. 1, as mentioned previously. 

(I) Y = - 1 (at the left wall shown in Fig. 1) : 

u=v=o, *=o, e=o. (31) 

(II) Y = 1 (at the right wall): 

u=v=o, *=o, e=o. 

(III) X = - 5 (at the tank bottom) : 

(32) 

u= v=o, t+b=o 

8 = 1 (heated surface) 

0 = 0 (cooled surface). 

(33) 

(IV) X = 1 (at the tank top) : 

u=v=o, *=o 

80/8X = 0 (insulated). 
(34) 

In this case, the center of rolling ‘0’ was assumed 
to be the center of the tank, namely 5 = q = 1. 

PARAMETER SELECTION AND 

SOLUTION PROCEDURE 

Parameter selection 
The high viscosity fluid selected for the calculation 

was a COM (coal oil mixture), a fuel alternative con- 
sisting of pulverized coal and heavy fuel oil [lo]. The 
viscosity-temperature relation of a COM is similar to 
typical heavy fuel oils. 

The values of the constants b, p, and T, in equa- 
tion (9) for a COM [lo] are 

p, = 5.86 x 10-l [Nsmm2] 

b = 110.6 [K] 

T, = 275.35 [K]. 

(35) 

The temperatures of the tank walls are chosen to 
be T, = 423.2 K [15OC] and T, = 303.2 K [3O”C]. 
Using these values, pLw/pLo and T* in equation (29) 
become pw/p,, = l/25.1 and T* = 4.3, respectively. 

The values of the similarity parameters Ra, Pr, co*, 
G and @ which appear in equations (20)-(23) and (19) 
are systematically changed to examine the influence 
of these parameters on the fluid motion and heat 
transfer in the tank, as will be explained later. 

Solution procedure 
Equations (2Ok(23) and (19), with the initial and 

boundary conditions given by equations (31)-(34) 
are solved with a time-marching, finite difference tech- 
nique. Forward time and central space differences are 
used except for the convection terms in equations (19) 
and (20), for which upwind differencing is employed. 
The calculation proceeds by explicitly advancing 0 
and R with difference forms of equations (19) and 
(20). A difference form of equation (21) is then solved 
for the new $ field by a direct computation using the 
following Fourier series expansion (FFT) method. 

In the solution, the terms tj and R in equation (21) 
are represented as follows : 
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$(X, Y) = f B,(Y)sin (36) 
“=I 

(38) 

Substituting equations (35) and (37) into equation 
(21), the following equation is introduced : 

- -D,(Y) 

(n = 1,2, . .). (40) 

When the term D,(Y) is calculated by equation (39) 
for the given value of C& the value of B,(Y) is deter- 
mined by equation (40). The new I+? field is then given 
by equation (36). The calculation is conducted by 
using the FFT algorithm. Velocities and vorticities are 
obtained from the new tj field using finite difference 
approximations. Since all fields are then known, the 
calculations can proceed by further time advance- 
ment. 

RESULTS 

Values of the similarity parameters 
The values of Ra, Pr, o*, G and @ are selected in 

the calculations as follows. The values of Pr = 10’ 
and Ra = lo8 are fixed, and the values of w*, G and 
c$? are varied for the following cases (1) and (2). 

(1) The value w* (or Ra/w* ‘) is varied for G = 0.1 : 

w* = 104,105,3 x 105,5 x 105,106 (41) 

[Ra/w** = 1, 10m2, (l/9) x 10d3, (l/2.5) x 10e3, 10-4]. 

(42) 

(2) The value G is varied for the two kinds of values 
ofw*and@: 

G = 0.01,0.05,0.2 (for w* = 3 x lo’, @ = 25”) 

(43) 

G = 0.3,lO (for w* = 5 x 106, IJ?J = 30”). (44) 

Although the values w* for an actual ship reach the 
order of w* = lo*-109, the values for the calculation 
were taken to be in the range of w* = 104-106, i.e. 
Re = w*@/Pr N 5-5 x 102, because the calculation 
model was restricted to the laminar flow case. 

Flow and temperature fields 

The computed flow fields and temperature fields 
in the tank are first shown. Figure 2 illustrates the 
calculated isotherms and velocity vectors in the tank 

during rolling for Ra = lo*, Pr = lo’, w* = 106, 
G = 0.1 and @ = 25”. 

In Fig. 2, individual graphs from the top to the 
bottom in the figure pertain to a time sequence. The 
top graph illustrates the result of the pure natural 
convection case, where the heating continues until the 
mean temperature in the tank reaches about 0 = 0.5. 
It is observed that the heated plume flows up unsym- 
metrically from the bottom heater toward the tank 
top, then it flows down along each side of the tank. 
Although the boundary conditions given by equations 
(31~(34) are symmetrical about the center line of the 
tank Y = 0, the isotherms and the velocity vectors in 
Fig. 2(l) are not symmetrical. The reason for this is 
that the flows due to heating by the horizontal bottom 
surface of the tank are unstable, and they tend to 
move to one side of the heating surface [ 111. 

The temperature in the tank becomes nearly uni- 
form except in the layers near the tank walls and 
heating surface, where the temperature changes 
steeply. At this point, the rolling motion of the tank 
is initiated. 

In Fig. 2, conditions for rolling are shown to the 
left of the figure, isotherm fields to the center and flow 
velocity vector fields to the right. In this figure, a time 
sequence from t = a/4 (the second graph) to 10x (the 
bottom graph) is shown. Figure 2 also shows that 
reciprocal circulating flows relative to the motion of 
the tank are found. They change their directions of 
circulation as the motion of the tank reverses. The 
isotherms fluctuate from side to side in the tank as the 
flow changes its circulating direction. A core part is 
formed in the center of the tank which is motionless 
during the rolling of the tank. 

Inji’Uence of similarity parameters 
In order to examine influence of changing similarity 

parameters, the heat transfer rate and Nusselt num- 
bers at the tank wall were calculated for a number of 
cases. 

(1) Influence of CO*. Figures 3(l)-(3) illustrate the 
dimensionless mean temperature 0 in the tank, the 
heat transfer rate to each side wall, QR or Qt, 
the respective Nusselt number NuR or NM,, and the 
total rate of the heat transfer of both side walls, 
Q = Q R+ Q L, by changing w* = 106-lo4 for Ra = 
106, Pr = 103, G = 0.1 and @ = 25”. These values 
are expressed as functions of the dimensionless time 
variable z as shown in Fig. 3. The mean tem- 
perature gin the tank was calculated by averaging the 
temperature Q, at each mesh point i, j. 

The heat transfer rates to the side wall of the tank, 
Q R or Q L, were calculated using the numerical values 
of the temperature gradient at the wall ~%/a YJ R,L : 

The Nusselt numbers are given using Q R,L and 8: 

NUR,L = QR,L/~. (46) 
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T IOT T 
IOH 

(1) w*=106; Rcz=108, Pr=103, G=O.l, &25’ (2) w*=105; Ru=lOB, F?=103, G=O.l, (IF25. 

T 
IOTT 

(3) W*=io4; Ra=ioa, pF=io3, c=o.i, i&25* 

FIG. 3. Heat transfer rate Q to the tank side wall, mean temperature gin the tank and Nusselt number Nu 
at the tank wall during rolling motion. 

by a strong viscosity dependence on temperature. 
Before rolling begins, the heat transfer by pure natural 
convection is promoted near the building surface due 
to the lowered viscosity as a result of the higher tem- 
perature. When rolling begins, the cooled fluid with 
higher viscosity near the side wall flows down to the 
heating surface, which would prevent the heat transfer 
to the fluid. The above effect results in a decrease in 
heat transfer from the heating surface, which causes 
also a decrease in the mean temperature of the fluid 
in the tank during rolling. In Fig. 3(l) the heat transfer 
rates Q R and Q L seem to decrease slightly as the rolling 
motion continues, which is considered to be due to 
the fact that the cooled fluid with higher viscosity 
becomes thicker and thicker at the tank walls, pre- 
venting the heat transfer from the fluid to the tank 
walls. 

In Figs. 3(2) and (3), the same calculations were 
done by changing the values of w* to 10’ and 104, 
respectively. In the case of w* = 10’ shown by Fig. 
3(2), the heat transfer rate to the tank wall and the 
mean temperature in the tank are essentially similar 
to the case shown by Fig. 3(l), although the ampli- 
tudes of fluctuation of Q and Nu are reduced in this 
case. In the case of Fig. 3(3), where the value of CD* 

is reduced to 104, the heat transfer rates fluctuate 
chaotically. This phenomenon is caused by interaction 
between the natural convection flows and the flows 
due to the rolling motion of the tank, where the rolling 
is weaker than the cases shown by Figs. 3(l) and (2). 
In this case, the value of Ra/w*‘, which indicates the 
relative importance of natural convection, reaches the 
order of 1. This means that the strengths of both 
phenomena are mutually comparable. 

Figure 4 illustrates the velocity vectors and iso- 
therms in the tank corresponding to Fig. 3(3). In 
this case, the flows in the tank seem unstable and 
fluctuate as shown by the velocity vectors, where 
the flows up and down interact mutually. As shown 
in Fig. 4, the flows along both side vertical walls 
always tend downwards. They are caused by natural 
convection due to cooling of the walls. These phenom- 
ena are different from the case of Fig. 2, where the 
flows form the reciprocal circulating pattern relative 
to the tank motion, which is mainly influenced by the 
rolling motion of the tank. 

(2) Inzuence of G. Figures 5(l) and (2) illustrate 
the heat transfer rate to the tank wall and the mean 
temperature in the tank, where the value of G is varied 
from G = 0.01 to 0.2 for w* = 3 x lo’, Ra = lo*, 
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Isotherms (A8 ~0. I) Velocity vectors 

13) T = Ion 

(5 swings) 

FIG. 4. Time sequence of isotherms and flow velocity vectors in the tank during rolling motion (w* = 104; 
Ra = 10’; Pr = 103; G = 0.1; cj = 25”). 

Pr = lo3 and @ = 25”. A comparison of Figs. 5(l) and 
(2) indicates that there exists little difference in the 
heat transfer rates between the cases G = 0.2 and 0.01. 
This means that the influence of G on the convection 
flows is weak. It is considered that this is due to the fact 
that the flows due to the rolling are little influenced by 
Froude number, Fr = J(cjG), because the tank has 
no free surface of the fluid in these cases. If there exists 
a free surface in the tank, the motion of the fluid 
during rolling would be much influenced by the value 

of Fr, namely the variation of G, which would also 
cause the heat transfer. 

(3) Influence of@. Lastly, the influence of the ampli- 

tude of the rolling @J is examined by increasing the 
value of I$ from @ = 25” to 30”. Figure 6 illustrates 
the heat transfer rate and the mean temperature in the 
tank, where the value of @ is taken as @ = 30” for 
w* = 5 x 106, Ra = lo*, Pr = 103, and G = 0.3 and 10. 
It is observed that the amplitudes of oscillation of Q 
and Nu shown in Fig. 6 increase to some degree 
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(1) G-0.2; w*=3x105, Ru=10fJ, Pr=103, i&25' (2) G=O.Ol; w*=3x105, Ra=loB, Pr=103, (p=25’ 

FIG. 5. Heat transfer rate Q to the tank side wall, mean temperature gin the tank and Nusselt number NM 
at the tank wall during rolling motion. 

OL o1 I 

T 
IOT 

FIG. 6. Heat_transfer rate Q to the tank side wall mean 
temperature 0 in the tank and Nusselt number Nu at the 
tank wall during rolling motion (G = 0.3 and 10; @ = 30” ; 

w*=5x10~;&=10~;Pr=10~). 

compared with the result shown in Fig. 3(f), where @ 
is taken to be 25”, although the patterns of oscillation 
are not very different. 

The calculations were also done by increasing the 
value of G to 10. As shown in Fig. 6, no difference is 
found between both results of G = 0.3 and 10. This 
can be expected from the aforementioned result of 
Fig. 5. 

The above results provide a systematical under- 
standing of the phenomena of the mixed convection 
heat transfer in a tank which is subjected to rolling 
motion with a wide range of motion amplitude @ and 
frequency co*. 

SUMMARY 

Mixed convection heat transfer in a tank subjected 
to rolling motion has been studied numerically. The 
motivation of the study was to understand the heat 
transfer process which appears in heating oils stored 
in ship’s tanks of a tanker which is rolling in a wavy 
sea. 

The results are summarized as follows. 

(I) The basic equations of fiuid motion in a tank 
are defined using the body (tank)-fixed coordinate 
systems considering inertia forces including cen- 
trifugal force, Coriolis force, etc. These forces are 
deiined in a compact expression which makes the basic 
equations simple. 

(2) The isotherms and velocity vector fields are 
determined from the numerical solutions of the basic 
equations. The heat transfer rate to the tank wall is 
also calculated. 

(3) Similarity parameters which define the fluid 
flows and heat transfer in a tank are introduced from 
the basic equations. The influence of their variation 
on the convection is systematically examined for the 
wide range of amplitude and the frequency of rolling 
motion of the tank. 

(4) When the value of dimensionless frequency M* 
of the rolling is larger than 105, the heat transfer in 
the tank is influenced mainly by the rolling, while it is 
influenced by both natural convection and the rolling 
motion when the value of w* is reduced to w* = 104. 

(5) The influence of the Froude number 
Fr = ,/(@G) on the heat transfer is weak because the 
fluid in the tank is assumed to have no free surface. 

The above results are not only helpful for the ther- 
mal design of a heating system of oil tankers, but also 
are useful as an aid to understanding the heat transfer 
phenomena in a tank subjected to rolling motion. 
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ANALYSE NUMERIQUE DE LA CONVECTION THERMIQUE MIXTE D’UN FLUIDE 
TRES VISQUEUX, DANS UN RESERVOIR RECTANGULAIRE AVEC UN 

MOUVEMENT DE ROULEMENT 

R&un&-Une analyse n~~rique est present&e pour la conv~tion thermique mixte dun fluide a haute 
viscosite, contenu dans un reservoir bidimensionnel rectangulaire, soumis a une rotation. L’Ctude est 
motivee par la conception des systtmes de chauffage dun tanker en mer agitee. Des equations de base sont 
don&es pour un systeme de coordonnees fix8 au reservoir, en considerant les forces d’inertie incluant les 
forces centrifuges, la force de Coriolis, etc. Les isothermes et les vecteurs vitesses sont dttermirks par la 
r&solution numkrique des kquations de base. Des param&res de similitude sont introduits et leur influence 

sur le transfert thermique est systimatiquement examinke. 

NUMERISCHE UNTERSUCHUNG DER WARMEUBERTRAGUNG DURCH 
MISCHKONVEKTION EINER SEHR ZAHEN FLUSSIGKEIT IN EINEM 

RECHTECKIGEN TANK BE1 ROLLENDER BEWEGUNG 

Zu~mmenf~ng-Es wird eine numeri~he Untersuchung der ~rme~be~ragung durch Misch-Kon- 
vektion einer sehr zlhen Fhissigkeit in einem ~eidimensionalen rechteckigen Tank, der einer rollenden 
Bewegung unterworfen ist, vorgestellt. AnlaB der Studie ist die thermische Auslegung von Hei- 
zungssystemen eines Tankers in unruhiger See. Fur das korper(Tank-)feste Koordinatensystem werden die 
grundlegenden Gleichungen angegeben. Sie beriicksichtigen Trlgheitskriifte, welche auf die Fliissigkeit im 
Tank wirken, einschliel3lich Zentrifugalkraft und Corioliskraft, etc. Die Isothermen und die StrB- 
mungsgeschwindigkeitsvektoren werden mittels numerischer Lijsung der Grundgleichungen bestimmt. 
~hnlichkeitsparameter werden eingefiihrt und ihr EinfluB auf die W~rme~bertragung systematisch unter- 

sucht. 

YMCJIEHHMH AHAJIM3 IIEPEHOCA TETIJIA CMEIIIAHHOB KOHBEKHMEI? B 
I-IPHMOYI-OJIbHOM 3AIIOJIHEHHOM BbICOKOBfI3KO$i 3KHAKOCTbIO PE3EPBYAPE 

TIPH ET.0 KOJIEBAHHffX OTHOCHTEJILHO IIPOAOJIbHOti OCH 

Amso-raurui-Hposenerf sircnemrhrii ariamr3 nepenoca remra c~emamiofi aoeeeromefi n JmyMepriotvi, 
npnMoyronbxoM, 3arromreritroh4 ~b1colto~~3~oil mimcocTbso pempnyape., coeepummueh4 xone6amin 
omocwreJIbH0 npononbHoti OCR. Mccnenosawie nbmonHeH0 anfi pac=feTa pa6om HarpeBaTenbriol 
cwTeMbl TaHKepa B ycnosarx wcnoKoi%Horo Mopn. IIpencraeneHar ocHoBHbre ypaBHemiK nnn cwrebfbr 
KOOpAHHaT, CBK3aHHOii C TaHKepOM, C ,“IeTOM UHepLIHOHHbIX CWI, ,.,e#CTByIOILWX Ha ,KHJW,‘ZTb B 3aMKH)‘- 

TOM otiaehle, muiio~ax uexrpo6e~ayro crony, cmry Kopuomca H TJX. C no~ouibzo SHCJI~HH~IX pe.meziid 
OCHOBHbIX ~~HeH~~ O~AeneH~ HSoTe&MbZ X BeKTOpbt CKOpOCTti TIXeHHX. Bee~eHbI IIa&XiMeTpbl 

no2goihz H mpoeeneno czicre~a~*wxce H~~eAoBaH~e HX imwmm sia Tennoo6hieH. 


